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Abstract

Radio Frequency Identifications (RFID) systems undergo a growing de-
mand for different functionalities, mainly for identification, tracking, and
anti-counterfeiting applications. An RFID system allows the identification
of objects or persons without physical contact. The RFID technology uses
radio frequency (RF) waves for transmission of information between an in-
terrogator and a tag. Nowadays, the design of the RFID tag has received
great attention, which leads to an extremely low fabrication cost, a robust
tagging, and a secure solution. The RFID tag comprises an antenna termi-
nated by an integrated circuit (chip) which is powered by extracting power
transmitted from the RFID reader. These tags are passive, given that they
have no battery. The passive RFID system is based on the modulation of
the tag’s response. The passive tag is still relatively expensive, which re-
lates to the cost of the tag’s chip. Due to the lack of own power sources,
the read range over which the chip can be powered is limited. Hence, sev-
eral research programs are developing chipless RFID tags without ICs in
an effort to fabricate cheaper tags with a small size.

The chipless tag is a fully-passive circuit and uses frequency signatures
for data encoding. The tag consists of a scatterer with a shape coupled to
transmitting and receiving antennas. The vast majority of chipless RFID
systems achieve a specific electromagnetic signature based on the electro-
magnetic properties of materials and/or the design of conductor layouts.
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The important challenges of the development of chipless RFID tags are the
extraction of rich information with good data capacity from the tag based
just on the shape of the tag. Also, the goal of the recent design of the chip-
less tag is the avoidance of strong interference from the environment of the
tag. The main objective of this thesis is to propose a technique to solve
those challenges. In other words, this thesis is focused on the synthesis of
the electromagnetic signature of chipless RFID tags. A reader consisting of
multiple transmitting and receiving antennas is reported in this doctoral
work. The reader provides full access to the information, while specific ef-
forts are made to discriminate the frequency signature of the tag from that
of the environment.

Since the electromagnetic characteristics of the chipless RFID tag can
significantly affect the tag’s response, the inclusion of the electromagnetic
aspects and the physical environment in the chipless tag’s design and the
extraction of their spectral signature are a fundamental research subject
that is treated in this thesis. First, the electromagnetic signature of a printed
antenna with a natural fractal geometry based on a jet-fluid is studied. The
design methodology for a narrow-band printed two-dimensional irregu-
lar antenna with the fractal image is also presented and the experimental
characterization is discussed in terms of impedance matching, bandwidth,
gain, and radiation patterns over a large frequency band. The numerical
analysis performed has reported multiband resonances. This multiband
behavior was investigated in order to design a chipless RFID tag with a
unique electromagnetic signature. The main contribution of this thesis con-
sists of proposing an eigenmodes technique to control the current distribu-
tion on a printed scatterer, such as a chipless RFID tag. The method based
on the singular value decomposition of the Method of Moments (MoM)
impedance matrix of the printed scatterer. A methodology is devised to
selectively excite certain modes using multiple near-field excitations. A
beamforming process is also used on receive to realize a selective sensitiv-
ity to particular modes. Specific beamforming weights are derived such
that a signature can be generated for each dominant eigenmode. Simula-
tion results are shown for different tag shapes and experimental validation
is provided for a configuration exploiting just two Ultra-high-frequency
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(UHF) transmitting and receiving antennas acting as a multi-ports reader.
The results highlight the multiplicity of responses that can be generated
with a given tag. The multiplicity of the responses from the tag provides
independent signatures for the same tag, allowing the user to better distin-
guish the tag from others, and to improve its independence from scattering
by the environment.

Finally, the eigenmodes analysis method proposed to obtain a unique
signature from the tag is reformulated using another approach for the de-
composition of the MoM impedance matrix. It is based on a particular
inner product which involves the Gram matrix between the basis func-
tions defined on the structure. The use of the Gram matrix allows one to
minimize the effect of the tag’s discretization density on the simulated re-
sults, such as the obtained surface currents orthogonality and the stability
of the eigenmodes of the tag versus frequency. This methodology is used
to extract the frequency responses from different tags with a variety of ge-
ometries (square, rectangle, triangle, jet-fluid, leaf shapes, and multiscat-
terer structure). A specialized hardware (A reader comprises of a larger
array printed on a multilayered lossy dielectric material, the reader acting
as a set of near-field sources.) is used to be able to control more domi-
nant eigenmodes, which may reveal more information from the chipless
tag. The proposed design of the chipless RFID tag and the eigenmode ap-
proach allow the production of very different frequency responses associ-
ated to each selective eigenmode. Responses from the tag lead to a unique
signature, entailing with rich information. Also, the frequency responses
from tags with a wide variety of shapes are clearly distinct and provide
the easiest way to distinguish the tag in its environment. The proposed
eigenmodes technique can be exploited in different applications, for exam-
ple, the banknotes security applications. Indeed, the fully passive tag can
be printed on a flexible substrate or embedded into an opaque substrate,
which is useful for several commercial products and/or security access ap-
plication.
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Introduction 1
1.1 Overview on RFID Technology

Radio Frequency IDentification (RFID) has been emerging as a robust
technology for wireless data transmission. RFID was first proposed by
Stockman in 1948 [9]; it appeared as a new form of wireless communica-
tion using the antenna load modulation technique to vary the amount of
reflected power. RFID technology is used to control, detect and track a
variety of items using radio waves transmission methods [10]. RFID is a

Figure 1.1: Components of RFID System [Symbol Technology].

method to automatically identify and/or authenticate an object at differ-
ent distances in a short period of time using radio waves [11,12]. A typical
RFID system is consisting of three important components; RFID tags, in-

1
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terrogators or readers, computers, and environment (Fig. 1.1).

The RFID system has been used in commercial applications since the
1970s; RFID has been applied to animal tracking, vehicle tracking and
factory automation. An important RFID development was published in
the paper [13] using the backscatter RFID tags technique at a frequency
of 0.915 GHz. This technique is used in most RFID tags working in UHF
(Ultra High Frequency) and micro-waves. The most common use of RFID
technology is found in asset identification applications [12], electronic toll
collection, vehicle security [12, 14], implantable biomedical devices [15],
defense systems [16], and more specifically security services in the form
of personal card, paper money, access control at short distance [17], and
information security [10, 18].

RFID technology has recently been introduced to the consumer supply
chain. Until recently, the challenge has consisted of decreasing the cost of
RFID systems and developing the standards. Here, a lot of research is pro-
gressively aiming at the increase of the efficiency of RFID system and at the
reduction of the supply chain costs. Those challenges of identification sys-
tems, as any other broadcasting service, involve the use of the two major
parts of RFID system; RFID tag and a reader device.

The readers or interrogators are consisting of an antenna, an RF elec-
tronic module to communicate with the tag, and a control electronic mod-
ule to send data to the controller. Fig. 1.2 presents the readers communica-
tion with other components of the RFID system. In operation, each reader
transmits interrogation signals (with RF power, data and clock informa-
tion) to the tag if it is inside the detection zone of the reader, associated
with a particular environment, the energy enveloped in the emitted signal
allows the operation of the tags’ internal circuits. Also, the reader captures
the signatures stored by the tag attached to an object. An RFID tag com-
prises usually two parts;

− An integrated circuit to modulate and demodulate radio signals and
carry out other functions.

− An antenna to receive and transmit signals.
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Figure 1.2: RF Components of RFID System Description [1].

The various classifications of RFID tags are based on the requirements
related to performance, size, and cost [11]. Hence, we distinguish between
three types of RFID tags in relation to power or energy;

• Active Tags

The active RFID tags have an on-board power source (for example,
a battery; other sources of power, such as solar, are also possible).
Those tags use the supplied energy to excite a micro-chip and to
transmit its data to a reader. Then, an active tag does not need the
reader’s emitted power for data transmission. Each tag always com-
municates first, followed by the reader, and it can broadcast its data
to its surrounding, even in the absence of a reader. Active tags have a
larger radio range, which can be on the order of kilometers and com-
munications are fast and reliable, making it ideal to locate objects or
serve as landmark points [19, 20]. This comes at a high cost, thus
other tag categories have been proposed.

• Semi-Passive (Semi-Active) Tags

Those tags have an on-board power source (for example, a battery),
but no on-tag transmitter. Semi-passive (active) tag relies on the
reader to supply its power for broadcasting. Semi-passive tags offer
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a longer range of readability because the used source power may al-
low a good functionality compared to active tags. Those tags broad-
cast high frequencies from about 850 to about 950 MHz, which can
be read at about 30 meters (100 feet) [19] or further. These tags are
less expensive to produce than the active tags, and they can be made
small enough to conform to almost any product. Because these tags
contain more hardware than the passive RFID tags, they are more
expensive.

• Passive Tags

The third type of tags corresponds to passive tags, which do not have
any on-tag power source. The tag uses the power emitted from the
reader to energize itself and transmit its stored data to the reader. Us-
ing the transponder antenna, the magnetic or electromagnetic field
of the reader provides all the energy required for operating the tag.
With the purpose of transmitting information from the tag to the
reader, the field of the reader can be modulated (e.g. through load
modulation or modulated backscattering) or the energy from the field
can intermediately be store by the transponder. In other words, the
power emitted by the reader is used to transmit information in both
ways from the reader to the tag. The communication between the
tag and the reader is enabled if the tag is located inside the reader’s
range, when the field from the reader has sufficient intensity. Those
tags have a variety of read ranges starting with less than 2.5 cm to
about 9 meter. They have ranges of less than 7 meter in the ultra-
high-frequency (UHF) implementation. Passive tags are smaller than
active and semi-active (passive) tags, and they are more sensitive
to regulatory constraints and environmental influences. Those tags
have a good potential to decrease the cost. Recently, they became the
cheapest and the most used tags.

As mentioned, the differences among passive, semi-passive, and active
tags relate to the power source and the transmitter. All those tags contain a
chip located inside an integrated circuit (IC) on the tag. Fig. 1.3 shows the
classification of tags according to the frequency band, the complexity, and
the cost of the tag.
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Figure 1.3: Classification of RFID Tags.

Nowadays, other RFID tags without chip are developed. Chipless RFID
tags (or scatterer) have received great interest [21, 22] due to their much
lower fabrication cost while their good performance is maintained. An
overview of the chipless tags is presented in the next chapter.

The chipless RFID tag unit is completely passive due to the absence of
an IC, while no external power supply is required [21, 23], where the tag
structure can be a metallic body (scatterer) with resonant frequencies. In
fact, for chipless passive RFID systems, the reader unit and the tag com-
municate via backscattering of electromagnetic waves [11] from the tag.
It terminates to an antenna [11] which illuminates the reader area and in-
duces currents on the scatterer. The distributed currents re-radiate the scat-
tered fields, analyzed by the reader to decode the data transmitted from the
tags. The scattering is an involved process. This phenomenon can be de-
scribed in a mathematical model to study the electromagnetic behavior of
the metallic tags, which is useful in the design process of chipless RFID
tags.

In this thesis, the main goal is the extraction of rich information from
a chipless RFID tag through its electromagnetic signature in order to min-
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imize the falsification or counterfeiting of the passive chipless tag. In that
context, we develop two methods: first, we propose a new design of chip-
less RFID tags based on an irregular natural fractal shape to obtain a unique
electromagnetic signature for the tag. Hence, the falsification of tag con-
tent will be difficult thanks to the tag’s geometry. A second method is
a methodology developed to provide independent and specific signature
for a scatterer using a specialized hardware: an antenna array used as a
transmitter and a reader. The proposed method is based on the selective
excitation of a chipless RFID tag, and its electromagnetic modes. There-
after, unauthorized readers cannot replicate the tag’s information if the tag
is embedded into an opaque substrate.

Several numerical methods may exploit a mathematical model, which
can represent the scattering phenomena. The precise structure of the de-
sign needs to be controlled by the designer and the use of numerical meth-
ods becomes imperative [24,25]. The most popular numerical methods that
can meet this objective is described, in the next section. Nevertheless, there
exist other common design strategies, particularly the methods based on
eigenmode analysis techniques, which can solve this problem. Nowadays,
the modeling analysis is widely used for the chipless RFID tag design. In
fact, most research, along the last few years [26], uses a model approach
to expand the induced currents on the tags and to provide insight in the
important characteristics of the tags. The computation of modes in open or
closed structures was developed more than twenty years ago. In the next
section, we cover the classical model analysis methods.

1.2 Computational Methods Devoted to the Anal-

ysis of Electromagnetic Modes of Antennas

The grow of wireless communication applications has led to an increase
on the research in the computational analysis area, so the challenge has
been the development of the software tools to be able to characterize the
electromagnetic problems in a matter of seconds. In this case, the computa-
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tional tool is expected to be more appreciated in the antenna development.
There are several computational tools available in the area of antenna re-
search; each of them has advantages, but also limitations. In this sense,
there still exists a need for further development in this area, as far as the
electromagnetic analysis of antennas (also of metallic, printed, open/close,
or loaded structures, etc) modes are concerned.

The commercial softwares (such as ansoft HFSS [27], IE3D [5], CST stu-
dio [28], etc) are actually based on some classical numerical methods such
as the Finite Element Method (FEM) [29–31], the Finite-difference Time-
-domain Method (FDTD) [32, 33], the Finite Integration Technique (FIT)
[34], the Transmission Line Method (TLM) for low frequency applications,
the Geometrical Theory of Diffraction (GTD) for high frequency applica-
tions (also Physical Theory of Diffraction (PTD)), and Method of Moments
(MoM) [35]. The principles of the most popular numerical methods are
briefly described hereafter.

1.2.1 Brief Overview of Classical Numerical Analysis Meth-

ods

The numerical methods available to study electromagnetic structures
are classified according to two axes. First, along an equation axis, differential-
-equation versus integral-equation. Second, along a domain axis, time-
-domain versus frequency domain. The Table 1.1 summarizes the classifi-
cation of the numerical methods. In this section, we present the principle
and characteristics of some classical numerical methods. The numerical
methods can be classified according to the equation used to solve the elec-
tromagnetic problems.

• Differential Equation

Among differential equation techniques, one finds the finite differ-
ence time domain method (FDTD) [33,36] and the finite element method
(FEM) [29, 30]. FDTD is a convenient tool for solving scattering and
antenna radiation problems [37, 38] in time domain and frequency
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Differential Equation Integral Equation
Time Domain FDTD Time Domain MoM

Frequency Domain FEM MoM

Table 1.1: Classification of numerical methods used in computational elec-
tromagnetics

domain, where data can be obtained over the excitation bandwidth
through a Fourier transform. This method provides a major advan-
tage. Since, the mathematical processing required for the basic ana-
lytical method is simple, the FDTD method is used to analyze com-
plex structures in which materials may be anisotropic or inhomoge-
neous, as well as to time domain or frequency domain (Finite differ-
ence frequency domain (FDFD)) [39].

The FDTD method presents some limitations, such as the difficulty to
analyse open structures and the need to mesh the free-space region.
Using this method, it is difficult to take account the dispersive mate-
rials (where the permittivity ε and the permeability µ depend on the
frequency).

As FDTD, the finite element method (FEM) is used to calculate the
numerical results of radiation patterns, input impedances, polariza-
tion properties, etc. FEM is generally applied to solve both ordinary
and partial differential equations in frequency domain. It is also a
powerful and versatile numerical technique to handle complex ge-
ometries and inhomogeneous media. The general basic concept of
the FEM [30, 31] is the subdivision of the mathematical model into
disconnected components of simple geometry named finite elements.
Each element presents a response which is expressed in terms of the
finite value of an unknown function at a set of nodal points [40].
Then, the results of the mathematical model are approximated by
connecting the collection of all elements to obtain a discrete model.
The FEM has a disadvantage, common to the FDTD method, when
the FEM is applied for the open structures the analyzed region has to
be truncated. In general, when the FEM or the FDTD methods are ap-
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plied to a given body, the whole computational volume needs to be
discretized and absorbing boundary conditions around that volume
are necessary to account for radiation.

• Integral Equation (IE)

This class of numerical techniques is mainly implemented in the form
of method of moments (MoM) in frequency domain [35,41], although
in time domain techniques are subject of intense research [42]. The
MoM has been used to solve a wide variety of electromagnetic prob-
lems, scattering problems, and to analyze microstrip circuits and ra-
diating structures. This method is based on the discretization of only
surfaces (the unknowns are only defined on the interface between
different homogeneous media using the surface equivalence concept).
Hence, a minimum number of unknowns are needed compared to
FDTD and FEM methods. MoM method leads to easy computation
when dealing with open boundaries. The MoM method is usually ex-
ploited for the numerical analysis of structures made of metal or/and
dielectrics. The MoM is well suited for the simulation of microstrip
antennas [43, 44], for which the boundary conditions on the scatter-
ers are carried out with the help of the electric field integral equation
(EFIE) , since unknowns are defined on the metalized surfaces. The
method of moments analysis of any problem involves basically three
steps: first, the derivation of an appropriate IE, second the discretiza-
tion of the IE into a matrix equation using basis and testing functions
and its evaluation to form a matrix, and finally the solution of the
matrix equations. An overview of the principle of the method of mo-
ments is presented in Chapter 3.

In all our work, the main goal is to deal with the electromagnetic
response of printed antenna arrays and scatterers on multilayer me-
dia. For this reason, we prefer to use the integral equation based on
frequency domain. MoM technique is used because it is based on
physical considerations. The MoM forms the basis of most commer-
cial softwares such as IE3D Zeland [5], Ensemble from Ansoft [27],
and FEKO [45].
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Usually, the antennas/ RFID tags are designed by using commercial
tools. As a matter of fact, the above numerical electromagnetic methods
mentioned as design tools are really suitable but their major problem is
that they are lacking physical insight. Recently, several research efforts
giving useful ways for better antenna design took place [46]. In this con-
text, some modal analysis methods relying on the MoM were developed
for the design of antennas and to extract their electromagnetic behavior.

1.2.2 Overview of Modal Expansion Methods

Antenna design is essentially focused on wireless data transmission
and radio frequency communications. The design strategies are often based
on modal methods to solve the scattering phenomena [46] and obtain the
induced currents on the metallic structures. The electromagnetic modeling
techniques are used to obtain the desired radiation behavior of any struc-
ture geometry. Few works are raised to the physical explanation of the
radiation behavior of antennas [47, 48]. The modeling analysis can satisfy
this objective, as it can provide information about the modes that allow the
analysis and understanding of the antenna’s performance in presence of
given particular excitations.

The modal analysis of structures was not just in the frequency domain
in conjunction with the method of moments but also in time domain in
association with the finite difference time domain [48] approach. Modal
analysis methods have been developed in electromagnetics for the analysis
of closed structures such as infinitely long waveguides [49,50] and cavities
[47], in which it handles the electromagnetic field in closed form solutions
by imposing the proper boundary conditions [51, 52].

In antenna analysis, three well-known modal analysis methods have
been developed for particular structures: first, the spherical mode method
is proposed in 1948 [53] by Chu, and later by Harrington in 1960 [54]. The
method discussed the fundamental limitations in antennas taking into ac-
count its performances in terms of bandwidth. It is based on the propa-
gating modes within a sphere, where the antenna can be enclosed. The
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radiated power of the antenna can be defined from all contributed modes.
Many propagating modes can be supported by large antennas. Then, the
enclosing sphere should be large enough. The spherical mode method in-
troduced by Chu and Harrington is limited to antennas with small size
[47]. Second, cavity model methods had taken by Lo et al. in the late 70’s,
when trying to provide a modal analysis for microstrip antennas [55], con-
sidered as a lossy resonant cavity. To offer a simple physical insight into
the resonant behavior of microstrip antennas, the cavity model takes into
account the Fringe field along the perimeter of the patch, and the higher
order resonant modes, as well as the feed inductance [47]. However, the
application of this method is limited to the regular patch (rectangular, cir-
cular patches, etc). The patch can be printed on a single layer of a thin
substrate. Finally, the dielectric waveguide model method (DWM) is also
a popular modal expansion method, it has been used mainly to find the
resonant frequencies of rectangular dielectric resonant antennas [56]. The
modal analysis of other than rectangular dielectric resonant antennas can
be developed using other engineering formulas [57] or full wave simula-
tions [47].

The modal analysis methods describe above provide clear physical in-
sights into the resonant behavior and radiation performance of antennas.
Another general modal analysis method is developed for solving a wider
variety of antenna problems. In the 70’s, another modal analysis theory
named theory of characteristic modes (TCM) was developed as a versa-
tile modal analysis tool for conducting bodies with arbitrary geometries
and metallic antennas [46]. The analysis and design of an antenna using
the TCM give information about: the resonant frequency of any mode, the
modal radiation fields in the far field range, and the modal currents on the
surface of a structure.

The TCM was proposed for the first time by Garbacz in 1965 [58], while
the characteristic modes (CMs) were not well defined yet. CMs correspond
to the eigen-vectors of a weighted eigen-value equation [58]. In the early
seventies, Garbacz and Turpin [59] have introduced the complete TCM and
the development of the computation of CMs. Garbacz and Turpin define
the CMs as a set of surface currents and radiated fields that characterize
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the obstacle, which are independent from external excitation [60]. Those
CMs lead to a particular orthogonal set of modes in the development of
any induced current on the surface of the obstacle. The far-fields associ-
ated with the orthogonal currents have the useful orthogonal properties
over the source region and the radiation sphere at infinity. Harrington and
Mautz reformulated the TCM in 1971 based on the operator in the electric
field integral equation (EFIE) on the conducting body [61, 62]. This op-
erator relates the current to the tangential electric field on the object. To
reproduce the same modes as defined by Garbacz and Turpin, Harring-
ton and Mautz propose to diagonalise the operator and to choose a special
weighted eigen-value equation. The TCM formulation described by Har-
rington leads to a simpler derivation of the TCM proposed by Garbacz and
it is applicable to perfectly electrically conducting (PEC) bodies of arbi-
trary geometry. Afterwards, this formulation is extended by Harrington
et al. to enclose dielectric, magnetic, and both dielectric and magnetic ob-
jects [63]. Recently, the CMs formulation and computation are primarily
used considering the approach of Harrington. Over the last five years, sev-
eral new investigations on these CM formulations have been developed
for the modal analysis of patch antennas printed on multilayered dielec-
tric media, of dielectric bodies [64–66], and of dielectric resonator anten-
nas [67]. The mathematical formulation of TCM is detailed in Chapter 3.

The TCM has been extensively validated through several platform an-
tenna designs [47], such as electrically small antennas where some publi-
cations were focused on this subject. As presented in [47], after the year
1980 it exists 10% of publications on CM-based electrically small antenna
designs from all publications on the CM-based antenna research topics.
The electrically small antennas include the radio frequency identification
(RFID) tag antenna. In the last few years, some publications were focused
on modal analysis of the RFID tag antenna in ultra-high frequency based
on TCM [26, 68, 69].

In light of this research topic, a modal analysis method is proposed in
this thesis, to determine the dominant and higher order modes of currents
excited on passive chipless RFID tags using a simple eigenmodes tech-
niques. The chipless RFID tags with different geometries are printed on a
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lossy dielectric substrate backed by a ground plane. The proposed method
is based on the method of moments (MoM) and the singular value decom-
position (SVD).

1.3 Goal of the Thesis

The objective of this dissertation is to add insights from an electromag-
netic point of view into information security issues in RFID systems, lead-
ing to the electromagnetic analysis of passive chipless RFID tags using a
new modal technique.

Chipless passive tags are currently proposed for radio frequency iden-
tification of an object because chipless tags are suppose the cheapest, since
they do not have a chip and no modulation impressed the backscattered
signal. Each chipless tag is associated to signatures resulting from the tag’s
geometry. The signature can be retrieved from the reader to identify or au-
thenticate a given tag. This leads to two important challenges: First, the
discrimination of the response of the tag with regards to that of the envi-
ronment. Second, the extraction of sufficiently rich information from the
tag, as it relies entirely on the tag’s shape (characterized by a unique sig-
nature). This work strives to contribute to those tasks. Within this frame-
work, the goal of this thesis is to propose a new way to solve those chal-
lenges. This work is divided into three principal parts.

In a first part, a printed antenna design based on two-dimensional natu-
ral fractal shape is presented. The experimental results in terms of antenna
performances over a wide frequency band allow a unique electromagnetic
response of the antenna. The proposed structure can be used as a chipless
RFID tag, which is characterized by a special signature.

In a second part, a numerical method is proposed to excite specifics
modes on the tag using an array as a reader. The excited modes contribute
to strengthen the response of the tag and to enrich it through multiple
responses. The main purpose of this part of the work is the analysis of
the responses of chipless passive RFID tags over the super-high-frequency
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(SHF) range using a novel eigenmode approach for near-field RFID appli-
cations. This eigenmode analysis method is based on the singular value de-
composition. The eigenmode method is used to exploit specific frequency
responses of the tag which can be printed on a thin lossy dielectric sub-
strate backed by a ground plane. In this work, the eigenmodes in a fre-
quency band are efficiently computed using a self-developed numerical
code based on the method of moments and not the commercial electro-
magnetic simulators IE3D, FEKO, CST, or HFSS because the latter do not
provide access to the MoM impedance matrix of the chipless RFID tag.

The proposed eigenmodes method is leading to independent signatures
for a tag thanks to the multiplicity of frequency responses resulting from
the tag’s shape using the developed eigenmode analysis technique and a
reader consists of multiple antennas. The proposed method allows one to
improve the separation of the tag’s signature from scattering by the envi-
ronment. Hence, the passive chipless tag can be easily distinct from other
scatterers present in the environment.

Finally, in order to exploit more specific responses and to distinguish
the tags from each other, an extension of the proposed eigenmode method
is presented through a reformulation of the methodology and the use of
tags with complex geometries, which provided a unique electromagnetic
signature for the tag.

1.4 Structure of the Thesis

The novelty and importance of the contributions for this doctoral work
will progress with the chapters. Starting from Chapter 2, an antenna de-
sign is proposed with a structure based on an irregular fractal geometry.
The structure presents an important electromagnetic response, which al-
lows one to design a chipless RFID tag with the proposed natural fractal
geometry. After that in Chapter 4, the eigenmodes technique based on
the SVD decomposition can be taken as a first approach to extract the fre-
quency responses of a chipless RFID tag. Ending in Chapter 5, the eigen-
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modes method based on an alternative decomposition to SVD for printed
tags with different geometries can be considered as the most important
contribution.

1.4.1 Chapter 2: Design of Chipless RFID Tags Based on

Natural Geometry

The second chapter presents the field of passive chipless RFID systems
from its developments to its applications. It also introduces an experimen-
tal study of a chipless RFID tag design. An antenna printed on a lossy
dielectric substrate backed by a ground plane is proposed with a structure
based on natural fractal geometry (jet fluid image). A numerical analysis of
the printed antenna on a dielectric substrate has carried out using the com-
mercial software HFSS on a wide frequency band (from 1 to 20 GHz). An
experimental characterization of the antenna (gain, radiation pattern, reso-
nant frequency, etc) has been presented over the band 1-20 GHz. A unique
electromagnetic response is extracted from the antenna. The specificity of
the frequency response obtained from the proposed antenna allows the use
of this structure as a chipless RFID tag, where it can be used for the security
application. The work presented in Chapter 2 has been published in [18].

1.4.2 Chapter 3: Modal Analysis Techniques of scatterers

The main focus, in the third chapter, is given on the Modal analysis
of metallic plate object and printed scatterer on a lossy dielectric substrate.
This chapter proposes three analytical techniques to exploit the current dis-
tribution induced on the structure according to a set of eigenmodes. The re-
sults obtained using the proposed modal techniques are compared to those
obtained through the theory of characteristic modes (TCM) reformulated
by Harrington built around a generalized eigen-value problem (GEP). All
those methods are usually based on the Method of Moments (MoM) gen-
eralized impedance matrix. First, the principle of MoM method is given,
and the MoM technique for multilayered media is discussed. Later, the
mathematical formulation of the TCM is briefly presented. After that,
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eigenmodes techniques are proposed based on the eigen-value and eigen-
vector decomposition (EVD) and the SVD to exploit the total current on the
scatterer. The validation of the proposed techniques is presented through
a comparison of the total current distribution induced on the structures
determined directly through the MoM, the TCM, and the other proposed
techniques. Also the convergences of modes are studied for different struc-
ture using the TCM and the proposed eigenmodes techniques. The EVD-
-eigenmode, and the SVD-eigenmode approaches are the novel contribu-
tions in this chapter. The work related to the eigenmode technique based
on the EVD decomposition presented in this chapter has been published
in [70].

1.4.3 Chapter 4: Selective Excitation of Chipless Passive

RFID Tag using SVD-Eigenmode Approach

In chapter 4, an eigenmode technique is proposed to control the cur-
rent distribution on a printed chipless RFID tag. The method relies on the
SVD decomposition of the method of moments (MoM) impedance matrix
of the printed tag. A new methodology is devised for selectively excite
certain modes on the tag using multiple near-field excitations. Besides, a
near-field beamforming process on receive is also used to realize a selec-
tive sensitivity to specific modes. Then, specific beamforming weights are
derived such that a signature can be generated for each dominant eigen-
mode on the tag. The simulated results obtained from the implemented
code and from the commercial software IE3D are compared for different
tags. Experimental validation is provided for a configuration exploiting
just two antennas as transmitters and receivers and a tag with square ge-
ometry. The antenna array is printed on a multilayered dielectric material
acting as near-field sources. The array is considered as a reader to trans-
mit power to the tag and to receive the tag’s information. The goal of the
eigenmode approach is the exploitation of eigenmodes that may elevate
that signal above the background response, while providing a highly char-
acteristic signature that can be generated with a tag.
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1.4.4 Chapter 5: Extended SVD-Eigenmode Approach for

Selective Excitation of Scatterers with Complex Struc-

tures

Chapter 5 is divided in to the following main parts: First, the SVD-
eigenmode method proposed in Chapter 4 is extended to solve the problem
related to the influence of the scatterer’s discretization on the simulated re-
sults, such as the obtained responses from the chipless tags. This means
that the modes on the structure could be stable with changing the mesh of
the given structure. In this context, the reformulation of the eigenmodes
technique employs the Gram matrix [71] to give a new definition of the
eigenmodes of the scatterer based on a new scalar product. This product
able to better represents the interaction between physical current distri-
butions. The modified eigenmodes approach is proposed to obtain richer
responses from the tag and to minimize the effect of the discritization den-
sity of the metallic scatterer.

The challenge of most of the modal analysis method is to be able to
match modes between adjacent frequencies, in other words the modes on
any structure are unstable versus frequency and they do not appear in a
good order at each frequency [72,73]. This problem is presented in Chapter
4 while the extended eigenmodes method has led to more or less the stabil-
ity of the modes versus the frequency. Second, the eigenmodes approach
based on a new scalar product is extended through the use of a larger num-
ber of transmitting and receiving antennas considering as a reader. This ex-
tension allows the selection of other wanted eigenmodes and to enrich the
information for the tag, as well as using different shapes for the scatterer
such as irregular fractal geometries.

1.4.5 Chapter 6: Conclusion and Future Works

Chapter 6 summarizes the important findings and outcomes of this the-
sis project and highlights the key aspects of the work. A brief review of
each chapter is also discussed in conclusion. This chapter suggests some
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future research lines.



Design of Chipless

RFID Tags Based

on Natural Fractal
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2

2.1 Introduction

Radio frequency identification (RFID) system is comprised of three prin-
ciple components: antenna, reader, and chipless tag or transponder. As
mentioned in Chapter 1, a RFID tag can be active, semi-passive (active)
or passive. Those RFID tags have many potential applications in several
fields, boosted by their low cost. The challenge of all RFID tags’ devel-
opment is to reduce the tag cost. Recently, chipless RFID tags have been
considered as a solution of the cost problem while affirming good perfor-
mances as the electromagnetic behaviors. This chapter presents main types
of chipless RFID tags, and their operation principles. The chapter is di-
vided in two parts. A brief state of the art clearly highlights the design
process developed in chipless RFID tags and its importance in several ap-
plications. In the other hand, an example of chipless RFID tag design is
proposed to secure the system by considering a special chipless tag with
an irregular fractal (see Appendix A) shape inspired from the geometry
of a liquid jet [74]. The experimental investigation of the antenna perfor-
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mances over a frequency band extending from 1 to 20 GHz illustrates a
specific electromagnetic response of a printed antenna based on the natu-
ral complex image. Therefore, the proposed patch can be used as a chipless
RFID tag for security applications with reference to complex and unique
signature of the tag, where the signature is difficult to be replicated by an
unauthorized reader.

2.2 Chipless RFID Technique

The chipless RFID technique is a recent research area, which has emerged
in 2002 [75]. However, the basic concept was developed half a century ago
with one of all first RFID system designed by Léon Theremin in 1945. The
RFID systems introduced in Chapter 1 can seem very different from each
other. In all cases, we find the two important elements, the transponder
and the reader but the difference is related to the RFID tag component i.e.
the electronic chip connected to an antenna. Chipless RFID systems use
the electromagnetic properties of materials and design various conductor
shapes to attain specific electromagnetic performance. The overall system
of a chipless RFID tag is shown in Fig. 2.1.

Figure 2.1: Chipless RFID system including the reader and the chipless tag.
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2.2.1 Chipless Transponder Characteristics

Chipless RFID tag is the name of the passive RFID tag that does not use
a semiconductor chip [76]. The tag (transponder) does not contain any in-
tegrated circuit technology to store information. The chipless RFID tag is a
passive reflector of a signal emitted by the RFID interrogator. The tags can
use plastic or conductive polymers, or materials such as conductors that re-
flect back a portion of the radio waves beamed at them [77, 78], the unique
return signal can be used to encode information which is implemented in
the reflected electromagnetic radiation. Most chipless RFID systems use
the electromagnetic properties of materials and design various conductor
shapes to achieve particular electromagnetic behavior. There are different
types of chipless tags described in the literature: the main groups of chip-
less RFID tags are presented in Fig. 2.2.

Figure 2.2: Classification of groups of chipless RFID tags.

2.2.1.1 Time Domain Reflectometry (TDR)

TDR-based chipless RFID tags are interrogated by sending a signal from
the reader in the form of a pulse and listening to the echoes from the pulse.
A train of pulses is thereby created by tag, which can be used to encode
data. There are two family of chipless RFID tag operating on the principle
of TDR:
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• Non-Printable

A surface acoustic wave (SAW) tag is a TDR-based chipless tag. It is
developed by RFSAW Inc. [75]. SAW tags could well replace chipped
tags, they do not provide a printable solution due to their piezoelec-
tric nature, which cannot be printed on papers/plastic based items
such as banknotes. The SAW tag is created by one or multiple reflec-
tors and an antenna allows the transformation of the radio frequency
waves to acoustic waves. The radio frequency waves are transmitted
by the reader and they are converted into SAWs using an interdigital
transducer (IDT). The SAW is reflected by the used reflectors, which
create a train of pulses with phase shifts [79–83]. Those pulses are
converted back to an electromagnetic (EM) waves using the IDT. The
EM waves are detected at the reader, where the tag’s response is de-
coded [84–86]. However, the cost of the SAW tag is almost the same
as the one of commercial RFID. This is due to the fabrication tolerance
of the order of the micrometre (µm) [76] and also of the requirement
of the piezoelectric substrate with Interdigital Transducers. The con-
cept of the RFID SAW tags is presented by Fig. 2.3.

Figure 2.3: Architecture of the chipless RFID SAW System [2].

• Printable

A TDR-based chipless tag can be printable and it has been described
in [87,88]. These tags translate data using multiple precisely delayed
back-scattered pulses of the interrogation signal using multiple ca-
pacitive loadings at particular points of the microstrip line. Print-
able chipless tags can be found either as Thin-Film-Transistor Circuits
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(TFTC) or microstrip-based tags with discontinuities. TFTC tags are
printed at high speed on low cost plastic film. TFTC tags offer advan-
tages over active and passive chip-based tags due to their small size
and low power consumption. Each data encoded by this tag needs a
delay line, then the size of the tag increases. Fully printable chipless
RFID tags can use spectral signature encoding based on space filling
curves [89] and capacitive tuned dipoles [90].

The printable chipless tag is a reproduction of the SAW tag using mi-
crostrip technology in time domain. The experiments on these chip-
less techniques have been reported, where limited data have been
successfully encoded.

2.2.1.2 Spectral Signature

Spectral signature-based chipless tags encrypt information into the spec-
trum by means of resonant structures. Each data is usually associated with
the peak of the resonant frequency at a predetermined frequency in the
original spectrum. Then, the interrogator extracts the data on the tag struc-
ture by detecting the resonances of the tag frequency signature [91–93].
The advantages of this family of tags are: the scatterer is fully printable
and the data storage capability is higher compared to other chipless tags.
Yet, a large spectrum is needed for data encoding and wideband dedicated
on the reader side. In the literature, two types of spectral signature tags
based on the nature of the tag can be distinguished: chemical and planar
circuit.

• Chemical

These chipless tags are designed from a deposition of resonating fibers
or special electronic ink. These tags consist of tiny particles of chem-
icals which exhibit varying degrees of magnetism. Also, the electro-
magnetic waves impinge on the tag which resonates at distinct fre-
quencies [94]. We find as chemical chipless tag: ink-tattoo chipless
RFID developed by Somark Innovations [95] and nanometric mate-
rial based [96]. They are very cheap and can easily be used inside
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banknotes and important documents. These tags are not expensive
and can work on low grade paper and plastic packaging material. So,
they only operate at some kHz frequencies, although this gives them
very good tolerances to metal and water.

• Planar circuit chipless RFID Tag

They are designed using planar microstrip/co-planar waveguide or
strip line resonant structures such as antennas, filters, and fractal
structure. They are printed on thick, thin and flexible substrates [3].
Reported frequency domain based tags can be grouped into two cate-
gories: multi-resonator based tags which comprise transmitting and
receiving antennas and multi-resonating circuit. In most of the re-
ported tag developments, the latter consist [97–100] of narrow-band
circuits using different microwave resonators. These resonators are
either connected or coupled to microwave transmission line and both
ends of the transmission line are connected to two UWB antennas.
The other category is the multi-scatterer based on tags which consist
of scatterers resonators with different dimensions. Each resonator
can work as a receiving antenna, a filter, and a retransmitting an-
tenna. Hence the effect of the UWB antennas and transmission line
dimension can be eliminated and these tags present better bit encod-
ing capacity than multi-resonator based tags. The electromagnetic re-
sponse of the muti-resonator based tag can be achieved with a struc-
ture using multiple signals giving out scatterers [101–105]. Usually,
the scatterer receives an interrogation signal from the reader and re-
flects back to the reader. At resonance, it generates a different EM sig-
nature. In the already described groups of chipless tags, there is still
a novel research of other type of chipless tag as the amplitude/ phase
backscatter modulation based chipless tags, where the data encoding
is achieved by changing the amplitude of the phase of the backscat-
tered signal by the variation of the antenna loading of the tag [106].
Others approach are reported to the design of the chipless tag and
obtain better signature of the tag. Chipless RFID tags can be used
in many different environments than RFID tags with electronic cir-
cuits. Many researches about the chipless RFID designs are based on
the frequency domain. Then, to create specific resonances on the fre-
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quency domain of the interrogation signal, there are different types
of approaches, which are presented in the next sections with the im-
portant recent development of this type of tags.

2.2.2 Development of Design Chipless RFID Tags

The previous section has presented different family of chipless RFID tag
that allows a comparison among the principle chipless RFID techniques.
Most of those techniques are still in research to meet the expectations of
current and future major applications. Most of the applications require
a good chipless RFID system design with very interesting performances
such as:

− The cost (the cost of the tag), where the chipless RFID tag consid-
ers the cheaper one. This places the limits on the tag design and the
choice of materials for construction. The interesting conductors that
can be used are copper, aluminum and conductive ink, and the di-
electrics are polyester and printed circuit boards (PCB) substrates.

− The dimension of the tag is dependent on the desired frequency and
the size of the tagged item.

− The required bandwidth and memory capacity.

− The read range and management of collisions.

− The security is the most important performance require by any ap-
plications.

Hence, the choice of a tag and the process design of a chipless RFID system
is determined by the application (with specifications and challenges) for
which it will be deployed.

Chipless RFID tags have been envisaged for various types of applica-
tions such as automatic identification, conveyor belt control [97], liquid-
bearing [19,107], and security systems [108]. Recently, the chipless tags are
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usually used in security applications because they have been considered
as a good solution to reduce the tag cost while maintaining good perfor-
mance [21,109]. Due to the absence of its integrated circuit (IC), the chipless
tag is completely passive, low cost, robust, and does not require a power
supply [110].

Among various design techniques used for chipless tags, based on time
[111, 112], frequency [113, 114], phase [115], and image [116]. The fre-
quency domain technique provides an important data capacity for chipless
RFID tags [117] based on the backscattered magnitudes responses versus
frequency. A chipless RFID system can provide an extra layer of secu-
rity against counterfeiting when using transparent conductor. A tag may
be printed without being visible. The security of the applications can be
achieved from the frequency signatures of the chipless tag which allow the
specification of the tag. In this context, a design of chipless RFID tag is
proposed, in the next section, to determine a unique signature of the tag,
and a modal analysis method is proposed, in chapter 4, to obtain multiple
frequency responses of the tag.

Figure 2.4: Chipless RFID tags process [3].

The process design chipless RFID tags have four steps [3] as shown in
Fig. 2.4. Each tag design technique consists of the designing of the tag an-
tenna and the achieving of the necessary antenna parameters; return loss
bandwidth and radiation pattern. Using the tag antenna design, the res-
onators (Multi-resonator based tags defined before) are designed and op-
timized. Then, the optimized tag antenna and the multi-resonating circuit
are combined to obtain a chip less RFID tag. The last step of process design
tag is the theoretical verification by testing the resulted tag in a wireless ex-
perimental setup to verify its robustness [3]. Recently, most of the design
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chipless RFID methods are based on printed tag and frequencies beyond
the S-band (above 2 GHz) [97, 118, 119]. In a same way, the goal of the re-
cent research is to obtain better properties of the chipless RFID tag as the
resonance (signature of the tag), the radiation characteristics of the tag, and
the increase the performances of the tag.

In the following section, the design of the tag antenna, multi-resonator
and integrated tag is presented. The proposed tag antenna is a printed
antenna on dielectric substrate backed by a ground plane with a complex
natural shape.

2.3 Design of Chipless RFID Tag Based on Irreg-

ular Fractal Geometry

The fractal concept [120] has impacted many areas of science and en-
gineering. In telecommunications, the fractal approach (see Appendix A
for fractal geometries’ definition) was applied to antennas [121,122]. It has
produced innovative structures with miniature shape, multiband and/or
wideband behaviors, and good radiation properties [123–125]. The study
of antennas with complex fractal geometry still remains limited. Recently,
some publications are focused in this area: the electrochemistry technique
was applied to obtain two-dimensional (2D) [126–128] and three-dimensional
(3D) irregular fractal antennas [129, 130] characterized by multiband and
wideband behaviors which may permit their use in wireless multi-frequency
and broadband telecommunications.

The 2D and 3D-antennas were proposed for UWB applications, and for
concealment and detection, respectively. In [131–133] a fractal jet-fluid was
investigated for the design of a 2D irregular fractal printed antenna based
on a real image of the jet. The antenna showed also a multiband behav-
ior useful for multi-frequency wireless applications. A 2D pseudo random
aggregation model was applied also to generate clusters used in the de-
sign of an irregular fractal printed antenna for ultra-wide band radio sys-
tems [134]. In the same context, fractal geometries were used for design of
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RFID systems thanks to good performances of fractal antennas [135–137].
All research presented in this field are based on fractal deterministic (see
Appendix A). Here, a printed fractal antenna based on natural complex
shape translates to a variety of design opportunities for chipless RFID tag.

2.3.1 Design of Complex shape-Antennas

The natural image used in the present work is obtained with a liquid jet
issuing from an injector [131, 132]. Details on the process to obtain the im-
age were given in [74,138]. In Appendix A, a brief explanation of the steps
used to obtain the natural fractal image is given. Fig. 2.5. (a) shows the im-
age of the liquid jet-fluid. After implementation of image analyzing tools,
the shadow of the continuous jet-fluid is produced which gives the irregu-
lar fractal image (Fig. 2.5. (b)) used for design of 2D printed irregular-patch
antenna.

(a)

(b)

Figure 2.5: Image of the jet of heptane issuing from a triple-disk injector;
(a) initial image and (b) shadow of the continuous jet.
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2.3.1.1 Antenna conception

In a microstrip antenna field, the edges of the radiating patch are a key
parameter to analyze its radiation behavior. As a printed antenna, we have
investigated a structure with high irregular patch boundary as the printed-
-jet antenna. To simulate a printed antenna based on this types of geome-
tries under the the simulator software HFSS [27], we first detected the con-
tour of the jet image by using a developed Matlab [139] code, which defines
the boundary of this shape (Fig. 2.6. (a)). A VBS (Visual Basic Script) macro

(a)

(b)

Figure 2.6: Design Antenna processing: (a) Contour detection using de-
veloped code, (b) 3D-Model of the printed irregular-fractal antenna with
software HFSS.

was second implemented to import the boundaries of the fractal jet geom-
etry and to reproduce the fractal patch under the simulator HFSS. Finaly,
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the 3D-model of resulting printed antenna under HFSS is created and it is
presented in Fig. 2.6. (b).

Next, the tag antenna was designed and realized by considering the
fractal image obtained in the above section which is the shadow of the
continuous jet (see Fig. 2.5. (b)). A fractal patch of maximum length Lp= 4.2
cm and width Wp= 1.2 cm was printed on a Duroı̈d substrate of thickness
0.08 cm and permittivity 2.17 (Fig. 2.7) whereas a microstrip of length L f =
0.8 cm, width W f = 0.245 cm and impedance Z0 = 50 Ω was used as a feed-
-line. The length Lp and width Wp of the radiating patch are defined as
the dimensions of the smallest rectangle containing the fractal image. The
feed-line is situated at the distance X= 0.25 cm from the inferior edge of the
rectangle Lp × Wp. The bottom face of the substrate was metalized and
acts as a ground plane. Fig. 2.7. (b) shows the realized prototype with a
substrate of dimensions Ls= 5.1 cm and Ws= 1.5 cm.

(a)

(b)

Figure 2.7: The proposed fractal-patch antenna: (a) fluid-jet image and
feed-line, (b) prototype of the realized antenna.

Finally, the tag antenna was studied numerically and experimentally
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by determining all the resonant frequencies and their associated radiation
properties.

2.3.1.2 Frequency Signature’s Principle

One main application of frequency-domain-based chipless RFID tags is
security where the electromagnetic signature technique is used to protect
confidential data in RFID systems from unauthorized readers. The con-
cept of frequency signature is based on the interrogation of the RFID tag
with a multi-frequency signal and the distinction of attenuated frequencies
(represented by logic ”0”) from non-attenuated frequencies (represented
by logic ”1”) [92, 118]. The variation of the amplitude and/or phase of the
signal sent back to the reader determines the nature of the logic state ”0” or
”1”. Therefore, by encoding N-bit digital word with N attenuated frequen-

Figure 2.8: Operating principle of the proposed chipless RFID tag based on
the electromagnetic signature of an irregular fractal-jet printed antenna.

cies, where each bit represents a single frequency, we can create a unique
frequency signature associated to the tag. Fig. 2.8 shows the proposed op-
erating principle of the frequency signature-based chipless RFID tag. The
frequency signature represents then the total response of the fractal-tag
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characterized by a set of amplitude attenuations and phase jumps at all
the resonant frequencies of the fractal antenna, which generates a unique
code (tag ID) directly depending on the shape of the fractal patch. The pro-
posed chipless tag based on the irregular-fractal geometry of the fluid jet,
may then be an adequate solution for the security of confidential data in
RFID systems due to its complex and unique electromagnetic signature.

2.3.2 Experimental Characterization

To illustrate the particular electromagnetic response of the fractal an-
tenna, we have characterized its experimental performances in terms of
impedance matching over the frequency band [1-20] GHz, and gain and
radiation patterns at frequencies 3.478, 4.858, and 5.256 GHz. Fig. 2.9 and
Fig. 2.10 illustrate the impedance matching behavior of the fractal antenna
over the band [1-20] GHz; Fig. 2.9 illustrates both measured and simulated
magnitudes of the return loss, and Fig. 2.10 shows the measured phase. We
can notice from Fig. 2.9 a good agreement between simulation and mea-
surements. For better analysis of the antenna impedance bandwidth be-
havior versus the frequency, the magnitude and the phase evolutions have
been presented in Fig. 2.11 and Fig. 2.12, respectively, over the frequency
bands L, S, C, X, and Ku covering the range from 1 to 18 GHz. Table 2.1
resumes measured impedance matching results that can be deduced from
Fig. 2.11 and Fig. 2.12.

In Table 2.1, we have reported the main resonant frequencies (only for
|S11| < 10 dB) of the antenna and their associated values of |S11| in the ex-
plored frequency range [1-20] GHz. We can note that the irregular fractal
patch is characterized by a high multi-frequency behavior, which is con-
firmed in Fig. 2.11 and Fig. 2.12, by the existence of multiple dips in the
magnitude and jumps in phase, of the return loss. Table 2.1 resumes also
the main results dealing with the resonant frequencies, their impedance
bandwidth, and their possible number of encoded bits for both the magni-
tude and the phase of the return loss in all the sub-bands L, S, C, X, and Ku
of the frequency range [1-18] GHz.
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Figure 2.9: Evolution of the irregular fractal-jet antenna reflexion coeffi-
cient over the frequency band [1-20] GHz.

Figure 2.10: Evolution of the irregular fractal-jet antenna measured phase
over the frequency band [1-20] GHz.

Following the analysis of the obtained results from Fig. 2.10 and Fig. 2.11
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(a) (b)

(c) (d)

Figure 2.11: Evolution of the measured antenna return loss magnitude over
the frequency range [1-18] GHz: (a) L and S bands; (b) C-band; (c) X-band;
(d) Ku-band.

and Table 2.1, we can deduce that:

− The fractal structure is characterized by a unique distribution of nar-
rowband resonances.

− We can encode data from the magnitude or the phase of the antenna
return loss due to these resonances, where the amplitude attenuation
and the phase ripple at one particular frequency represent the logic
state ”0” otherwise we have the logic state ”1” (no attenuation and
no phase ripple).
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(a) (b)

(c) (d)

Figure 2.12: Evolution of the measured antenna return loss phase over the
frequency range [1-18] GHz: (a) L and S bands; (b) C-band; (c) X-band; (d)
Ku-band.

− The capacity of encoded data depends on the considered technique
for encoding data (amplitude or phase), and the frequency band.
This capacity seems to be better for the phase at the lower frequency
sub-bands L, S, C, and X, and for module at higher Sub-band Ku.
For example, we can encode 8-bit digital word due to the fact that
there are eight phase jumps over the C-band (Fig. 2.12. (b)), and 6-
bit digital word due to the fact that there are six resonances over the
Ku-band (Fig. 2.11. (d)).
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− The chipless transponder based on the fractal jet antenna can encode,
over the total band [1-20] GHz, 14 and 31-bit digital words using the
amplitude and phase encoding techniques, respectively. We estimate
that these properties are sufficient to prove the successful and ade-
quate proposition of this tag to encode data for security application.

F=3.47 GHz F=4.22 GHz

F=4.85 GHz F=5.25 GHz

Figure 2.13: Measured radiation patterns at resonating frequencies 3.47,
4.22, 4.85 and 5.25 GHz in E-plane ( ) and H- plane ( ).
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As the anechoic room (SATMO) used at the IETR-INSA institute covers
the frequency range from 1 to 6 GHz, the radiation patterns were measured
only at frequencies 3.47, 4.22, 4.85, and 5.25 GHz. The highest measured
value of the gain was 7 dB at the frequency 4.22 GHz. Fig. 2.13 shows the
2D-measured radiation patterns in both E-plane (yoz) and H-plane (xoz)
at resonant frequencies 3.47, 4.22, 4.85, and 5.25 GHz. We can remark that
these patterns are smooth (no ripples and few dips) and without secondary
lobes, especially for the H-plane.

The tags with fractal irregular geometries can provide a specific electro-
magnetic signature thanks to the irregular geometry of the patch boundary
and size, which confirms the previous result reported in [127, 131, 132] for
this type of structures.

The proposed fractal antenna can be applied for the design of two types
of printable chipless frequency signature-based RFID tags: retransmission-
-based tags and backscattering or radar cross section (RCS)−based tags.
Fig. 2.14 shows the proposed prototype of the retransmission-based tag.
In fact, the fractal tag (Fig. 2.14. (b)) is composed with a receiving UWB
antenna (Fig. 2.14. (a)) and the fractal patch (Fig. 2.7. (b)). The parameters
design of the UWB antenna and its impedance matching properties over
the frequency band [1-12] GHz are reported in [140].

The retransmission-based tag [89,90,99] can use an UWB/SWB antenna
to receive and then retransmit the interrogation signal from the fractal an-
tenna as shown in Fig. 2.14. (b). When the RFID tag, composed of both
the UWB-antenna and the fractal jet antenna, is illuminated with a wide-
band signal, first the UWB antenna receives this signal, and then the ir-
regular fractal antenna resonates at only some frequencies, then the multi-
-frequency signal is retransmitted back to the reader. Finally, the reader
converts the spectral signature of the tag into a series of binary data bits
(ones and zeros). Cross-polarized horn antennas with a reflective shield
may be used. For this technique, the tag is usually large in size (because
it contains both the emitting and receiving antennas), requires a metallic
ground plane, and its reading procedure is highly dependent on the angu-
lar orientation of the tags.
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(a) (b)

Figure 2.14: Prototypes of proposed retransmission based RFID fractal-tag.

Therefore, by using the proposed fractal-antenna we may improve the
tag performances as the antenna presents many resonance frequencies,
large ground plane, and may be compacted by using just a scale law for
the fractal patch without much reducing the number of resonances.

The backscattering-based tags which use the fractal patch for both re-
ceiving and then retransmitting the signal should be relatively more com-
pact in size compared to the retransmission based tag, described previ-
ously. The proposed tag may produce a unique RCS signature character-
ized directly by the complex and irregular shape of the resonating patch.

Recently, many types of chipless RCS-based tags were studied and some
limitations of their use were reported [141–144]. In [110], a chipless tag
based on capacitively tuned dipoles was designed but size of the resonat-
ing elements and also strong mutual coupling between them restrict the
data encoding capacity of the tag. Chipless RCS based on space filling
curves and compact resonators were also investigated but these tags re-
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quire a significant layout modification for bit encoding [142]. Whereas
chipless RCS based on slot resonators [143] and split ring resonators [144]
have shown a very short reading range.

The proposed fractal patch may also improve the performance of the
RCS-based tag because it employs a simple compact fractal patch without
resonating elements, slots or split resonators. Which may avoid the draw-
backs cited above, and increase data encoding capacity and reading range
of the tag.

2.4 Conclusion

In this chapter, the brief chipless RFID concept to understand the chip-
less RFID technology with a brief literature overview has been presented.
The differences between groups of chipless RFID tags, which are several
and varied as the conventional RFID, are discussed. As mention in this
chapter, the chipless RFID technology has become quite widespread in sev-
eral applications because of the development of tag design, which imposes
different lower level challenges such as: low cost of chip less tags, small
size, and good tag performance.

In this chapter we proposed a design of a chipless RFID tag antenna
with complex shape. The structure is based on a natural fractal image ob-
tained from a liquid jet-fluid injector. The electromagnetic response of the
printed antenna based on this natural geometry has been studied. First,
we have designed and simulated the antenna by using the commercial
software Ansoft-HFSS. The numerical analysis of the tag antenna has re-
vealed mainly multi-resonances for the structure. This multiband behav-
ior was investigated in order to design a chipless RFID tag with a unique
electromagnetic signature. The proposed tag can be used in different ser-
vices such as security access control. Also, it can be applied to secure chip-
less RFID systems, especially by combining the proposed design technique
with invisible tags that can be embedded into packaging, paper or film.
Other techniques were used to analyze the electromagnetic signatures of



2.4 Conclusion 41

chipless RFID tags based on numerical analysis methods. Modal analy-
sis is one of them, and different modal techniques can be used to study
the electromagnetic phenomena. A modal analysis method and other pro-
posed modal techniques are discussed in next chapter. In this context, a
new modal analysis method, based on a special eigenmodes set on the tag
through a mathematic formulation, is proposed in this doctoral thesis. The
proposed eigenmode approach is allowing the user to obtain specific fre-
quency responses from a chipless tag, and those responses provide inde-
pendent signatures of the tag.
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Modal Analysis

Techniques of

Scatterers
3

3.1 Introduction

During the last decade, the rise of chipless RFID applications has led to
risen significant interest in antenna design and especially on design pro-
cesses for chipless RFID systems for security applications. Most of those
works use classical numerical methods using the commercial software to
study the electromagnetic behavior of the scatterer. Other analysis meth-
ods provide more thorough physical insight to explain the working mech-
anism of chipless tags:

• Singular expansion method (SEM) [26] is a method which provides
the exploitation of the induced currents on the scatterer versus the
frequency domain poles of the scatterer. SEM was introduced by Carl
Baum [145], it was developed to describe the general behavior of an
object’s response illuminated by an electromagnetic wave. The SEM
was widely used in the radar domain and studied for target identifi-
cation [146,147] from the information present on the poles. From this
information the global shape and the constitution of the excited tar-
get can be described. In antenna engineering the SEM was used, for
example, to model the time response of the current of a wire antenna

43
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[148]. Recently, the SEM has been applied in time and frequency do-
mains to analyze the characteristics of an antenna (antenna radiation
patterns, directivity and gain) using residues [149–151] associate with
some poles. Also, this method was used later in identifying and de-
signing chipless RFID tags [152, 153]. SEM has a known limitation,
related to poles extraction being very sensitive to noise [151] and it
can be used in time domain.

• Eigenmodes expansion method (EEM) [26] is a method which al-
lows expanding the currents from the scatterer using the eigenmodes
of the structure. The induced currents on the scatterer can be eas-
ily expanded versus the eigenmodes of the dyadic Green’s function
[154] of the structure in the frequency domain. The EEM has been
provided to find the eigenmodes, eigen-values and the complex nat-
ural resonances of the scatterer. The theory of characteristic mode
(TCM) induces a weighted eigen-value equation for arbitrary shapes;
its implementation is easier than SEM based on its mathematical for-
mulation to obtain the current distribution on the scatterer surface.
The modes on the scatterer are obtained as specific eigenmodes of an
impedance matrix, which is calculated using the famous numerical
method, method of moments (MoM). The TCM will be discussed in
further detail in Section 3.3.1.

Other methods are proposed in this chapter based on the eigenmodes
on a scatterer to exhibit the resonance frequency of the structure under con-
sideration, the induced current on the tag by the antenna, and the physical
explanation of the radiation of the scatterer. The eigenmodes can be found
from an eigen-value equation commanding the structure. In this chapter,
we first summarize the theory of characteristic modes (TCM) and also we
derive other eigenmode analysis methods to expand the induced current of
the scatterer. Finally, a comparison between the TCM, the proposed meth-
ods and the direct calculations based on the MoM are present. Next Sec-
tion will be an overview of the Method of Moment technique. This class
of method is explained for a printed structure on a dielectric substrate and
backed by a ground plane. We consider metallic patches printed on the in-
finite dielectric substrates backed by an infinite ground plane. In the same
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section, the results obtained with the developed MoM code for multilayer
medium case is validated using results obtained with the commercial soft-
ware IE3D. The same code will be used throughout the manuscript to com-
pute the MoM impedance matrix. In Section 3.3.1, a general overview of
the mathematical formulation of TCM is recalled to represent the current
on a scatterer in terms of eigenmodes of the same metallic structure. On the
other hand, we propose other eigenmode techniques based on the eigen-
-value decomposition (EVD) or on the SVD decomposition of the MoM
impedance matrix to generate the current induced on a scatterer. In the last
section, a comparison between the illustrated methods will be discussed
using a scatterer. It is already studied in literature using TCM. This valida-
tion is based on the resulting induced current distribution on the scatterer
versus their eigenmodes.

3.2 The Method of Moments

The conventional method to subtract the eigenmodes has been in con-
junction with the Method of Moments (MoM) formulation [35, 155] in the
frequency domain. The MoM technique is a very robust numerical method
for solving the currents induced on the metallization of structures printed
on multilayered dielectric media, it is the focus of several new studies
[156, 157]. The MoM is used to solve Maxwell’s equations in the Integral-
-Equations (IE) form [41], which is mainly implemented in frequency do-
main, though time-domain methods are also of interest [42].

A fundamental principle of the MoM technique [35, 158, 159] is used
to convert integral equations into a linear system of equations that can be
solved numerically using a computer [160–162]. A general overview of the
MoM formulation [35, 163] is given in the next section.

3.2.1 Principle of the Method of Moments

In this section, we describe the MoM implemented in an in-house code
developed at UCL to simulate finite metallic structures printed on a lay-
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ered [164] and multilayered infinite dielectric substrate backed by an infi-
nite ground plane. The developed code based on the Method Moment will
be used to determine the electromagnetic behavior (resonant frequency,
impedance and admittance matrices, a mutual coupling, and · · · ) of vari-
ous printed structures throughout the thesis.

The MoM is a linear algebra technique to approximate the solution of
linear operator equations, which have the common form

L(x) = v (3.1)

where x is an unknown function to be determined (field or response), the
linear operator L is the integral-differential type, and v is the forcing known
function (source or excitation). Irrespective of the approach, the operator
equation (3.1) can be solved following the numerical procedure known un-
der MoM. This requires that the function x can be expanded as a linear
combination of N known basis functions xn(n = 1, 2, · · · , N), given from

x =
N

∑
n=1

inxn (3.2)

where in is an unknown coefficient associated to each xn. Using linearity
of L and inserting this combination into (3.1), the linear equation can be
reduced to

N

∑
n=1

inL(xn) ≈ v (3.3)

where the basis function xn are used to model the expected behavior of
the unknown function over its domain of L. Then, the step remaining to
solve (3.3) is to find the N unknown constants in (n = 1, 2, · · · , N). This
can be accomplished by having N linear independent equations from eval-
uate (3.3). It is known that the MoM equations are basically comprised of
boundary conditions for tangential fields, at N different points. Those con-
ditions allow to provide an inner product 〈 ft, v〉, where ft is a weighting
function named testing function [35]. To choose these testing functions; the
point matching way can used where the tangential fields are enforced at N
points on the surface of an object [40]. Hence, any solution is very sensitive
to those points and the convergence of the MoM not be optimal [40]. How-
ever, other way can be better in the choice of the testing functions where
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the set of testing functions and basis functions is similar. This important
way is referred to the Galerkin approach [35, 163] , and allows to obtain
symmetric system and linear algebraically equations. Throughout the do-
main of the linear operator L, N testing functions are defined. Hence, the
inner product of each ft with the residual function equal to zero, then it
written as:

N

∑
n=1

in〈 ftn , L(xn)〉 = 〈 ft, v〉 (3.4)

We can present (3.4) in N × N linear matrix equation

ZI = V (3.5)

where Z is a matrix of size N × N obtained from the inner product of the
testing functions with L(xn), I represents the vector of unknown coeffi-
cients in, and V equal to the inner product of ft and source function v.
Then, by solving (3.5), the coefficients in can be found using matrix inver-
sion techniques as

I = Z−1V (3.6)

The following section introduces the popular basis functions in MoM.
The basis functions illustrated below are used in this work to expand the
surface current of structures.

3.2.2 Basis Functions

Each numerical solution of electromagnetic problem is based on the
choice of the basis functions xn. The basis functions were originally pro-
posed in [165]. We can find many possible sets of basis functions in the lit-
eratures [166–168]: (i) the local or elementary functions which are nonzero
only in a part of the domain function (it can be the surface of the structure).
(ii) the global domain basis functions which exist over the entire domain
of the functions. The famous elementary local basis functions in the MoM,
which will be used in this work, are referred to as
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• The Rao-Wilton-Glisson (RWG) elements on triangles [169]. It is the
very usually used basis functions. Fig. 3.1 illustrates the RWG basis
functions which contain a pair of triangles. RWG basis functions is
firstly used to solve the electromagnetic scattering problems of ar-
bitrary shape in [169], later to generalize inhomogeneous dielectric
mediums by [170]. Using RWG method, the vector current distribu-
tion inside the triangle element can be extract from the linear super-
position of unit currents along the three sides of the triangle.

Figure 3.1: RWG Basis functions defined on the triangular mesh.

• Rooftop basis functions [171, 172] can be a good choice to discretize
the simple objects like as rectangular type structure. The rooftop ba-
sis functions in X and Y-directions are depicted in Fig. 3.2,

Figure 3.2: Geometry of a rooftop basis function.
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In the examples given for this manuscript, unless otherwise stated, we
will generally use the Rao-Wilton-Glisson (RWG) basis functions which
are very useful for arbitrary structures. The source excitation (the port of
an antenna) is introduced from one aggregate rooftop basis function. The
discretization of structures is carried out with the help of the GMSH soft-
ware [4, 173].

3.2.3 MoM Impedance Matrix for Scatterer

As announced in the previous sections, to apply the MoM to solve
equation (3.1), four steps are needed:

− Derivation of the appropriate integral equation (IE),

− Discretization process to obtain a matrix equation (3.5) using basis
functions and testing functions. In the developed code, we used
Galerkin testing functions; i.e. the set of testing functions corresponds
to the set of basis functions.

− Evaluation of the matrix elements.

− Solving the matrix equation and obtaining the parameters of interest.

In this work, we will use MoM approach based on IE, hence the bound-
ary conditions mentioned in Section 3.2.1 for a pure metal object (scatterer)
are enforced with electric field integral equation (EFIE) [174]. The surface
current density J̄ (for electric current distribution case) on the surface S of
a structure (see Fig. 3.3) is defined as follows, using equation (3.2).

J̄ =
N

∑
n=1

in f̄bn (3.7)

where the known basis functions are named here f̄b and in is the unknown
coefficient to be determined. As mentioned before, while we applied the
Galerkin testing to EFIE, the linear MoM matrix equation (3.5) is obtained
and its solution leads to the unknown coefficients in, and then the surface
current on the surface of a structure. The elements of the MoM impedance
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Figure 3.3: Geometry Scattering Problem and observation coordinate.

matrix Z in (3.5) represent the interaction between the source elementary
basis function ( f̄b ) and testing functions ( f̄t ). In the absence of normal
components of the basis and testing functions on the edge of a domain S1

and other S, an element of Z is written as [175, 176] :

Zt,b = −
∫

S

∫
S1

[ jω µ f̄t (r̄) · f̄b (r̄1)

+
1

jω ε
∇ · f̄t (r̄)∇1 · f̄b (r̄1) ] G(r̄, r̄1) dS1 dS (3.8)

where ω is the angular frequency, and ε and µ are the permittivity and
permeability of the host medium, respectively. The factor G(r̄, r̄1) is the
Green’s function of free space and it expressed as

G(r̄, r̄1) =
ejk|r̄−r̄1|

4 π|r̄− r̄1|
(3.9)

where k is the wavenumber, r̄ is the vector relies to observation point (do-
main S), and r̄1 is the vector presents the source point (domain S1).

Thereafter, it is steal to define the elements in the excitation vector V to
determine the unknown coefficients in and surface current density. Those
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elements vn are defined as

vn = −
∫ ∫

S1

f̄bn(r̄1) · Ēinc dS1 (3.10)

where Ēinc is the incident fields vector, which can be plane wave, fields
product by an antenna or a generator.

A very large number of electromagnetic problems, especially antenna
problems, treated with the MoM are treated in the literature. In this chap-
ter and next chapters, we studied printed structures on dielectric substrate.
During the last few decades, several developed techniques for the analy-
sis of printed antennas or metal printed on materials with different shapes
have remained as an interesting subject of many researches. Actually, many
commercial software are used in the analysis and design of planar metal
printed structure and printed antennas such as Mentor Graphics’ IE3D [5],
Feko [45] and others based on a Mixed-Potential Integral Equation (MPIE)
formulation and MoM [43, 174, 176–179]. The application of this technique
leads to limited discretization to the metallization surfaces using the ap-
propriate Green’s functions [176].

3.2.4 MoM for Printed Structures, Multilayer Media

The method of moments solution of the IE has received high attention
for electromagnetic modeling of microstrip structures (printed structures
on layer medium). As introduced in previous section, the MoM entails the
evaluation of the Green’s functions and the appropriate choice basis func-
tions, to obtain an accurate and efficient solution. The microstrip structures
design become more complicated to analyze, such as the structures printed
on multilayer substrate with different shapes. Multilayered media may be
modelled with special Green’s functions [180] devoted to the analysis the
structure printed on a multiple lossy dielectric substrate. In this case, the
formulation of the Green’s function is tailored for 2D infinite substrate with
finite thickness to handle each layer of the lossy dielectric material, and the
discretization of the structure is located in the metallic surfaces not the di-
electric substrates themselves. Based on this technique, the elements of
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Figure 3.4: A multilayer medium with source and observation points in
different layer.

the MoM matrix, which are defined in (3.8) for an object in free space, are
written as [180] in the multiple layer case (see Fig. 3.4).

Zt,b = jω
∫∫

S

∫∫
S1

[ f̄t (r̄) · f̄b (r̄1) Ga(|r̄− r̄1|)

− 1
ω2 ∇ · f̄t (r̄)∇1 · f̄b (r̄1) Gq(|r̄− r̄1|)] dS1 dS (3.11)

where Ga and Gq correspond to the two different scalar potentials. The
scalar potentials Ga(|r̄ − r̄1|) and Gq(|r̄ − r̄1|) for current/charges can be
written in space domain as [178, 179]

Ga(|r̄− r̄ ′|) = Ga(R) = Gext
a (R) + Ghom

a (R) (3.12)

Gq(|r̄− r̄ ′|) = Gq(R) = Gext
q (R) + Ghom

q (R) (3.13)

where Ghom
a and Ghom

q correspond to potentials computed in an effective
homogeneous medium, with average relative permittivity of two media
(εav

r = (εr1 + εr2)/2) [179], and substrate thickness hn named medium n
and other substrate layer above the metallic structure named medium j
(see Fig. 3.4). The potentials Ghom

a and Ghom
q were defined as [164, 179]

Ghom
a = − k0 η0

2 khom
z

(3.14)

Ghom
q =

η0

k0

1
2 εav

r khom
z

(3.15)
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for given free-space wavenumber k0, wavenumber in homogeneous medium
khom

z and wave impedance η0.

The potentials Gext
a and Gext

q are provided in a one-dimensional table,
where the average homogeneous medium component has been extracted,
in order to get rid of the 1/R type singularity. Ga and Gq are tabulated ver-
sus horizontal distance R [179]. Then, the element of the MoM impedance
matrix can be rewritten for the multiple layered substrate case as the sum
of the contributions from the effective homogenous medium and the lay-
ered medium [164, 179]

Z = Zhom + Zext (3.16)

where Z denotes the multiple layered medium case in the implemented
lab’s code, and Zhom is the effective homogeneous medium impedance ma-
trix where their elements are computed through the homogeneous Green’s
function which is obtained as follows using the code developed in the lab-
oratory [164]

Zhom =
1

jωε

∫
S

∫
S1

[
(khom)2 f̄t(r̄) · f̄b(r̄1)−

(
∇ · f̄t(r̄)

) (
∇ ′ · f̄b(r̄1)

)]
Ghom(|r̄− r̄1|) dS1 dS (3.17)

with

Ghom(R) =
e−ikhomR

4π R
(3.18)

Zext is the layered medium matrix where their elements can be obtained
from equation (3.11) by using the simple Green’s function potentials Gext

a

and Gext
q with extraction of the effective homogeneous medium.

More details on the MoM technique for the multilayered lossless medium
case used to implement the code developed at the lab were discussed and
provided on Shambhu’s thesis [164], where the mathematic formulation
provide the details on the Green’s function for multilayered media are in-
spired from an internal note [179] and research carried out mainly in the
nineteen [60, 177].

In this thesis, the lab code was modified to simulate printed structures
on multilayered lossy dielectric substrates with dielectric constant ε and
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electric loss tangent tanδ. The simulated results carry out, in this chapter
or the later ones, using the modified lab code with important number of in-
teger and interpolation points, and a factor value of the deformed contour
height equal to 0.005. The deformed contour is a contour integation pa-
rameter of parabolic type with a positive constant factor [181]. This factor
should be less than 0.01 to produce smooth numerical results.

If a printed array is formed by different elements placed at chosen po-
sitions and printed in different layers, the MoM system of linear equations
to be solve can be written as

ZI = Ex then I = Z−1Ex (3.19)

where Z is the MoM matrix consisting of sub-matrices presented the inter-
actions between all structures printed in different dielectric layers. I is the
vector of current coefficients to be solved in the array, and Ex consists of
all excitation sources on the whole structure, a definition of the excitation
source is explained below.

The results obtained after solving the system of equations were used
to perform modal analyses of some printed structures. As presented in
the next section, there are several methods termed as modal analysis ap-
proaches. They each provide a different physical insight into the resonant
behavior of structures. In Section 3.3, we used the in-house MoM code
to solve the system equations (3.19) and to carry out modal analyzis. First,
we validate the implemented MoM code for a multiple lossy dielectric sub-
strate with a comparison of the simulated results to those carried out using
the IE3D software [5]. Later, the results obtained using the theory of char-
acteristic modes (TCM) were compared with existing results in the litera-
ture. In the same section, we proposed other modal techniques in terms of
eigenmodes analysis.

• Excitation Source

The excitation vector can correspond to plane waves, fields radiated
by another antenna or fields impressed by a generator. To simplify
the analysis, we will use the delta-gap generator [163, 164, 175]. Here
and in the following work, the excitation source used to compute the
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Figure 3.5: Discretized printed bowtie antenna considered for later result
using the GMSH software [4]. The antenna is meshed with 599 RWG ba-
sis functions, one rooftop basis function for the delta-gap source, and two
hybrid basis functions.

current coefficients using MoM techniques for the results hereafter
are based on a delta-gap generator with a 50 Ω source impedance.
The delta-gap generator is a source represented by a voltage disconti-
nuity between two infinitely close conductors. In a delta-gap source,
the feed is treated as if the impressed electric fields (Ex) existed only
in the gap. Mathematically, the delta-gap source model can be calcu-
lated as:

Ex = −wg V0 (3.20)

where wg is the width of the gap and V0 is the voltage applied to the
gap. For all numerical simulation presented in this thesis, the source
(delta-gap) is meshed by one rooftop basis function (see Fig. 3.5), and
then the excitation vector has non-zero values only for the corre-
sponding basis function.

• Validation of the Multiple layered medium code In this section, an
initial validation of the implemented MoM code is described through
a numerical simulations, which have been carried out for an array
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(a)

(b)

Figure 3.6: (a) Array for printed bowtie antenna (AB1 and AB2) on mul-
tiple dielectric substrates; S1: FR4 (εr = 4.3, ∆δ = 0.02), S2: duroid
(εr = 2.2, ∆δ = 0.0009), S3: air (εr = 1), S4: rogers RO4003 (εr = 3.55, ∆δ =

0.0027), and S5: duroid (εr = 2.2, ∆δ = 0.0009). (b) 3D-view of the array
generated with commercial software IE3D [5]. The structure is terminated
by a ground plane.

consisting of bowtie antennas (see Fig. 3.5) printed on different po-
sitions and dielectric layers. The array backed by a ground plane is
presented in Fig. 3.6. The first bowtie antenna (AB1) is printed be-
tween two dielectric substrates S1 of substrate height h1 = 0.15 cm
and S2 with thickness h2 = 0.0787 cm. The second bowtie antenna
(AB2) is printed also between two dielectric substrates S4 of thick-
ness h4 = 0.12 cm and S5 of height h5 = 0.09 cm , the relative per-
mittivity and the loss tangent of every dielectric substrate are given
in the caption of Fig. 3.6. The second and fourth layers are sepa-
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rated by an air gap of h3 = 2 cm thickness. The bowtie antennas
are placed at an horizontal distance D equal more than the free-space
wavelength. Each antenna has 0.69λ0 × 0.66λ0 dimension, with λ0

is the free-space wavelength at frequency equal to 10 GHz. Each an-
tenna is excited with aforementioned delta-gap type of source at the
port and has been discretized with 599 Rao-Wilton-Glisson (RWG)
[169] elementary basis functions outside the delta-gap, as presented
in Fig. 3.5. The antennas are meshed using the open source GMSH
software [4] with the help of RWG, roof-top and hybrid elementary
basis functions. The simulation was run with the help of the Matlab
software [139] used to implement the MoM code and the commer-
cial software IE3D [5] on a 64 bits Windows machine with an Intel
Xeon CPU/ 2.4 GHz. Fig. 3.7 shows the plot of the simulated results
for the real and imaginary parts of the antenna impedance Z11 and
Z22, and the mutual coupling impedance between the antennas for
a high and low frequency range [8-12] GHz and [1-4] GHz, respec-
tively. The IE3D simulations are carried out with a discretization of
the array using 20 cells per wavelength considered at the simulation
frequency 12 GHz and 0.1 automatic edge cells ratio. Using the MoM
code or IE3D software, the infinite ground plane and substrate, and
the loss dielectric are considered.

The results are computed for the antenna impedance and mutual
coupling in two different frequency ranges, where the thickness of
the first dielectric layer equal to λ0/80 and λ0/20 at low and high
frequencies, respectively. The results obtained using the developed
MoM code compare very well with the ones obtained with the com-
mercial IE3D software. The small differences in the results are due to
different meshing ways and port extension’s definition in our code
and software IE3D, and may be due to the integration method to ob-
tain the MoM impedance matrix. This deference is noteworthy at
high frequency because the scatterer is printed in a very thin lossy
dielectric substrate. This comparison of impedance parameters for
the array printed on multiple lossy dielectric substrates confirms the
engineering reliability of the implemented MoM code.
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Figure 3.7: Real and imaginary parts of; (a) input antenna impedances (Z11

and Z22), and (b) mutual coupling impedance Z12. Left plots: high fre-
quency range. Right plots: low frequency range with horizontal distance
between two antennas > λ0. At low frequency λ0 = 12 cm and at high
frequency λ0 = 3 cm.
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3.3 Modal Analysis Techniques

A modal analysis method is used in general to calculate the modal
currents over a conductive object or antennas (such as printed antennas),
where those currents are presented by the eigenmodes of a structure. They
depend only on the geometry of the structure and not to the excitation.

In this section, simulated results obtained from the combination of the
developed MoM code and the modal analysis methods, were analyzed to
study the induced current based on a set of eigenmodes on a simple struc-
ture such as a rectangular plate. The current distribution on the structure
(or scatterer) is initially obtained by the solving of the linear MoM equa-
tion [35, 41]. An alternative modal analysis approach is used here to find
a set of orthogonal currents which approximates the total current distribu-
tion on a structures using the characteristic mode theory [46] as a known
modal theory, and others proposed eigenmodes solution methods, slightly
simpler than TCM [70, 182]. In the following section we prove that the
simulated total current distribution on the scatterer can be calculated us-
ing different eigenmode approaches (Fig. 3.8), while the proposed ones are
obtained in a simpler way than the TCM. The proposed techniques allow
one to generate a complete basis of modes and to express the exact total
current density through a linear combination of the extracted eigenmodes.
The advantages of our eigenmodes techniques were proved from the con-
vergences of the eigenmode based on decompositions.

3.3.1 Theory of Characteristic Modes (TCM)

Characteristic modes are real current modes that can be computed nu-
merically for conducting structures of arbitrary shape. Since characteristic
modes form a set of orthogonal functions, they can be used to expand the
total current on the surface of the structure [61]. The theory of characteristic
modes has been applied to antenna shape synthesis [60] and chipless RFID
tag design [26], and control of obstacle scattering by reactive loading [183].
However, at present, the characteristic modes theory has practically fallen
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Figure 3.8: Solution for total current I, correspondence between direct
MoM solution and modal superposition techniques.

into disuse, in spite of the fact that it leads to modal solutions, which are
particularly useful in problems involving analysis, synthesis and optimiza-
tion of antennas and scatterers [184–186]. Probably, the theory of character-
istic modes was almost abandoned in the eighties, because of the amount of
computation it required for the extraction of modes. Characteristic modes
correspond to the eigen-vectors of a particular weighted eigen-value equa-
tion that involves the generalized impedance matrix of the body. Hence, if
characteristic modes are to be obtained, the impedance matrix of the body
should be calculated at every desired frequency by direct application of
Method of Moments (MoM) [35]. Other methods are presented in next sec-
tion to expand the total current based on a specific decomposition of the
MoM impedance matrix. The theory of characteristic modes (TCM) was
first developed by Garbacz in 1968 [59], and later refined by Harrington
and Mautz in 1971 [61]. Garbacz obtained the modes of conducting bodies
of arbitrary shape by diagonalizing the scattering matrix [59, 187]. Alter-
natively, Harrington and Mautz arrived at similar modes by diagonalizing
the generalized impedance matrix of the body [61–63]. In this section, we
illustrated the formulation of the TCM for conducting bodies in free space
to expand the current distribution.

In the following subsection, a brief overview of the TCM formulation
is given as developed in [61]. The characteristic modes for a rectangular
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plate, which was presented in several publications, such as [6, 7], were re-
calculated using our MoM code.

3.3.1.1 Formulation of TCM using eigen-value Generation Problem

To calculate the characteristic modes for arbitrary structures, such as
the rectangular plate shown in Fig. 3.10, the impedance Method of Moment
(MoM) matrix of the shape should be generated. As explain in Section 3.2,
the impedance MoM matrix Z is complex, and it can be written as

Z = R + jX (3.21)

where R is the real part and X is the imaginary part matrices of Z. As ex-
plained in [62], to compute characteristic modes of a particular conducting
body which can be obtained as the eigenmodes of the particular weighted
eigen-value, which can be obtained from the generalized eigen-value equa-
tion using an eigen-value generation problem [188]. The eigen-value equa-
tion is reduced to matrix form using the Galerkin testing technique for the
formulation of the MoM linear matrix equation [189], where the MoM ma-
trix Z is linear symmetric and not Hermitian. Its real and imaginary parts
(R and X) are symmetric matrices. The generalized eigen-value equation

X Jn = λn R Jn (3.22)

as described in [61] is used to obtain the eigen-vectors Jn (called character-
istic mode or eigenmode) and eigen-values λn on the surface of a scatterer.
A set of real characteristic currents Jn are defined by solving the equa-
tions (3.6) and (3.22) with standard algorithms [188]. More details about
the theory of characteristic modes are presented in different recent papers
as [6, 7, 46, 48, 73].

For the given rectangular plate structure in [7, 46] of width W = 4 cm
and length L = 6 cm discretized with 465 RWG basis functions, the first
mode has the smallest eigen-value at the resonance frequency of 2.3 GHz,
as introduced in [46]. The resonance behavior of the modes can also be
inferred from a characteristic angle αn. The phase lag between the tangen-
tial component of characteristic field (a field radiated from a characteristic
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Figure 3.9: The characteristic angle curves associated to the eigenmodes Jn

on the rectangular plate calculated from 2 GHz to 4GHz.

current) and the real characteristic mode defines the constant characteristic
angle:

αn = 180◦ − tan−1 λn (3.23)

The variation of αn with frequency as presented in Fig. 3.9 provides in-
formation about the radiation or scattering of each mode [47]. The res-
onance behaviour of each characteristic mode can be extracted when the
angle is equal to 180◦, in this case the structure is maximally radiating.

The current distribution at the first resonance (f = 2.3 GHz) of the 5 first
characteristic modes Jn are generated for the rectangular plate. The current
distribution of each mode is shown in Fig. 3.10. Those distributions very
similar to those found in [7, 46] again contribute to validating our MoM
code, in this case all media are composed of vacuum.

From [7, 46], the total current obtained by the TCM (superposition of
some characteristic modes) should be the same as the current distribu-
tion I obtained by inverting the MoM matrix using the equation (3.6); this
method being referred to the direct MoM solution in the following sections.
Using the TCM, the total current I can be written as

I = Z−1Ex =
N

∑
n=1

Jn
TEx

1 + jλn
Jn (3.24)



3.3 Modal Analysis Techniques 63

(a)

(b) (c)

(d) (e)

Figure 3.10: Current distribution at first resonance frequency (F= 2.3 GHz)
of the first five characteristic modes ((a):J1, (b): J2, (c): J3, (d): J4, (e): J5) of
a rectangular scatterer of length L=6 cm and width W = 4 cm, resimulated
after [6, 7].

where Jn are the characteristic currents generated with their associated
eigen-values λn by solving the generalized eigen-value problems, and Ex

is the incident electric field (i.e presented as an incident plane wave or a
gap source of an antenna). In this work, the excitation vector (Ex) on the
scatterer excited from an antenna obtained as

Ex = Z−1
sd Id (3.25)
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where Zsd represents the antenna-scatterer mutual-MoM interactions, and
Id is the current vector on the antenna.

We use here a printed dipole antenna to produce the incident field; the
dipole is located at a vertical distance equal to 33 cm. To generate the total
current density I with a unit power [46] of each eigen-current radiation, the
modes need to be normalized as follows to obtain the normalized eigen-
currents J

′
n.

J
′
n =

Jn√
JT
n RJn

(3.26)

The total current density is obtained here from equation (3.24) to re-
place the characteristic modes Jn by the normalized eigen-currents J

′
n. TCM

is used in the literature to analyze several antennas and scatterers with the
purpose to determining their basic eigenmodes and their contribution to
the total current distribution on the scatterer. However, the accuracy of the
total current provided by a limited expansion of the characteristic modes
has been rarely cheeked. It was demonstrated in [46] that the set of charac-
teristic modes presents slow convergence when approximating the imag-
inary part of the input current on the wire antenna. Also, Capek showed
in [190] that sum (3.24) is may be incomplete; however TCM produce an
incomplete basis of the orthogonal eigen-currents. In the next sections, two
other modal techniques are proposed to improve and solve the problem of
slow convergence of the eigenmodes and potentially incomplete of basis
orthogonal eigenmodes by following a simpler approach based on rela-
tively basis mathematical algorithms to diagonalize the MoM impedance
matrix.

3.3.2 EVD & QR - Eigenmodes Approach

Radiation from a microstrip patch antenna is estimated by solving the
electric field integral equation (EFIE) in the form of the mixed-potential
integral equation (MPIE) discretized with the MoM [35]. The MoM formu-
lation for these problems solves the linear matrix equation (3.5) to extract
a set of eigen-currents on the metallic structures and the total current den-
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sity on the scatterer. In the previous section, we presented a modal method
is the theory of characteristic modes based on generalized eigen-value de-
composition, where the eigen-currents are real, following the separation
of the real and imaginary parts of MoM impedance matrix (the eigen-
currents should be normalized to generate the total surface currents). Also
the characteristic modes are orthogonal assuming a specific scalar product
described in [61].

In this section, a new modal technique is introduced based on eigen-
-values decomposition (EVD) [191] and QR factorization of the symmetric
N × N MoM impedance matrix Z. The objective is to solve the linear MoM
equation Z I = Ex to extract the current distribution I of N unknown co-
efficients. The current is defined by a set of eigenmodes on the surface
of the structure. To calculate eigenmodes using the EVD, the Z matrix is
factorized as

Z = X Λ X−1 (3.27)

where Λ and X represent, respectively, the eigen-values and eigen-vectors
matrices. Hence, the current vector I can be represented as:

I = Z−1 Ex = X Λ−1 X−1 Ex (3.28)

As explained before, when the Galerkin testing procedure is employed,
the Z is a complex symmetrical matrix and not Hermitian, hence the columns
of X are not orthogonal. In order to be able to describe the current in terms
of orthogonal eigen-vectors, and to obtain a decomposition of Z with a di-
agonal matrix in the middle and orthogonal matrices at the extremes, we
apply the QR factorization method to X and the equation (3.28) rewritten
as

I = Q R Λ−1 R−1 QH Ex (3.29)

where the matrixQ is filled with an orthogonal set of column eigen-vectors
and R is an upper triangular matrix. In practice, for small structures, Q is
close to X and R is nearly an identity matrix. To simplify the mathematical
formulation of the current I, a new matrix is defined as

W = (R Λ−1 R−1 QH)H (3.30)
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where the columns of W and the orthogonal matrix Q represent the ’asso-
ciated eigen-currents’ and the eigenmodes on the surface on the structures,
respectively. With those definitions, equation (3.29) can be rewritten for a
selective excitation, in compact matrix form

I = Q WH Ex (3.31)

This indicates that the importance of a given eigenmodes (columns of Q)

q1

q2 q3

Figure 3.11: Current distribution at frequency 2.3 GHz of the three first
eigenmodes on the rectangular scatterer located in the air.

depends on the projection of the corresponding column of W on the exci-
tation Ex. A modal analysis of the example presented in previous section
(rectangular plate) is generated based on the proposed EVD & QR- eigen-
modes technique. The current distribution of first three eigenmodes qi on
the rectangular plate are presented in Fig. 3.11 at frequency 2.3 GHz which
is not the resonance frequency of those eigenmodes.

In this section, the eigenmodes are extracted by using the proposed
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modal technique based on EVD decomposition for the diagonalization of
MoM impedance matrix and QR-factorization for decomposition of the
eigen-vectors matrix. Another modal technique is presented, in the next
section, to simplify the EVD & QR-eigenmodes approach also to obtain or-
thogonal eigen-vectors. The eigenmodes technique is based on the singular
value decomposition (SVD) to study the modes on a scatterer for its easier
use. The compilation of the developed algorithm based on this method is
faster than other eigenmodes techniques.

3.3.3 SVD - Eigenmodes Technique

In this section, another modal analysis method is discussed. The method
is based on a matrix algebra technique called the Singular Value Decom-
position (SVD) [192] of the MoM impedance matrix Z. This decomposition
is capable to obtain an orthogonal set of eigenmodes which provide inter-
esting insight physical since fields radiate by the orthogonal eigenmodes,
they are also orthogonal to each other. An initial discussion of the SVD
was presented in the Linpack Users’ Guide [193]. The SVD is a standard
matrix algebra technique for diagonalizing any matrix, especially the non-
-Hermitian matrices. It is the generalization of eigen-value analysis for
Hermitian matrices to general matrices [191]. Although the algorithms
implementing the SVD decomposition have existed for decades, recently
the technique is rarely been applied to MoM problems. This is surpris-
ing in that, as we describe, the SVD is the appropriate technique for the
diagonalization of MoM impedance matrix Z. It is the matrix that results
from the finite dimensional equation (3.16) and it is used in both previous
eigenmodes techniques. Z is complex symmetric and not purely Hermi-
tian, hence, we almost certainly cannot diagonalize it through the TCM
and the EVD & QR-technique involving a unitary matrix of eigen-vectors.
However, using the SVD there are two different unitary matrices, and di-
agonal matrix that’s contains classify singular values.

The goal of the modal technique proposed here is to describe the cur-
rents in terms of orthogonal eigen-vectors. In order to be able to obtain a
decomposition of the MoM impedance matrix (Z) with a diagonal matrix
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in the middle and orthogonal matrices at the extremes, a factorization of Z
matrix using a direct SVD decomposition of the matrix

Z = U Σ VH (3.32)

where Σ is a diagonal matrix whose diagonal elements consist of real and
non-negligible singular values, U and V are orthogonal matrices (unitary
matrices as its complex matrices) of singular vectors. The columns of V
represent the eigenmodes. The current distribution of the first three eigen-
modes on the rectangular plate, discussed in Section 3.3.1, correspond to
the smallest singular values shown in Fig. 3.12 at frequency 2.3 GHz. In

q1

q2 q3

Figure 3.12: Current distribution at frequency 2.3 GHz of the first three
eigenmodes expanded using SVD technique on the scatterer.

practice, for small structures, U is close to V. After applying the SVD de-
composition, the current vector I can be represented as:

I = V Σ−1 UH Ex (3.33)
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where the product 〈U, Ex〉 presents the coefficient of the incident field with
respect to associated eigen-vectors (columns of U).

The diagonalization problem of the MoM impedance matrix and the ex-
pansion of a set of orthogonal eigen-currents over a scatterer can be solved
by referring to the TCM, proposed EVD & QR and SVD eigenmodes tech-
niques. However, the set of orthogonal currents calculated using TCM ap-
proximates the total surface current on a structure while it can be regener-
ated with negligible residual currents from the eigenmodes superposition
obtained by EVD & QR and SVD techniques because the basis of modes
are numerically complete. In the next section, a validation of the proposed
eigenmodes technique will be discussed through a comparison between
the convergences of the different types of eigenmodes.

3.4 Convergences of Modal analysis methods

As we mentioned above and in [46], characteristic modes associated to
a radiating structures do not model properly of the current on the scat-
terer. The problem of slow convergence of the set of characteristic modes
exploited by TCM is still noteworthy and the basis of eigenmodes is nu-
merically incomplete [190]. To illustrate this problem, the rectangular scat-
terer already studied in previous sections is going to be used to study the
convergence of eigenmodes on the scatterer in two cases. First, the radi-
ating structure and the antenna excitation are in air. Second, the system
(scatterer and antenna excitation) is printed on infinite lossy dielectric sub-
strate of relative permittivity ε = 4.3 and loss tangent δ= 0.02, backed by
a ground plane. The system presented in Fig. 3.13 is studied in both cases
considering near-field and far field excitations.

However, as comparisons are made between modal methods: TCM,
proposed technique and direct MoM method. Indeed, when plotted in a
linear scale the total current distribution obtained with a basis of modes
found by one of the three different approaches cannot be distinguished.
For that it is better to plot the residual surface current as shown in Fig. 3.14,
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near-field

(a) (b)

far field

(c) (d)

Figure 3.13: Systems studied. Left Pictures: Systems located in the air for
(a) near-field and (c) far-field. Right Pictures: Systems printed on multi-
layer lossy dielectric medium backup with ground plane for (b) near-field
and (d) far-field.

where we plot the total current in free space rectangular plate which is cal-
culated through the direct MoM method. Fig. 3.14 presents the residual
current defined above using each modal analysis method for far-field exci-
tation. Those results indicate that the set of orthogonal eigen-currents ob-
tained by referring to the TCM technique just approximates (not precisely)
the total surface current on the structure.

To exhibit the limitation of TCM and to study the other proposed modal
technique, a comparison was presented through the Root Mean Square Er-
ror (RMSE) which is defined as ‖ Ires ‖2 / ‖ IMoM ‖2 where Ires is a residual
current calculated as IMoM − Itech. The total surface current IMoM is treated
directly as usually employed in the method of moments and Itech is the
total current expanded by the superposition of eigenmodes obtained from
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(a) I (b)

(c) (d)

Figure 3.14: Top left Picture: Total current distribution on the rectangular
scatterer at frequency 2.3 GHz. Residual current Ires using (b) TCM, (c)
EVD & QR, and (d) SVD modal approach

application of modal analysis techniques discussed in Section 3.3. The rel-
ative error level will be given in (%) and the engineering accuracy will be
achieved when the error level is less than 1 %, as compared to the reference
solution obtained from the MoM method. The relative errors with respect
to the MoM solution are shown in Figs. 3.15, 3.16, 3.17, and 3.18,

The results presented in those figures makes out the limitation of TCM
technique, as a matter of fact the characteristic modes are unable to ex-
pand exactly the current peak exhibited by the linear MoM equation (3.19).
This limitation is due the imaginary part of the current calculated by TCM
which is very dependent to the position of the excitation source, not to the
resonances of the scatterer [46]. It can be an explanation for the results re-
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(b) Far field

Figure 3.15: Relative error (in %) with respect to the direct MoM solution
in the total current distribution on the rectangular scatterer (see Fig. 3.13.
(a) and (c)) for near-field and far field excitation. The errors obtained using
233 modes (half number of total modes) versus the frequency by TCM,
SVD and EVD & QR-eigenmodes techniques.

lated to TCM error presented in Fig. 3.16. For relative errors less than 3.5 %
at frequency 2.3 GHZ, all even modes are necessary in the expansion of
the current in the near-fied and more than 10 modes are needed in far field
excitation. Hence, the performance of the TCM method depends on the
feeding arrangement. Contrary to what is defined the theory of character-
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(b) Far field

Figure 3.16: Relative error (in %) with respect to the direct MoM solution in
the total current distribution on the rectangular scatterer (see Fig. 3.13. (a)
and (c)) for near-field and far field excitation. The errors obtained versus
the number of modes (jn, Vn and qn) at frequency 2.3 GHz.

istic modes presents limitations over the dielectric substrate and ground
plane. It is so clear in Fig. 3.17 that the relative error is around 102 % over
the frequency range using 233 even modes. The TCM presents in Figs. 3.18
a very slow convergence of the series of characteristic modes at 2.3 GHz for
the printed case, for both near or far field excitations. Moreover, the rela-
tive error decreases rapidly to be well below 10−15 % once the number of
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(b) Far field

Figure 3.17: Relative error (in %) using the TCM, SVD and EVD & QR-
-eigenmodes techniques with respect to the direct MoM solution in the to-
tal current distribution on the rectangular scatterer printed on a lossy di-
electric substrate in near-field and far-field. The error is calculated versus
frequency using 233 modes.

modes is almost total using EVD & QR or SVD-eigenmodes techniques in
any system case. The EVD & QR-eigenmodes approach is not better than
TCM in free space but it present a numerical complete basis to generate
the total current. This proposed eigenmodes technique leads to a good
convergence of the series of eigenmodes on the printed scatterer, and the
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(b) Far field

Figure 3.18: Relative error (in %) using the TCM, SVD and EVD & QR-
eigenmodes techniques with respect to the direct MoM solution in the total
current distribution on the rectangular scatterer printed on a lossy dielec-
tric substrate in near-field and far-field. The error is calculated versus the
number of modes (jn, Vn and qn) at frequency 2.3 GHz.

basis is still complete. For relative errors equal to 1 % the use of EVD & QR-
-technique requires a high number of modes: 420 modes in the near-field
and 350 modes in the far field, compared to the 465 modes on the scatterer.
This shows how the use of this method does not lead to fast convergence.

Figs. 3.17 and 3.18 show the relative errors calculated using the TCM
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and the proposed eigenmodes techniques with respect to the total current
obtained by direct MoM solution. This error is calculated in near and far
field when the rectangular scatterer and the excitation antenna are printed
on lossy dielectric substrates backed by a ground plane. Fig. 3.18 shows
a rapid convergence toward the direct MoM solution, using the proposed
eigenmodes techniques.

The proposed SVD-eigenmodes approach evaluates the total surface
current as a sum of eigen-currents. The relative error is less than 0.4 %
(see Fig. 3.17) for the proposed SVD-eigenmodes technique using a set of
233 orthogonal eigenmodes, along the range of frequency in printed case
at near and far field. The relative error at 2.3 GHz is below 1 % for 200
modes on printed structure in near-field and more than 140 modes on sys-
tem located in free space or printed on dielectric substrate in the far field,
and the relative error decreases rapidly to remain below 0.05 % once the
number of modes is greater than half of the total number of modes.

Figure 3.19: The irregular fractal jet-fluid structure.

The convergence of the modes is studied for another structure with
complex geometry (see Fig. 3.19) printed on a lossy dielectric substrate
backed by a ground plane, the structure discretized with 464 triangular
RWG basis functions. Comparisons are made between modal methods:
TCM, EVD & QR-eigenmodes approach, SVD eigenmode technique and
direct MoM method.

The error is calculated in near-field versus frequency using 100 modes.
After that, the relative error is obtained at frequency 3.4 GHz in functions
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of the number of basis functions. Figs. 3.20 and 3.21 shows the relative
errors with respect to the MoM solution.
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Figure 3.20: Relative error (in %) using the TCM, SVD and EVD & QR-
- eigenmodes techniques with respect to the direct MoM solution in the
total current distribution on the printed fractal jet-fluid scatterer in near-
field. The error is calculated versus the number of modes (jn, Vn and qn) at
frequency 3.4 GHz.
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Figure 3.21: Relative error (in %) using the TCM and proposed eigenmodes
techniques with respect to the MoM solution for the fractal jet-fluid rectan-
gular scatterer printed on a lossy dielectric substrate with near-field exci-
tation. The error is calculated versus frequency using 100 modes.
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The TCM presents in Figs. 3.20 a very slow convergence of the series of
characteristic modes at 3.4 GHz. For relative errors less than 3 % all even
modes are necessary in the expansion of the current in the near-fied. It is
presented in Fig. 3.21 and for the printed fractal jet-fluid scatterer that the
relative error is still very close to 102 % over the frequency range using 100
even modes. Hence, the limitation of the theory of characteristic modes is
demonstrated for the structures printed on a lossy dielectric substrate and
backed by a ground plane.

Moreover, the relative error decreases rapidly to be well below 10−10 %
once the number of modes is almost total using EVD & QR or SVD-eigenmodes
techniques. For relative errors equal to 3 % the use of EVD & QR-technique
requires all even modes, this shows the slow convergence of eigenmodes.
Then this technique is not better than TCM.

Fig. 3.20 shows a rapid convergence toward the direct MoM solution,
using the proposed SVD-eigenmodes techniques. The relative error at 3.4
GHz is below 10 % for more than 90 modes for system printed on dielectric
substrate in the near-field. The relative error is very small (see Fig. 3.21)
for the proposed SVD-eigenmodes technique using a set of 100 orthogonal
eigenmodes along the range of frequency.

Those proposed eigenmodes technique leads to a good convergence of
the series of eigenmodes on the printed scatterer. Therefore, the proposed
method based on SVD decomposition can be viewed as a robust modal
analysis method for the printed structure on lossy dielectric substrate with
ground plane in the near/far field. We demonstrated a good convergence
of the set of eigenmodes for printed structures. Hence, the SVD method
can be a very useful tool for generating a special current on any object.
Also, the current can be depending to the feeding position and the thick-
ness of the substrate which separates the structure and the ground plane.
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3.5 Conclusion

In this chapter, a Method of Moments formulation based on the Elec-
tric Field Integral Equation (EFIE) for the multilayered medium has been
recalled to allow the extraction of the induced current distribution on the
surface of a scatterer in free space or printed on lossy dielectric substrates
backed by a ground plane. When, the elements of the impedance matrix
are obtained by the convolution of the basis and testing functions through
the multilayered medium Green’s function. The convergence of computed
Green’s function was improved by extracting the effective homogeneous
medium contribution from the layered medium Green’s function. For the
effective homogeneous lossy medium part, the existing code of the lab
was modified and exploited. The results were validated with the ones ob-
tained with the commercial IE3D software. An excellent agreement has
been achieved, which confirms the engineering accuracy of the developed
multilayered medium code. It should be noted that not all the validations
are presented here and more comparisons with results obtained with IE3D
will be provided in specific sections of the future chapters. In the last part,
we presented different modal approaches to expand the total current dis-
tribution on the scatterer. The MoM impedance matrix is obtained from
the developed code using the MoM for the multilayered lossy medium. To
MoM code is used to compare different modal analysis methods to expand
the total current distribution on a rectangular plate [6], which is studied as
a perfectly conducting structure and as a printed patch.

The theory of characteristic modes is recently the famous technique for
modal analysis. As mentioned in this chapter, the TCM technique is char-
acterized by a slow convergence of the characteristic modes with incom-
plete basis modes, where is not simple to compile the characteristic modes
and to extract the total current on the scatterer. The slow convergence of the
characteristic modes is notable for the structure printed on a lossy dielec-
tric substrate backed by a ground plane. In other hand, we proposed the
EVD & QR-eigenmodes technique which looks more complicated to find
the eigenmodes. In contrast, this proposed technique leads to the expan-
sion of the total current with rapid convergence of eigenmodes. The SVD-
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-eigenmodes technique is simple to implement and the convergence of the
set of orthogonal eigenmodes is not really slow in the printed patch case.

The SVD approach will be used in the next chapters to perform the
modal analysis of a scatterer printed on a lossy dielectric layer backed by
a ground plane. This will be done in the next chapter in the context of
chipless passive Radio Frequency Identification application and for other
tags with special geometry in last chapter.
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SVD-Eigenmode

Approach
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4.1 Introduction

The passive chipless RFID technology has received great research in-
terest [21, 22], in last years, owing to its lower fabrication cost and smaller
size [12, 194]. As mentioned in Chapters 1 and 2, the reader unit and the
tag communicate via backscattering of electromagnetic waves [11] for the
passive RFID systems at UHF frequencies. In fact, the chipless scatterer
(i.e. tag) can be manufactured using materials such as plastic or conduc-
tive polymers [23,194]. These tags have been envisaged for various types of
applications, such as automatic identification, where the natural resonance
of the scatterer is exploited as the identifier [97, 153].

Chipless RFID systems are based on generating a unique radio-frequency
signature from the tags, which in turn allows the use of cryptographic tech-
niques [108,195] to prevent the falsification of tags. However, such an iden-

81
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tification technique comes with two challenges: (i) the discrimination of
the response of the tag w.r.t. that of the environment and (ii) the extrac-
tion of rich information resulting from the shape of the tag. Consequently,
the identification performance of chipless passive tags heavily depends on
the quality with which the signal can be extracted from the response of the
background medium. Besides, new methods are needed to extract more
information from the tag.

Figure 4.1: General Passive RFID System.

In this chapter, we propose a novel eigenmode analysis method to ex-
ploit the specific frequency response of a tag, which can for instance be
printed on a thin lossy dielectric substrate backed by a ground plane. As
shown in Fig. 4.1, the tag is illuminated by an antenna array, acting both
as a transmitter and as a reader. When the reader corresponds to arrays,
the multiplicity of the responses from the tag provides independent signa-
tures for the same tag, allowing the user to better distinguish the tag from
others, and to improve its independence from scattering by the environ-
ment. More precisely, this approach is based on the expansion of the in-
duced current in terms of particular eigenmodes of the tag, obtained in the
singular-value sense. During this process, the most significant eigenmodes
are harnessed to exploit different frequency responses and to extract more
information from the tag.

The numerical analysis of scatterers using eigenmode techniques has
been presented in a plurality of works, such as the characteristic modes
theory [153] defined first by Garbacz, Harrington and Mautz [59, 61, 62].
This theory was based on diagonalizing the scattering [59] and the gener-
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alized impedance [61, 62] matrix of the body. Other related works include
that of Shen and Macphie [196], Stuart [197] and commercial Eigen-solvers,
such as COMSOL [198] and HFSS [199]. Also, Eigen-solvers are an option
in some Method of Moments (MoM) codes [200]. The eigenmodes are ob-
tained in the frequency domain in the framework of the MoM formula-
tion [26, 35] for dielectric and magnetic planar structures [6, 201]. Some re-
search dealing with integral-equation methods describe how to determine
the modes of many types of many radiation or scattering structures, such
as transmission lines or cavities [47,202]. Recently, the eigen-value decom-
position of the MoM impedance matrix [70,203] has been used to solve the
problem of finding the eigenmodes of scatterer. A preliminary eigenmodes
analysis based on the eigen-value decomposition and QR factorization of
the MoM impedance matrix was presented in [70] to study some structures
printed on a dielectric layer. The method presented in [70] ensured the or-
thogonality properties of eigenmodes using plane wave excitations. In the
present work, a novel technique is proposed to study a passive chipless
RFID tag printed on a thin lossy dielectric substrate. The current on the
tag is mapped into a new set of eigenmodes, through the singular-value
decomposition (SVD) [191] of the MoM impedance matrix of the scatterer.
Besides, an antenna array is printed on a multilayered dielectric material
acting as near-field sources (see Fig. 4.2). The array has several transmit-
ters to excite the scatterer and to induce the currents on the metallic tag
and also several receivers to analyse the scattered fields. The transmitters
and receivers are made of especially designed printed dipoles.

The proposed analysis leads to a methodology for exciting specific eigen-
vectors, and to suppress the unwanted eigenmodes through near-field beam-
forming on transmit. Moreover, beamforming on receive allows further in-
dependence of the response from unwanted eigenmodes. The final goal is
the exploitation of strong eigenmodes that may elevate the signal above the
background response, while providing a highly characteristic signature.

In Section 4.2, the proposed eigenmodes formulation is described: the
induced currents are described in terms of eigenmodes and it is explained
how specific eigenmodes can be selected through beamforming on trans-
mits and receives. The proposed passive chipless RFID system and the
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realized configuration are described in Section 4.3.1. The results obtained
with the proposed method, as well as experimental validation, are pre-
sented in Section 4.3.2. Specific responses of the tag obtained by exploit-
ing the multiple excitation and reception channels are presented in Section
4.3.3. Finally, conclusions and future work are drawn in Section 4.4.

4.2 Eigenmodes Analysis Methodology

The chipless passive RFID problem targeted in this work is intrinsically
defined in the near-field and can be described through a set of orthogo-
nal current distributions. This will be done through a new eigenmodes
analysis based on classical singular-value decomposition (SVD) [191] of
the Method-of-Moments (MoM) impedance matrix (Z) of the printed tag,
which fully characterizes its response to near-field excitations.

The proposed eigenmode approach is presented for the case of multiple
excitations (Section 4.2.1) and for reception channels (Section 4.2.2). We
explain how distinct responses associated with different eigenmodes of the
tag can be extracted through a beamforming process on transmit and on
receive.

4.2.1 Eigenmodes Analysis of the Tag

We start by describing the current distribution on the tag using an eigen-
mode decomposition in Section 4.2.1.1. Using this technique and multiple
excitations, the study of the current distribution is presented in Section
4.2.1.2.

4.2.1.1 Eigenmodes and Total Current Distribution on the Tag

When the source antennas illuminate the printed scatterer (tag) as shown
in Fig. 4.2, the current distribution on the tag can be obtained through the



4.2 Eigenmodes Analysis Methodology 85

Figure 4.2: Chipless passive RFID system printed on a multilayer dielectric
(FR4) substrate. L1, L2, and L3 denote consecutive layers. h1 = 0.16 cm, h2

= 3 cm and h3 = 0.32 cm. εr is the dielectric constant of the substrate.

MoM technique. The tag is discretized with Rao-Wilton-Glisson (RWG)
basis functions [43, 169]. The MoM formulation allows the determination
of the currents on the metallic structure as:

Zt It = Et (4.1)

where Zt is the MoM impedance matrix of the tag and Et is the excitation
vector on the tag. Et corresponds to the field from the source antennas,
tested by basis functions on the scatterer. It is a vector containing unknown
current coefficients on the tag. When the Galerkin testing procedure is em-
ployed, the resulting MoM impedance matrix Zt is a symmetrical [204] but
not purely Hermitian matrix. Hence, its eigen-values and eigen-vectors are
complex and non-orthogonal. In order to be able to describe the currents
in terms of orthogonal vectors, and to obtain a decomposition of Zt with
a diagonal matrix between orthogonal matrices, the SVD decomposition is
used. The factorization of the Zt matrix follows as:

Zt = U Σ VH , with Σ = diag{σ1, σ2..., σn} (4.2)

where the diagonal elements of Σ consist of real singular values σj. U and
V are orthogonal matrices. The columns of V represent the eigen-vectors
of the tag, while the columns of U will be named associated eigen-vectors. In
practice, for a small scatterer, U is close to V. The columns of V and U are
given in the ascending order of corresponding singular values.
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The transmitting and receiving antennas can also be included in the
analysis. The MoM system of equations is then characterized by a matrix
of size (NNd + Nt)× (NNd + Nt). Here, N represents the number of source
antennas (index d), each with Nd basis functions, while Nt is the number of
basis functions used to represent the currents on the tag (index t). The full
set of MoM equations can be expressed as:

Zt Ztd1 Ztd2 ·· ZtdN

Zd1t Zd1d1 Zd1d2 ·· Zd1dN
...

...
...

...
...

ZdN t ZdN d1 ZdN d2 ·· ZdN dN


︸ ︷︷ ︸

Ztot


It

Id1
...

IdN

 =


0

Ed1
...

EdN

 (4.3)

where Zt represents the self-MoM interactions matrix for the tag, Zdjt are
the antenna-tag mutual-MoM interactions, and Zdidj

are the antenna-antenna
MoM interactions for i and j ranging from 1 to N. It is the current vector on
the tag, Idj

is the current vector on antenna dj and Edj
are the corresponding

excitation vectors.

Let us momentarily assume1 for analysis purposes that the currents on
the antenna Idj

are known as Id =
[

IT
d1

IT
d2
· · · IT

dN

]
. From the first block

line in (4.3), the currents It on the scatterer are obtained from

Zt It = −
N

∑
j=1

Ee
j (4.4)

where Ee
j is the excitation vector on the scatterer excited from antenna j,

obtained as:
Ee

j = Ztdj
Idj

(4.5)

The surface current on the tag, It, is obtained using the MoM formula-
tion (4.1), it can be defined by a summation over the source antennas dj

It =
N

∑
j=1

Itj (4.6)

1In Sections 4.2.1 and 4.3.3, the current on the patch will be obtained from currents on the
dipoles, the latter being calculated in the absence of the patch. Appendix B provides details
about this approximation.



4.2 Eigenmodes Analysis Methodology 87

The current Itj denotes the current distribution on the tag for each possible
excitation Ee

j . After applying the SVD decomposition to Zt, the current Itj

can be represented by a summation over the eigenmodes (columns of V),
in the form

Itj = (Zt)
−1Ee

j = V Σ−1 UHEe
j

=
Nt

∑
k=1

Vk
1
σk

(Uk
HEe

j ) (4.7)

where Nt is the number of modes defined on the scatterer. In this work,
multiple excitations are used to excite specific eigenmodes on the chipless
passive RFID tag. The mathematical formulation exploited to obtain a spe-
cific total current on the tag is presented in the next section.

4.2.1.2 Surface Current on the Tag using Multiple Excitations

In this section, we demonstrate that the dominant eigenmodes can be
selectively excited on the patch by using multiple excitations character-
ized each by a specific coefficient γj. This process assumes that the non-
dominant eigenmodes (i.e. with large singular values σj) do not contribute
significantly to the induced current It, and can be omitted.

By definition, the eigenmodes are not related to any kind of excitation;
they just depend on the shape and size of the objects [6, 47]. In the pre-
vious section, the SVD decomposition on Zt has been used to obtain the
eigenmodes of the tag. They are ranked according to the increasing sin-
gular value. From the matrices U and Σ, we define a matrix W where the
columns of W represent the “associated eigen-currents” on the tag (t). W
is defined as

W = U Σ−1 (4.8)

Following the classical SVD decomposition [191] representation, the eigen-
modes in V and the eigen-currents in U are ordered according to the as-
cending order of singular values σj. Using the definitions (4.7) and (4.8),
the total current distribution can be rewritten for any excitation in a com-
pact matrix form:

Itj = V WH Ee
j (4.9)
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This indicates that, for a given source dipole dj, the importance of a
given eigenmode is proportional to the projection of the corresponding
“associated eigen-current” (column of W) on the excitations described by
vector Ee

j .

Let us define a matrix Ee of size Nt × N where each column of Ee corre-
sponds to an excitation vector Ee

j . Writing (4.9) on a mode-by-mode basis
for the Nt modes (which is equal to the number of basis functions used to
discretize the tag) yields

Itj =
Nt

∑
k=1

αk j Vk (4.10)

α = WH Ee (4.11)

where the matrix α of size Nt × N is the projection of the columns of W on
the excitations Ee.

If N transmitting antennas are used, we may be able to control N eigen-
modes out of the Nt modes defined on the scatterer. To distinguish the N
dominant eigenmodes from the others, (4.10) can be rewritten as

Itj =
N

∑
k=1

αkj Vk +
Nt

∑
k=N+1

αkj Vk (4.12)

The first term in (4.12) contains only the eigenmodes to be controlled.
If N excitations Ee

j (j = 1 to N) are exploited, we may control the desired
eigenmodes by weighting the excitations Ee

j , and hence the port voltages
represented by the specific coefficient γj of transmitting antennas. The con-
trol of eigenmodes is achieved by multiplying the different excitations Ee

j ,
and hence the currents Itj , by a specific coefficient γj. A desired eigen-
mode will be excited and the unwanted eigenmodes will be suppressed.
From (4.12), a new eigen-current Itn is then obtained from the following
combination of modes:

Itn =
N

∑
j=1

γj

(
N

∑
k=1

αkj Vk +
Nt

∑
k=N+1

αkj Vk

)
= F + F1 (4.13)
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where

F =
N

∑
k=1

N

∑
j=1

γj αkj Vk =
N

∑
k=1

µk Vk (4.14)

such that
α Γ = µ (4.15)

where Γ is a vector containing the coefficients γj. If only the jth dominant
mode is selected, we have µk = 1 for k = j and µk = 0 for k 6= j. Hence

Γ = (α−1)j (4.16)

The Γ corresponds to the jth column of matrix α−1. To summarize, the
excitations γ (i.e. specific port voltages) allow the excitation of a desired
eigenmode and the suppression of a number of unwanted eigenmodes, de-
pending on the number of excitations. One can also excite any linear com-
bination of the desired eigenmodes to obtain the corresponding excitation
law Γ.

The neglected eigenmodes contribute to the corresponding residual cur-
rent, written as

F1 =
Nt

∑
k=N+1

N

∑
j=1

γj αkj Vk (4.17)

The residue F1 is expected to be negligible compared to F, which will
be verified in the upcoming example. We discuss the application of the
eigenmode methodology via an illustrative example in the next section.
Four excitations are used to expand the eigen-current on a chipless passive
RFID tag using respective excitation coefficient γ, where a desired eigen-
mode (or combination of desired eigenmodes) is excited and the unwanted
eigenmodes are suppressed.

4.2.1.3 System example

Consider a passive chipless RFID system (Fig. 4.3), where the elements
of the system are printed on a multilayered dielectric medium (Fig. 4.2).
The tag (scatterer) is a metallic square patch printed on a first dielectric
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layer (L1) and the incident waves are obtained from dipole antennas printed
on the top of the third dielectric layer (L3), which are also considered as
readers. The field and current on the scatterer are solved using a MoM
code developed for multilayered substrates [205]. The proposed chipless
passive RFID tag is examined in terms of eigenmodes for a thin lossy di-
electric substrate. In this section, we illustrate through simulation results
that the tag response can be made specific by independently exciting pre-
selected eigenmodes using multiple excitations. The simulated results are

Figure 4.3: Top view of the proposed chipless passive RFID system printed
on a multilayered dielectric substrate. L = 2.9 cm is the size of the square
patch (printed on first layer), Length of dipoles Ld =3.9 cm (printed on third
layer) and width of dipoles wd = 0.3 cm, λ = 12.29 cm.

obtained using an in-house MoM code which implements the proposed
methodology to analyze the eigenmodes of the scatterer. The tag is excited
by four printed dipole antennas (D1, D2, D3 and D4) resonant at the high-
est RFID frequency, equal to 2.44 GHz. The tag and antennas are printed
on a dielectric substrate of relative permittivity εr = 4.3 and loss tangent
δ = 0.02. For simulation purposes, we consider an infinite dielectric sub-
strate and an infinite ground plane.
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Figure 4.4: The singular values (σ) of the square scatter vs. frequency.

To determine whether a mode is at resonance, its associated singular
value is checked to be close to zero. Fig. 4.4 presents the variation of sin-
gular values w.r.t. frequency for the first four eigenmodes of a printed tag
having a size of 2.9 cm x 2.9 cm and meshed with 343 RWG basis func-
tions [169]. It is observed that the singular values are positive and that
some of them are at resonance (σi very small and close to zero) near a spe-
cific frequency.

From Fig. 4.4, it can be observed that eigenmodes σ1 and σ2 resonate at
2.41 GHz, revealing that the dominant eigenmodes are associated to σ1 and
σ2. Hence, given (4.8) and (4.9), for a non-zero projection of the associated
eigen-current Wj on the excitation Ee

j , the first and second eigenmodes are
dominant; i.e. they correspond to high induced currents. Simulations have
been carried out using a PC with 8 GB RAM and Intel Core i7 − 2640M
CPU @ 2.8 GHz. The simulation time required to calculate the singular
values and eigenmodes of the tag at the resonant frequency (2.41 GHz)
is 19 seconds. Hence, the whole process is computationally cheap. We
also use four selective excitations to demonstrate the proposed eigenmode
methodology. Every excitation vector is characterized by an excitation co-
efficient γj, which provides a specific amplitude to incident wave j. In this
way, the desired combination of eigemodes is selected and the unwanted
modes are suppressed. The current distributions of the first two dominant
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eigenmodes and a combination of them are shown in Table I. As illustrated,
the current distribution of the residual eigenmodes has a much lower level
than the current distribution of the desired eigenmode when four excita-
tions were used. Therefore, the residual can be considered negligible, while
the total current is very close to the desired eigenmode current.

In the next section, we present a near-field beamforming technique us-
ing multiple receivers, which allows one to control the sensitivity of the
output signal to different eigenmodes.

4.2.2 Eigenmode Analysis for Multiple Receivers

The technique proposed before allows the transmitting antennas to col-
lectively excite some desired eigenmodes and to suppress others not dealt
with, through the choice of the amplitude of different incident waves. This
was possible under the assumption that residual eigenmodes can be con-
cealed.

Figure 4.5: A general beamforming system in the receive case.

In this section, we extend the method to the multiple-receivers case,
where the dominant eigenmodes are further selected by beamforming the
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currents received from each receiving antenna, as depicted in Fig. 4.5. From
the available dominant eigenmodes, with the extended approach, we ex-
tract the response which will be dependent only on the most significant
mode. In this way, one can better distinguish the desired tag from the
external environment. In other words, the received currents are linearly
combined such that the output is only sensitive to the fields radiated by
a specific eigenmode. It is then straightforward to extend that to a linear
combination of eigenmodes. The other dominant eigenmodes have to be
suppressed through the beamformer. This selection is achieved using a
specific list of receiver coefficients multiplying the amplitudes of the re-
ceived currents.

The signal Crn from each element is multiplied with a weight τ∗n , and
the weighted signals are added together to form the output signal r, given
by

r =
N

∑
n=1

Crn τ∗n = Cr
T T∗ (4.18)

where T represents the vector of complex weights τ, and Cr represents the
received port currents, both of size N × 1. It is worth mentioning here that
the received currents can be linked with the current on the scatterer using
the reciprocity theorem [206]. The received current [207] Cr is obtained as

Cr =
∫∫

~Ej.~J dS (4.19)

where ~J is the eigen-current on the scatterer and ~Ej is the electric field in-
cident on the scatterer from the same antenna when it is transmitting with
a unit voltage. Using the above relationship, the received port current re-
lated to an eigenmode Cm can be written as

Cm = (Er
j )

T Vj (4.20)

where Vj is a dominant eigenmode, and Er
j is the scattered field, which is

computed in exactly the same way as Ee
j in (4.5), considering that Idj has

been obtained with a source with a unit voltage. If the transmitting an-
tennas are the same as the receiving ones, Er

j is equal to Ee
j . The received

currents on multiple receivers and associated to all the dominant eigen-
modes can be written as

C = (Er)T VN (4.21)
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where C is a matrix of size N × N where each column of C corresponds
to the received port currents Cm associated to a dominant eigenmode. VN

is the matrix containing the N dominant eigenmodes defined in (4.9) and
used in (4.14). The columns of the matrix Er are composed of the scattered
field vectors Er

j . Finally, following (4.18), the output signal of the beam-
former is obtained by linearly combining the received currents obtained by
the N receiving antennas by a specific receiver coefficients τn. Then, using
the matrix C defined in (4.21), the response vector (R) related to dominant
eigenmodes reads as:

R =
N

∑
n=1

τ∗n (CT)n = CTT∗ (4.22)

such that

T = (CH)−1R∗ (4.23)

Suppose that the response R should be one for mode j and zero for
other modes, then, similarly to what has been done on transmit, the vector
T of receiver coefficients τn should be

T = ((CH) −1)j (4.24)

Hence, the vector T is the jth column of matrix (CH)−1 of size N × N.
Then the response depends on the selected desired eigenmode. Mean-
while, the unwanted eigenmodes are suppressed, as long as they are part
of the N dominant eigenmodes. It is straightforward to select a linear com-
bination of eigenmodes, by superposition of vectors T.

The eigenmodes approach presented before allows the excitation of a
limited number of selected eigenmodes, via multiple excitations on the
scatterer. Also, a similar selection of eigenmodes could be operated on
receive where a desired eigenmode or combination of eigenmodes was fil-
tered by suppressing the unwanted eigenmodes. In the next section, the
proposed method is experimentally validated.
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Figure 4.6: Printed dipole antenna with double feed point.

4.3 Experimental Setup and Results

In the previous section, we explained how a multi-antenna RFID sys-
tem allows the extraction of responses that depend on specific eigenmodes.
In this section, a possible implementation for such a system is described.

4.3.1 Experimental Setup

An initial validation is described, considering a very simple scatterer
and just two antennas acting as transmitter and receiver. The scatterer is a
square metallic patch with size L, as presented in Fig. 4.3. It is printed on
the first layer L1 with FR4 substrate (relative dielectric constant εr = 4.3,
loss tangent δ = 0.02 and thickness, h1 = 0.32 cm) backed by a ground
plane (Fig. 4.2). The tag is excited by two printed dipoles placed at the
distance of d1

∼= 15 cm (> λ + L) and printed on layer L3 (Fig. 4.7.a). Each
dipole antenna has good matching within 2.4 GHz to 2.483 GHz (SHF band
for RFID) as presented in next section. The first and third layers are sepa-
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rated by an air gap of 3 cm thickness. To be able to use the printed dipoles
as the sources of excitations, the height of the dipoles above the ground
plane is chosen in such a way that they can be matched [208]. Here, a
new design (Fig. 4.6) for the printed dipole has been proposed using a fi-
nite rectangular metallic ground plane (RGP) of size Lg × Wg connected
to the dipole. The dipoles are fed with two coaxial cables, where the outer
conductor of each cable is connected to the ground plane. Each dipole
has two ports to balance the antenna without using a balun circuit which
may limit the bandwidth of the experiment. Simulations have been car-
ried out using both the in-house MoM code and the commercial software
IE3D [5]. Fig. 4.7.a shows the three-dimensional view of the prototype gen-
erated with the IE3D software, and the top view of the system. Dipole 1
is excited by the ports 1 and 2 and dipole 2 by ports 3 and 4, as presented
in the bottom picture of Fig. 4.7.a. Fig. 4.7.b shows the realized prototype,
with the substrate of dimension 31 cm × 21 cm.

In order to validate the numerical analysis of the array and passive
tag, the scattering matrix (S) has been measured using a four-port vec-
tor network analyzer VNA PNA-X 26.5 GHz, in the anechoic chamber of
the ICTEAM Institute. The calibration has been carried out at the end of a
coaxial cable. The end of the cable has first been soldered to an SMA coax-
ial connector, whose output becomes the reference plane for calibration.
However, later, the cable has been directly soldered to the source port of
the printed dipole, as illustrated in Fig. 4.7.b. In this case, a small error in
the phase of the extracted reflection coefficient data produces a large shift
in the admittance parameters. We used the technique described in [209] to
correct the phase shift and the effect of the SMA connector in measurement
results.

The results presented in the next section relate to a preliminary vali-
dation of the developed MoM code by means of near-field beamforming
on transmit and on receive, using two dipoles (each dipole excited by two
ports), and the technique to correct the phase shift in measurement results.
Next sections explain, both through simulation and measurement, how the
responses from different eigenmodes can be extracted. An essential quan-
tity for this operation corresponds to an admittance matrix of the system.
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(a)

(b)

Figure 4.7: Prototype system design: (a) 3D and top view, and (b) chipless
RFID tag experiment: block diagram and photograph.

4.3.2 Numerical Analysis and Experimental Results

As explained in Section 4.2, the transmitting array is excited by voltage
sources and the received current is observed at the ports of the receiving ar-
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ray, which can correspond to the transmitting one. Hence, the admittance
matrix representation of the system will be considered.

The admittance matrix of the system, represented as Ys, seen as a four-
port network, can be obtained from the MoM matrix Ztot detailed in (4.3).
The four-port admittance matrix is found from the MoM admittance matrix
(Ytot = Z−1

tot ) by selecting the rows and columns with indices corresponding
to the basis functions that overlap the delta-gap sources:

Ys (i, j) = −w2 Ytot
(
nb fi, nb f j

)
(4.25)

where nb fi and nb f j are the indices of feed’s basis functions, and w is the
width of the feed basis functions, taken normal to current flow. The four-
port admittance matrix Ys is computed for two different cases: first, when
the system includes the tag and, second, without the tag. In order to dis-
tinguish the effect of the tag, the difference between mutual admittances of
the system, where the tag is printed, or not, has been computed. Given that
the printed patch only represents a small scatterer, the difference step may
enhance measurement noise or numerical inaccuracies. That difficulty rep-
resents a challenge inherent to passive chipless RFID technology. Besides,
to avoid the use of balun circuits, each antenna has been fed with two coax-
ial transmission lines, it is necessary to characterize the symmetrical bal-
anced antenna admittance. Details are recalled in Appendix B regarding
the way to obtain the differential admittance matrix of system, represented
as Yd, seen as a two-port network, from the four-ports admittance param-
eters.

Differential admittance parameters are obtained assuming a differential
excitation of each dipole. The way in which those parameters are obtained
from a system with two ports per dipole is recalled in Appendix B. The
differential admittance parameters shown in Fig. 4.8; they have been ob-
tained from simulation and measurement (after solving the problem of the
phase shift and the SMA connector effect, as explained in Section 4.3.1) of
the system in the presence of the scatterer.

The resonance of the antennas associated to different eigenmodes of
the tag is extracted using the differential admittance matrix of the system.
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Fig. 4.9 presents the simulated return loss S11 using the developed code,
where the full system is discretized with 969 RWG [169] basis functions,
and IE3D. In the same figure, an experimental validation of the techniques
presented above is shown. Fig. 4.9 shows that the resonant frequency of
each printed dipole is at 2.44 GHz considering a return loss |S11| < 10 dB in
the presence of the patch and dipoles. One can see that the dipole antenna
has a bandwidth (BW) that spans from 2.24 GHz to 2.59 GHz, which can
cover the SHF band for RFID.

The resonance is well represented and those results validate the devel-
oped MoM-code for the chipless passive RFID system implemented for
multilayered dielectrics media.
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Figure 4.8: Comparison of differential admittance parameters Ydij
after bal-

ancing of antennas and de-embedding of system, according to in-house
MoM code, IE3D and measurement.

To distinguish the effect of the square patch inside the chipless pas-
sive RFID system, the difference between mutual differential admittance
parameter, Yd, in the presence of the tag, and Ydw, in its absence, is calcu-
lated. This difference is termed hereafter as “additional” admittance. The
comparison between simulation and measurement of this difference is pre-
sented in Fig. 4.10. Although one speaks about small differences between
large values, this result compares relatively well with some discrepancies.
These differences can be attributed to numerical errors and to the limited
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Figure 4.9: Reflection coefficient S11 for simulation (MoM-Code, IE3D) and
measurement results.
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Figure 4.10: Comparison of the difference between mutual admittance
(system with or without scatterer) using MoM-code, IE3D and Measure-
ment.

accuracy of positioning of the different physical components. Moreover,
the accuracy challenge is related to background subtraction recalled here,
which is inherent to chipless passive RFID. From Fig. 4.10, we see that the
tag has a clearly consistent signature. The same code is used below to ex-
tract the response associated to different eigenmodes of the tag.
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4.3.3 System Responses

The response r of the proposed passive tag presented in Section 4.2 be-
fore background extraction (4.18), is characterized by the controlled excita-
tion of specific dominant eigenmodes. As explained there, r is obtained by
beamforming on transmit with voltage coefficients γj (4.16) and by com-
bining the received currents with coefficients τn (4.24). The received port
current (4.20) can be rewritten, in presence of the tag, as

Cm = Yd Γm (4.26)

and in absence of the tag, as

Cmw = Ydw Γm (4.27)

where Γm is the vector containing the voltage coefficients associated to the
selected mode. From (4.18), (4.26) and (4.27), the response of the tag after
background subtraction, represented as re, is obtained as

re = TH (Cm − Cmw) = TH Ya Γm (4.28)

where Ya is the difference between the differential admittance matrix Yd

(in presence of tag) and Ydw (in absence tag):

Ya = Yd − Ydw (4.29)

This matrix describes the effect of the patch on the N-port system (back-
ground extraction). That is why we name that matrix below as “addi-
tional” admittance matrix Ya. As shown in Appendix B, assuming that
the primary currents on the dipoles are not impacted by the presence of
the patch (“backward” interaction neglected), the “additional” admittance
matrix Ya can be approximated as

Ya = Er T Y−1
t Ee (4.30)

where Er and Ee are the scattered and incident field matrices, respectively.
Here, Er is equal to Ee since the same antennas are used on transmit and on
receive, and they are obtained from (4.5). Yt = Z−1

t (Zt has been defined
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in (4.1)) represents the tag (t) self-interactions. The response re has been
obtained through the “additional” admittance matrix Ya obtained from the
approximation (4.30) for the in-house MoM code, and from (4.28) for IE3D
and measurements. As explained in Section 4.2, the specific coefficients γj

and τn allow the selection on transmit and receive of specific eigenmodes,
which should lead to distinct frequency responses.
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Figure 4.11: Comparison of the response re using MoM code, IE3D and
Measurement, related to the selected modes; (a) first eigenmode and (b)
second eigenmode.

The response re versus frequency f related to the wanted modes of the
tag is studied over a wide frequency band, using the formulation (4.28).
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Fig. 4.11 presents a comparison for the response re obtained with the de-
veloped MoM code, the commercial IE3D software and measurements.
Fig. 4.11.a shows the response re when the first mode is selected, while
the second one is suppressed. Similarly, the response related to the second
mode is presented in Fig. 4.11.b. The responses re compare well when the
first eigenmode is considered and the second one is suppressed (Fig. 4.11.a),
i.e re( f ) are similar for simulations (in-house MoM code and IE3D) and
measurements over the frequency band where the antenna is matched with
a S11 < −10 dB (2.24 to 2.59 GHz, see Fig. 4.9). For the second eigen-
mode (Fig. 4.11.b), while shapes are similar inside the band for the in-house
MoM code, IE3D and measurements, the absolute levels of the responses
obtained from simulations and measurements match within small differ-
ences. Those differences are mainly due to the challenge of background
subtraction which amounts to take the difference between large and close
matrices, to obtain the “additional” admittance matrices Ya. Also, this dif-
ference stems from the discretization of the structure carried out differ-
ently in our MoM code and with the IE3D software, as well as from the
inaccuracy associated to the soldering of the feeds. The two frequency re-
sponses of the tag inside the proposed chipless passive RFID system are
very distinct, and they are clearly different over the frequency band, when
the first dominant eigenmode or the second dominant eigenmode is ex-
cited (Figs. 4.11.a and 4.11.b, respectively). The difference between the re-
sponses is visible, also inside the SHF band (2.4 GHz to 2.483 GHz) for
RFID. Fig. 4.11 shows discontinuities in the responses of the tag, which are
attributed to the swapping between dominant modes at specific frequen-
cies and the next. This means that the index of a given mode, which reflects
the ranking of its singular value, can change at specific frequencies.

The proposed method has been demonstrated on another example, a
rectangular patch. The size of the tag is 2.4 × 2.9 cm, discretized with 234
triangular RWG basis functions. The simulations, using the in house MoM
code and IE3D, have been carried out from 2 GHz to 3 GHz.

The first eigenmode on the rectangular tag is the dominant eigenmode
inside the frequency band 2.27 - 2.69 GHz, noting that the importance of
a dominant eigenmode results from its singular value σj. Inside and out-



108
Chapter 4. Selective Excitation of Chipless Passive RFID Tags using

SVD-Eigenmode Approach

2 2.2 2.4 2.6 2.8 3
20

30

40

50

60

Frequency, GHz

R
es
p
o
n
se
,
re
(d
B
)

MoM code

IE3D

(a)

2 2.2 2.4 2.6 2.8 3
20

30

40

50

60

70

Frequency, GHz

R
es
p
o
n
se
,
re
(d
B
)

MoM code

IE3D

(b)

Figure 4.12: Comparison of the response r of the rectangular tag using
MoM code and IE3D related to the selected modes, (a) first eigenmode (the
dominant), and (b) second eigenmode.

side that band, the first eigenmode (with the smallest singular value) corre-
sponds to a fundamentally different current distribution. Fig. 4.12.a shows
a first sudden change, at 2.26 GHz, in the response for the first selected
eigenmode, arising from the appearance of a new first dominant mode
with the smallest singular value. A second change at frequency 2.67 GHz is
shown in Figs. 4.12.a and b, resulting from the switching between the two
dominant eigenmodes index, and the first mode becoming cross-polar to
the excitation. The unstable modes versus frequency is a popular problem
in modal analysis [210, 211]. The responses from the rectangular tag are
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very distinct from each other (Figs. 4.12.a and b), they can be also clearly
distinguished from the square’s response.

4.3.4 Alignment of Tag
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Figure 4.13: Comparison between responses of the tag without and with
offset of 2 mm in X direction. a) Response related to first dominant eigen-
mode, and b) Response of the tag associated to second eigenmode.

We explain above that the computed responses of a tag (using our method-
ology) are based on the choice of the excitation coefficients and receiver
coefficients. Also, the alignment has an effect on the response of the tag.
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Figure 4.14: Comparison between responses of the tag without and with
offset of 2 mm in Y direction. (a) Response related to first dominant eigen-
mode, and (b) Response of the tag associated to second eigenmode.

To quantify this, a simulation, using the developed code, has been carried
out for frequency band 2-3 GHz.

Figs. 4.13 and Figs. 4.14 present a comparison between the responses
from the rectangular tag presented in Fig. 4.12 and the responses when
the alignment is slightly offset by 2 mm (≈ λ

62 ) in X (Figs. 4.13) and Y
(Figs. 4.14) directions. We believe that it is easy to align the tags with 2
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mm. Figs. 4.13.a and 4.14.a present the responses related to the dominant
eigenmode, when the second one is suppressed. Figs. 4.13.b and 4.14.b
show the frequency responses re from the tag when the second mode is
selected. The responses compare well when the alignment is offset in X
direction (Fig. 4.13). Fig. 4.14) shows a change in the frequency responses
above 2.7 GHz, when the tag is shifted in the Y direction. We verified
that this results from the swapping between modes and the position of the
voltage sources. Inside the SHF band for RFID (i.e. between 2.4 and 2.483
GHz), the responses from the tag essentially remain independent from the
alignment of the tag for a shift smaller than λ

25 (close to 5 mm) in X and Y
directions.

Nevertheless, the alignment remains an important criterion while study-
ing a chipless passive RFID. Therefore, we may propose a solution to this
problem in future work, where the measurements could be carried out
with slightly different offsets, as the tag is passing by.

4.4 Conclusion

An eigenmode approach has been proposed to analyze a chipless pas-
sive RFID tag printed on a thin dielectric layer. It allows the selection of
specific eigenmodes of the scatterer using transmit and receive beamform-
ers, which in turn enables the extraction of the specific signatures associ-
ated with the dominant eigenmodes. These frequency responses provide
independent signatures for the same scatterer, allowing the user to better
distinguish it from other scatterers, and to improve the independence from
the environment.

First, the eigenmodes of the tag have been studied through the SVD
decomposition of the MoM impedance matrix of the scatterer. Then, the
eigenmodes are classified according to their increasing singular values.
The projection process of incident waves on the “associated eigen-currents”
are studied to allow the extraction of specific modes of the tag and the sup-
pression of unwanted ones, both on transmit and receive. This has been
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carried out through the definition of specific beamforming coefficients for
the transmitting and receiving arrays placed in the near-field. It was pro-
duced from selecting the modes to be excited based on their singular val-
ues, and from a study of their projections on the excitations. This method-
ology has been validated through the study of a chipless passive RFID tag
using an in-house MoM code, the IE3D software and a prototype. In all
cases, the effect of the scatterer has been studied from the “additional”
mutual impedance matrix, obtained after background extraction. The pro-
posed eigenmode approach allows the production of responses associated
with each eigenmode separately. The responses of the tag have been stud-
ied based on both simulations and measurements and they have clearly
distinct frequency responses. Responses from different tags are also clearly
distinct.

This work will be extended through the use of a larger number of exci-
tation/receivers to select other specific eigenmodes, as well as considering
a wide variety of shapes for the scatterer. Tracking algorithms to improve
the stability of eigenmodes versus frequency will also be investigated.
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5

5.1 Introduction

A design methodology for chipless RFID tags is proposed in the Chap-
ter 2. The proposed tags can be used to secure the system by considering a
special tag based on a natural complex geometry. A particular electromag-
netic response is extracted from the printed antenna based on the com-
plex irregular shape. Then, the patch can be used such as a chipless RFID
tag, which is difficult to produce or to duplicate (cloning) thanks to the
complex form. On the other hand, Chapter 4 proposed the eigenmodes
analysis method based on the SVD decomposition to exploit particular fre-
quency responses from a printed chipless passive RFID tag on a thin lossy
dielectric substrates backed by a ground plane. The proposed eigenmodes

113
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technique leads to the extraction of a unique signature of the tag. In the
present chapter, we extend the SVD-eigenmodes technique proposed in
the Chapter 4 using a new definition of the eigenmodes of the scatterer
based on a new scalar product able to better represent the interaction be-
tween physical currents. The modified SVD-eigenmodes method imple-
mented here contributes to answering the challenge related to the discrim-
ination of the scatterer’s response with respect to that of the environment
and the extraction of specific information resulting from specific shapes for
the scatterer. The modification of the technique is critical to extending the
SVD-eigenmodes approach to more complex structures such as the irregu-
lar fractal shape. This extension of the approach described below can also
be a solution for the limitations presented in the previous chapter. Indeed,
the numerical results presented in the previous chapters are strongly af-
fected by the discretization of the structure and by the instability of modes
versus the frequency band. The effect of the structure’s mesh on the results
is studied, and the Gram matrix [71] associated to the Rao Wilton Glisson
(RWG) [169] basis functions is included in the calculation.

This chapter is organized as follows. In Section 5.2, we start with the
proposed reformulation of the SVD-eigenmodes method based on a new
definition of the eigenmodes, using an alternative diagonalization of the
MoM impedance matrix Zs of the scatterer. The factorization of Zs is ob-
tained in the form of an SVD decomposition for which the right and left
matrices are orthogonal with a new inner product that involves the Gram
matrix. As we will see, the validation results confirm the engineering ac-
curacy of the implemented extended approach. Numerical examples that
exploit the frequency responses from some scatterers with different shapes
(simple and fractal) are presented in Section 5.3, using the arrays presented
in the Chapter 4, where transmitters and receivers are placed in the near-
field. On the other hand, we proved that the responses of the scatterers
associated to the selective eigenmodes are clearly distinct using a larger
number of excitations and receivers to select other specific eigenmodes.
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5.2 Gram-SVD-Eigenmodes Approach

In order to understand the fundamental physical behavior of the radi-
ating structures, several advanced modal techniques are presented in this
thesis. The SVD-eigenmodes approach is the easiest and probably the most
useful modal representation, as demonstrated in the Chapter 3, to exploit
the current distribution on the surface of a scatterer printed on a lossy di-
electric substrate backed by a ground plane considering near-field excita-
tions. In the following section, we extended the SVD-eigenmodes formu-
lation to include a better physical definition of the scalar product between
the currents. Based on that scalar product, the orthogonality between a
pair of continuous current distribution will be better enforced, given a spe-
cific discretization of the surface. This will involve a Gram matrix named
here G. It is a matrix with entries that are inner products between basis
functions and is invertible.

The physical orthogonality between the surface current densities J̄i is
obtained by setting to zero the following scalar product

Sp =
∫

S
J̄∗i J̄jdS (5.1)

As explained in the Chapter 3, the surface current density J̄i on the
surface of a scatterer is defined as

J̄i/j =
N

∑
n=1

xi/j n f̄b n (5.2)

where xi n and xj n are the unknown current coefficients (see Section 3.2.3)
and f̄b n is a vector basis function. Using equation (5.2), the scalar product
(5.1) can re-written as

Sp =
∫ ∫

S

N

∑
n=1

N

∑
m=1

x∗i n f̄ ∗b n xj m f̄b mdS (5.3)

Then

Sp =
N

∑
n=1

N

∑
m=1

x∗i n xj m

∫ ∫
S

f̄ ∗b n f̄b mdS (5.4)

where N is the number of vector basis functions.
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The current vector I usually contains all coefficients xi n to determine
an approximation for electric current density J̄i with a projection orthog-
onality equation. We propose here to construct the corresponding Gram
matrix G. Its elements Gn,m are obtained by evaluating the inner products
between the n − th vector basis function with the m − th basis vector in
accordance with the ordered set of basis functions:

Gn m =
∫ ∫

S
f̄ ∗b n f̄b mdS then Gnm =< f̄b n, f̄b m > (5.5)

where G is a real symmetric and positive semi-definite matrix. From defi-
nitions (5.1) and (5.5), the scalar product between the surface current den-
sities J̄i is approximated as

Sp ∼= xi
H G xj (5.6)

then the physical orthogonality between the current densities is obtained
by setting to zero the scalar product xi

H G xj.

Assuming a complex dimensional Hilbert space [212], it can directly be
appreciated by realizing that G in this space can be written as the product
of a matrix with its Hermitian conjugate using the Cholesky factorization
[192]:

G = AH A (5.7)

equivalent to the orthogonality condition:

(A−1)H G A−1 = I (5.8)

where A is an upper triangular matrix with positive diagonal elements and
I denotes the unit matrix. In the previous chapter, the current distribution
Is on the scatterer for an excitation Ee is represented in the following form,
after applying the SVD decomposition to the MoM impedance matrix Zs

of the scatterer

Is = (Zs)
−1 Ee = V Σ−1 UH Ee (5.9)

Then, the current Is can be represented using the scalar product 〈P, P〉 =
PH P = I with P is a matrix, in the form

〈V, Is 〉 = Σ−1 〈U, Ee 〉 (5.10)
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The reformulation of SVD-eigenmodes approach consists of basis trans-
formation of Zs matrix through a new diagonalization method. To this end,
the eigenmodes of a structure and the associated eigen-vectors are redefined
according to a scalar product based on the well-conditioned Gram matrix,
which we will name G-orthogonality, written as

〈P, P〉G = PH G P = I. (5.11)

This section gives another representation of Is according to the pro-
posed inner product (5.11). Hence Is can be re-written as

〈Vn, Is 〉G = Σ−1
n 〈Un, Ee 〉G (5.12)

where Un and Vn are new orthogonal matrices according to the new scalar
product (5.11), and Σn is a diagonal matrix. Those matrices were defined
by a new diagonalization process of the Zs matrix, which is presented in
the following part of this section.

5.2.1 Diagonalization process of MoM impedance matrix

In this section, we would like to solve the MoM system of equations
(5.9) with Is directly decomposed into eigenmodes Vn satisfying the fol-
lowing orthogonality: VH

n G Vn = I.

A first attempt consists of performing an SVD-Type decomposition of
Zs with U and V matrices orthogonal according the new scalar product
(5.11) but this did not lead to a result directly providing the coefficients of
Is in the V basis. This is why the initial problem (5.9) has been replaced by
an equivalent one in the form:

Zs Is = Sn G Is = Ee i.e. with Sn = Zs G−1 (5.13)

Then, the matrix Sn is decomposed into

Sn = Un Σn VH
n (5.14)

with Vn and Un satisfying the G-orthogonality. From (5.13), we observe
that the new problem entails a direct projection of Is onto the new eigen-
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modes defined by the columns of the matrix Vn through the VH
n G Is oper-

ation.
Hence, from (5.13) and (5.14), the new system of equations becomes

Un y = Ee (5.15)

with
y = Σn VH

n G Is (5.16)

Multiplying the left and right sides of equation (5.15) by UH
n G, we obtain

y = UH
n G Ee (5.17)

Besides, it can be easily verified from (5.16) that

Is = Vn Σ−1
n y (5.18)

is an acceptable solution.

Hence, the current Is can be represented for any excitation in a compact
matrix form

Is = Vn Σ−1
n UH

n G Ee (5.19)

which can be explicitly expressed in terms of the eigenmodes (columns of
Vn) based on the newly defined scalar product (5.11):

Is =
Ns

∑
k=1

Vn k
1

σn k
〈Un k, Ee〉G (5.20)

where Ns is the number of modes defined on the scatterer. Similar to
the SVD-eigenmodes approach, this method allows us to define the co-
efficient that depends on the incident field with respect to the associated
eigen-vectors Un k from the scalar product 〈Un k, Ee〉G . To implement decom-
position (5.20), one has to answer an important remaining question: how
can we perform decomposition (5.14), keeping in mind that Vn and Un

must be orthogonal with respect to a new scalar product ?

The modification of the SVD-eigenmodes approach based on the de-
termination of an alternative decomposition to SVD of the matrix Sn w.r.t.
to the inner product (5.11). In the remainder of this section, we present a
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methodology to define the diagonal matrix Σn and the orthogonal matrices
Vn and Un. As a first step, let us multiply the left hand side of equation
(5.14) by the matrix A and the other side by AH using the definition (5.7).

A Sn AH = A Un Σn VH
n AH (5.21)

where the left expression corresponds to a matrix D of same size as the
MoM impedance matrix Zs. We propose to factorize D using the traditional
SVD decomposition

D = UD ΣD VH
D (5.22)

where ΣD is a diagonal matrix that contains real singular values σD j. UD

and VD are orthogonal matrices. The columns of VD and UD are given in
the ascending order of corresponding singular values. Comparing equa-
tions (5.14) and (5.22), we obtain

UD = A Un (5.23)

VD = A Vn (5.24)

and Σn = ΣD (5.25)

It can then be verified 1 that Un and Vn are orthogonal matrices with re-
spect to the newly defined scalar product (5.11);

UH
n G Un = I (5.26)

and VH
n G Vn = I (5.27)

To conclude, in order to better satisfy the orthogonality of continuous
function, a new scalar product between vectors of coefficients has been
defined, making use of the Gram matrix. This supposes a new way to
factorize the MoM impedance matrix, given by (5.21) where A defined by
(5.7). Then, a simple expression for the currents is given by (5.20).

1We note that UH
n G Un = UH

D (A−1)H G A−1 UD then UH
n G Un = UH

D UD = I
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Interpretations

In this section, we more explain the numerical method proposed above
with the help of Professor Paul Van Dooren. Based on the initial problem

Zs Is = Ee (5.28)

and by correlating the excitation and current vectors with the matrix A
we define a new excitation vector Ee

D as A Ee and a new vector ID = A Is

containing unknown current coefficients on the scatterer. Consequently, an
equivalent MoM system of equations is obtained

A Is = A Z−1
s A−1 A Ee (5.29)

where the matrix A is obtained from Cholesky factorization of the Gram
matrix. Equation (5.29) can be re-written as

D ID = Ee
D (5.30)

where D is a matrix defined as A Zs A−1.

Using the SVD decomposition, we can diagonalize the matrix D and
obtain the current distribution ID. The matrix D is the same matrix defined
by (5.22) since

D = A Zs A−1 = A Sn AH with Zs = Sn G (5.31)

From (5.30)and (5.31), we can note that the equivalent initial problem is

Sn G Is = Ee (5.32)

5.2.2 Influence of the scatterers’ discretization

The impact of the structure’s discretization on the simulation results us-
ing the implemented code has been analyzed. We made the simulation of
the square scatterer presented in the Chapter 4 (see Fig. 5.1) and the scat-
terer based on the irregular jet-fluid geometry printed on a lossy dielectric
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Number of Basis Functions ||I1
H × I2|| ||I1

H × G × I2||
Square structure

m1: 288 5 10−3 2.52 10−4

m2: 343 6.5 10−3 2.71 10−4

Relative Error (%) 30 7.6

Natural jet-fluid structure

m1: 464 3.16 10−4 1.97 10−6

m2: 531 3.45 10−4 1.92 10−6

Relative Error (%) 9.18 2.54

Table 5.1: Relative Error (in %) of the orthogonality between two current
densities, using different inner products (〈 I1, I2〉, and 〈 I1, I2〉G ) versus the
number of basis functions of the scatterer printed on a lossy dielectric sub-
strate (square and natural jet-fluid geometries).

substrate FR4. The natural jet-fluid structure studied as an antenna in the
Chapter 2 (see Fig. 5.9). The total current distribution Ii on the scatterer is
compiled using (5.20). The orthogonality between two currents distribu-
tion will be calculated in two ways. First according to the approximated
inner product 〈Ii, Ij〉 and then using the inner product based on the Gram
matrix (5.11).

The relative error level is defined as ||Pm1 − Pm2||/||Pm1|| where Pm1

and Pm2 are the scalar product between two total surface currents in case
of two different meshes m1 and m2 of the structures; the first is the square
scatterer at frequency 2.41 GHz. The second is the jet-fluid scatterer (Fig. 5.9)
at frequency 3.32 GHz. The relative error is given in percent.

The effect of the discretization of the scatterer was studied using a de-
veloped Matlab code (Gram-MoM code). We report the results for regular
and irregular geometries. Table 5.1 shows that the results appear to be
highly dependent on the discretization density when the Gram matrix is
not used in the simulation. The relative error obtained after the use of the
proposed product (5.6) is the smallest value in both scatterers. The depen-
dence of results is compared to derive the Gram matrix effect. We show
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that the use of the defined scalar product based on the Gram matrix in
the simulation leads to a weaker effect of the discretization density on the
simulated results.

The SVD-eigenmodes approach proposed in the previous chapter is
based on the diagonalization of the MoM impedance matrix using the SVD
decomposition. In this section, a new method is presented to diagonalize
of the MoM impedance matrix with an alternative to the SVD decomposi-
tion. This alternative decomposition leads to orthogonal eigenmodes and
associated eigen-vectors with respect to the proposed scalar product based
on the Gram matrix. The SVD-eigenmodes technique is reformulated by
including the proposed methodology, as explained in Section 5.2.1, and
the proposed eigenmodes method named in this chapter as a Gram-SVD-
technique.

The next sections present numerical results simulated using the MoM
code developed in the previous chapter for multiple antennas and includ-
ing the G-methodology. The Gram-SVD-eigenmodes method has been first
implemented for some structures with simple geometries. The technique
then extends to complex structures based on fractal geometries and larger
arrays used as transmitting and receiving antennas.

5.3 Numerical examples

In this section, numerical results are presented for the technique de-
scribed in the previous section. The Gram-SVD-eigenmodes approach is
applied to the printed system studied in the previous chapter for an array
consisting of two printed dipole antennas. We extend the number of excita-
tions/receivers to four printed dipole antennas and compile the frequency
responses from a scatterer related to the first four selective eigenmodes.
The validation of the technique is presented here using a scatterer based
on simple structures, as those proposed in the previous chapter (square
and rectangular tag) and triangular shapes. We revealed that the modified
SVD-eigenmodes can be applied to complex structures: a complex natu-
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ral oval leaf and an irregular fractal jet-fluid geometries (see Chapter 2).
The advantages of the reformulated modal analysis and the possibility to
employ more than two modes to exploit the signature of a scatterer will
be presented through a demonstration of our efforts based on a numerical
analysis of different examples.

5.3.1 Scatterers with Simple Geometries

In the previous section, we presented a new methodology to diagonal-
ize the MoM Impedance matrix based on a special scalar product to obtain
orthogonal matrix and a good projection of the associated eigen-vectors on
the excitation. Here, a numerical validation of the Gram-SVD-technique
is described, considering a simple scatterer and the printed system with
two antennas acting as transmitter and receiver, as also considered in the
Chapter 4.

Figure 5.1: Scatterers based on different planar simple geometries; square,
triangular, and multi-scatterer structures.

Let us demonstrate the technique on three examples of different sim-
ple structures. First is a 2.9×2.9 cm square discretized with 343 triangu-
lar RWG elements. Second is a multi-resonator scatterer based on sepa-
rate parallel conductive strips discretized with 233 RWG basis functions.
The horizontal distance between rectangular conductive strips is equal to



124
Chapter 5. Extended SVD−Eigenmode Approach for

Selective Excitation of Scatterers with Complex Structures

d = 0.25 cm. The last scatterer with simple geometry is a triangle, its di-
mensions are shown in Fig. 5.1 and it discretized with 349 triangle RWG
basis functions.
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Figure 5.2: The singular values (σn i) of the square scatterer versus fre-
quency.

In general, the easiest way to consider that a mode on the scatterer is
resonant, it consists of selecting the frequency at which one finds the small-
est singular values. Fig. 5.2 presents the variation of singular values σni

versus the frequency for the first five eigenmodes of the printed square
scatterer. Using the methodology presented above, we observed that the
first two eigenmodes are at resonance (σn i very small and close to zero)
similar to those obtained using the traditional SVD-eigenmodes technique,
with singular values at resonance are more near to zero. The dominant
eigenmodes are associated to the smallest singular values, which corre-
spond to high induced currents. From Fig. 5.2, it can be noted that eigen-
modes Vn 1 and Vn 2 resonate at 2.41 GHz, and the eigenmode Vn 3 resonate
near the frequency 2.26 GHz.

The extracted responses versus frequency related to the first two dom-
inant eigenmodes of the square scatterer are calculated for the frequency
band 2-3 GHz with 10 MHz steps based on the Gram-modified method-
ology. A comparison between the responses re obtained from the devel-
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Figure 5.3: Comparison of the responses re from a square scatterer us-
ing the Gram-MoM code and the IE3D software related to the dominant
modes; (a) first eigenmode and (b) second eigenmode.

oped MoM code including the methodology proposed in second section
(Gram-MoM code) and the IE3D software are presented. Fig. 5.3 shows
the responses when the first mode is selected while the second eigenmode
is suppressed (Fig. 5.3.a). Similarly, Fig. 5.3.b shows the response related to
the second mode. The responses resulting from the Gram-MoM code and
IE3D compare well over the frequency band. The responses related to the
first two dominant modes are clearly distinct, when the first or the second
wanted eigenmodes are excited. Using the Gram-SVD-eigenmodes tech-
nique, we can observe that the frequency responses of the tag are smoother
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and the dominant eigenmodes are more stable versus frequency, compared
to those presented in the previous chapter.

5.3.1.1 Multi-scatterer chipless tag

The response from a scatterer comprising three separate parallel con-
ductive strips (see Fig. 5.1) is presented for the selective eigenmodes in this
section. The system consists of the printed array of two antennas acting
as a reader in the near-filed. The multi-scatterer tag is used to validate the
proposed eigenmodes method and to study the skin effect on the simulated
results and the frequency responses of the tag.
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Figure 5.4: The singular values (σn i) of the multi-resonator tag versus fre-
quency.

Fig. 5.4 allows one to determine the resonance of the eigenmodes of
the scatterer through the variation of the associated singular values to the
eigenmodes with respect to frequency. From Fig. 5.4, it can be observed
that the first eigenmode Vn 1 of the multi-scatterer tag is the dominant
eigenmode over the whole frequency band [2-3] GHz. The first eigenmode
resonates at three different frequencies, 2.38, 2.52, and 2.59 GHz where the
associated singular value is close to zero. Also, the second eigenmode Vn 2

resonates at the frequencies of 2.44 GHz and 2.56 GHz. The third eigen-
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mode resonates at a frequency of 2.47 GHz.
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Figure 5.5: Comparison of the difference between mutual admittance (Sys-
tem with or without multi-resonator scatterer) using Gram-MoM code and
IE3D.

The influence of the scatterer inside the system is distinct through the
calculation of the “additional” mutual admittance (Ya 12). As defined in
the previous chapter, the matrix Ya is the difference between the mutual
differential admittance matrix , in the presence of the scatterer, and in its
absence. The comparison of Ya 12 carried out with simulation using the im-
plemented Gram-MoM code and the IE3D software is presented in Fig. 5.5.
The results compare well with slight discrepancies, which can be attributed
to numerical errors and to the discretization of the structure. From Fig. 5.5,
we can conclude that the multi-scatterer tag has a consistent signature.

The frequency responses from the multi-scatterer structure associated
to the first two eigenmodes are extracted using the code based on the re-
formulated eigenmodes technique presented in the Section 5.2. Fig. 5.6
presents the frequency responses when the first or the second eigenmode
is selected and the other is suppressed. We see that the responses are very
distinct from each other and we can distinguish them from the responses
from the square tag (Fig. 5.3).



128
Chapter 5. Extended SVD−Eigenmode Approach for

Selective Excitation of Scatterers with Complex Structures

2 2.2 2.4 2.6 2.8 3
−150

−100

−50

0

50

100

Frequency  (GHz)

R
es

po
ns

e,
 re  (

dB
)

 

 

Gram−MoM code
IE3D
Relative error (log10)

−30 dB

(a)

2 2.2 2.4 2.6 2.8 3
−150

−100

−50

0

50

100

Frequency  (GHz)

R
es

po
ns

e,
 re  (

dB
)

 

 

Gram−MoM code
IE3D
Relative error (log10)

−29 dB

(b)

Figure 5.6: Comparison of the responses re from a multi-resonator scatterer
using the Gram-MoM code and the IE3D software related to the selected
modes; (a) first eigenmode and (b) second eigenmode. (- -) Relative error
(dB) using the IE3D software with respect to the response related to the
selected mode with thickness of conducting tag equal to hc1

∼= 17 µm .

5.3.1.2 Effects of metallization thickness on the response from chipless

tags

As shown above the frequency responses rely on the scatterer’s shape
and the selective dominant mode. Also, as explained in previous chapter,
the alignment of the tag has an effect on the frequency responses of the
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tag with respect to the voltage sources position. Besides, the thickness of
the conductor has not a marked effect on the responses from the tag. To
quantify this, a simulation using the IE3D software has been carried out in
[2-3] GHZ frequency band. To study the influence of the thickness of the
conducting structure on the responses from the scatterer, the “additional”
admittance matrix is calculated using the IE3D software for two different
thicknesses of the scattarer.

In this thesis, we considered copper (the electric parameters of the cop-
per: σ = 5.8 106 S/m and µ = µ0) metal for the printed chipless RFID
tag and the printed array. The frequency responses re

hc1
from the multi-

-scatterer is simulated of referent thickness hc1
∼= 11.5 δdt = 17 µm where

δdt is the skin depth thickness of conducting structures [213]. The skin
depth is equal to

√
2/(ω µ σ) = 1.47µm at 2 GHZ where ω is the ra-

dian frequency , µ the permeability of the metal, and σ is the conductiv-
ity. The system is simulated for two other thicknesses: hc2 = 2 µm and
hc3 = 0.5 hc1

∼= 0.7 µm. The responses from the multi-scatterer tag asso-
ciated to the selective eigenmodes are obtained based on the admittance
matrix simulated using the IE3D software for different thicknesses of the
metal.

The relative error levels are shown in plots Figs. 5.6 and 5.7 is calcu-
lated as 10 log10 (||re

hc1
− re

hci
||/|re

hc1
||) where re

hc1
is the frequency responses

from the tag of the referent thickness hc1 and re
hci

is the responses of the
metallization thickness hc2 or hc3 for the scatterer and for the printed array.
The relative error is given in dB. Fig. 5.6 present the relative error levels
when the responses from the tag simulated for thicknesses hc1 and hc2. As
can been seen from Figs. 5.6. (a) and (b), the error level in the computation
results is below -30 dB for the frequency response associated to the first
selected eigenmode and the second eigenmode is suppressed. The error
level is below -29 dB for the response related to the second eigenmode. It
should be noted that error levels are good given the magnitude of refer-
ence signature. From Figs. 5.6. (a) and (b), we can note that the accuracy in
the computation of the results (for the metallization thickness hc1 and thin
thickness hc3) is still relatively good with error levels below -14 dB. From
those plots, we can validate that the skin depth thickness of the conducting
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structures does not have a significant influence on the responses from the
tag.
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Figure 5.7: response related to the selected mode re
hc1

using the IE3D soft-
ware. Relative error (dB) with respect to the response re

hc3
from the tag with

hc3 = 0.5 δdt.

In next sections, the eigenmodes method based on the alternative de-
composition to SVD decomposition is used to extract the frequency sig-
nature of a scatterer with a natural fractal geometries using a larger array
acting as a reader.
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5.3.2 Scatterers based on Irregular Natural Shapes

The SVD-eigenmodes method is extended by using a new process for
matrix diagonalization based on a special inner product. Here, we show
that the Gram-SVD-eigenmodes approach can be implemented consider-
ing any shape of printed scatterer on a lossy dielectric substrate (FR4). The
response from a scatterer with complex irregular shapes is presented for
the selective eigenmodes, the printed system consisting of two antennas is
used as before.

(a)

(b)

Figure 5.8: Top view of the System printed on a multilayered lossy dielec-
tric (FR4) substrate with a scatterer based on a natural oval leaf shape.

The Gram-SVD-eigenmodes technique has been validated through two
examples for scatterers formed by irregular natural geometries; the first
one is an oval leaf geometry which is obtained from a young quaking as-
pen leaf. The second scatterer is based on a more complex structure, which
is the irregular natural jet-fluid presented in the Chapter 2. This shape is
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(a)

(b)

Figure 5.9: Top view of the System printed on a multilayered lossy dielec-
tric (FR4) substrate with the complex jet-fluid structure.

obtained from a liquid jet issuing from an injector. The length and width
of the radiating patch are defined as the dimensions of the smallest rect-
angle containing the complex irregular image. The oval leaf of dimension
equal to 2.996×3.486 cm was printed on an infinite lossy dielectric sub-
strate FR4 with relative permittivity εr = 4.3, loss tangent δ = 0.02 and
thickness equal to 0.16 cm and backed by an infinite ground plane (see
Fig. 5.8). Later, the oval leaf structure was replaced by the jet-fluid scat-
terer of dimension 3.954×1.077 cm (see Fig. 5.9); both scatterers are located
at a distance around d = λ/2 from the antennas. The oval leaf structure has
been discretized with the help of 530 RWG basis functions and the jet-fluid
has been meshed with 464 RWG basis functions, the associated singular
values are calculated over the frequency band 2-4 GHz for the oval leaf
scatterer and 3-5 GHz for the jet-fluid patch.

To determine the resonance of the first five eigenmodes of the printed
oval leaf and jet-fluid scatterer, their associated singular values are checked
to be close to zero. Figs. 5.10 and 5.11 present the variation of the sin-
gular values corresponding to the first five eigenmodes with respect to
frequency. From Fig. 5.10, it can be observed that the eigenmode Vn 1 of
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Figure 5.10: The singular value (σ) of the oval leaf scatterer versus fre-
quency.
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Figure 5.11: Singular values (σn) of the jet-fluid structure versus frequency.

the oval leaf scatterer is the dominant eigenmodes over the whole fre-
quency band. The eigenmodes Vn 1, resonates at two different frequen-
cies (2.56 GHz and 2.85 GHz). We can note also that eigenmodes Vn 2 and
Vn 3 resonate at 2.72 GHz. The singular values associated to the first five
eigenmodes of the jet-fluid patch are plotted as a function of frequency
in Fig. 5.11. From this plot, the multi-resonant behavior of certain modes,
such as the first eigenmode of the scatterer, is evident. The eigenmode Vn 1

is the dominant mode over the frequency band 3-5 GHz, Vn 1 resonate at
3.32 GHz and 4.21 GHZ. The multi-resonant behavior is the characteristic
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of the natural jet-fluid structure as discussed in the Chapter 2.
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Figure 5.12: Comparison of the difference between mutual admittance
(System with or without (a) oval leaf scatterer or (b) jet-fluid scatterer) us-
ing Gram-MoM code and IE3D.

In order to distinguish the effect of the complex scatterer inside the
chipless passive system, the “additional” mutual admittance (Ya 12) is cal-
culated. The matrix Ya is defined in previous section, it is the difference
between the mutual differential admittance matrix , in the presence of the
scatterer, and in its absence. The comparison of Ya 12 carried out with sim-
ulation using the Gram-MoM code and the IE3D software is presented in
Fig. 5.12. Those results compare well with minor discrepancies, which can
be attributed to numerical errors and the discretization of the structures
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carried out differently in our code and with the IE3D software. Fig. 5.12
demonstrate that the scatterer’s discretization density has not a high influ-
ence on the simulated results even for complex structures.
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Figure 5.13: Comparison of the responses re from an oval leaf scatterer
using the Gram-MoM code and the IE3D software related to the selected
modes; (a) first eigenmode and (b) second eigenmode.

The code based on the Gram-SVD-eigenmodes technique is used to ex-
tract the frequency responses associated to the first two eigenmodes of the
complex natural structures. Figs. 5.13 and 5.14 present the frequency re-
sponses when the first or the second eigenmode is selected and the other
is suppressed. The responses from the oval leaf scatterer are very distinct
from each other (Fig. 5.13. a and b). Similarly to the frequency responses
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Figure 5.14: Comparison of the responses re from the jet-fluid scatterer
using the Gram-MoM code and the IE3D software related to the selected
modes; (a) first and (b) second eigenmodes.

from the jet-fluid scatterer (Fig. 5.14. a and b). We can clearly distinguish
the jet-fluid’s response from the oval leaf’s responses or the responses from
any other structure.

The simulated results presented in this section demonstrate that the
complex fractal structures can contain richer information than for the struc-
tures based on simple shape. The frequency responses from scatterers with
different shapes are discontinuous versus the frequency, resulting from the
switching between the dominant eigenmodes (see Chapter 4, Section 4.3.3).
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5.3.3 Selective excitation of eigenmodes using a larger array

The eigenmodes technique based on the Gram matrix is extended in
this section through the use of an array consisting of transmitters and re-
ceivers with more antennas.

(a)

(b)

Figure 5.15: System based on four antennas with (a) triangular scatterer
and (b) natural jet-fluid patch.

The analyzed array consists of 4 dipole antennas distributed on a square
surface, as shown in Fig. 5.15. Each antenna of width Wd = 0.3 cm and
length Ld = 3.9 cm has been discretized with the help of 90 RWG and one
RWG-rectangular hybrid elementary basis functions. A delta-gap gener-
ator is placed in the middle of the antenna and the dipole used to excite
the structure. The array is printed on the first layer with a lossy dielectric
substrate (FR4) of thickness equal to 0.32 cm. We note that each dipole is
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resonant at a frequency of 2.43 GHz. The radiating elements chosen for this
system correspond to the scatterers presented in the previous section with
simple geometry and complex natural shape. The scatterers studied here
are the triangular and jet-fluid structures shown in Fig. 5.15; the distance
between the scatterer and the dipole antenna is close to λ/2.
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Figure 5.16: Comparison of the difference between mutual admittance
when the array consists of 4 antennas using MoM code and IE3D.

A consistent signature of the scatterer appears for the “additional” ad-
mittance parameters, which are calculated here from the difference be-
tween the admittance parameters in the presence and absence of the scat-
terer (see Chapter 4, Section 4.3.3). Fig. 5.16 presents the “additional” ad-
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mittance parameters Ya12 and Ya41, where the simulated results, obtained
with our implementation and with the commercial software, compare very
well. Those results confirm the effect of the triangular scatterer inside the
system comprising a large array. The larger number of excitations and re-
ceivers allows the selection of other specific (dominant) eigenmodes. In
this case, the frequency responses re from the triangular and jet-fluid scat-
terers are extracted using the metrics proposed in the Chapter 4/ Section
4.3.3.
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Figure 5.17: Comparison of the responses re of the triangle structure using
the Gram-MoM code and the IE3D software related to the selected modes;
(a) dominant eigenmode and (b, c, and d) second, 3rd and 4th eigenmodes.

Figs. 5.17 and 5.18 present the responses related to the first four eigen-
modes, when one dominant eigenmode is excited and the three other eigen-
modes are suppressed. For each structure, the responses are very distinct
and they depend on to the wanted eigenmodes. The results presented in
this chapter allow us to improve the independence of any scatterer’s signa-
ture from the environment. Also, we can note that each scatterer presents
a unique frequency response related to an eigenmode. The eigenmodes
approach proposed in this thesis is finally verified on selected antennas
candidate with different shape of the scatterer, which are simulated both
with an in-house tool and using commercial software.
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Figure 5.18: Comparison of the responses re of the jet-fluid structure using
the Gram-MoM code and the IE3D software related to the selected modes;
(a) dominant eigenmode and (b, c, and d) second, 3rd and 4th eigenmodes.

The results as the singular values, “additional” admittance, and the fre-
quency responses of the square, the rectangular, the triangle, and the oval
leaf scatterers using the reader consist of an array of two or four dipoles
are also simulated using the implemented Gram-MoM code and the IE3D
software.

5.4 Conclusion

The eigenmodes approach has been proposed in a previous chapter to
analyze a radiating structure printed on a thin lossy dielectric layer. The
proposed technique allows the selection of particular eigenmodes of the
scatterer using multiple transmit and receive antennas, which in turn en-
ables the extraction of the unique signature associated with the wanted
dominant eigenmode. In the previous chapter, the frequency responses of
a tag provide independent signatures for the same scatterer, and the easiest
way to distinguish it from other scatterers.

Using the eigenmodes technique proposed in this chapter, the eigen-
modes of the tag have been generated through the alternative to SVD de-
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composition of the MoM impedance matrix of the scatterer based on a spe-
cific inner product that uses the Gram matrix between basis functions. The
inclusion of this matrix allows the minimization of the influence of the scat-
terer’s discretization density on the obtained surface currents orthogonal-
ity, and a little more on the stability of the dominant eigenmodes of the
scatterers versus frequency. Then, the newly defined eigenmodes are used
with the SVD-eigenmodes technique for multiple excitations to extract the
responses from the scatterer.

This methodology has been validated through the study of scatterers
with different shapes, simple and complex natural geometries, using the
implemented Gram-MoM code and the IE3D software. The proposed tech-
nique is extended to a larger number of transmitting and receiving an-
tennas to be able to select other dominant eigenmodes which may con-
tain/ reveal more information. In all cases, the effect of the scatterer has
been studied from the “additional” mutual impedance matrix, obtained af-
ter background extraction. The proposed eigenmode approach allows the
production of responses associated with each eigenmode separately. The
responses of the tag have been studied using the developed Gram-MoM
code and the IE3D software. The frequency responses are related to the
dominant eigenmodes of the tag and those responses are very different.
Responses from tags with a wide variety of shapes are also clearly distinct.
The responses of tags obtained using the Gram-SVD-eigenmodes approach
are almost similar to those obtained using the SVD-eigenmodes technique
proposed in the Chapter 4.

The problem of the instability of the modes versus frequency has still
been observed when using the modified eigenmodes technique. Track-
ing algorithms [214,215] to improve the stability of eigenmodes versus fre-
quency should be further investigated.
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Conclusion and

Future Scope 6
6.1 Conclusion

Radio-Frequency Identifications (RFID) technology is the current trend.
It is receiving an important attention in various sectors, related to the iden-
tification and/or authentication of objects or persons without physical con-
tact. The passive RFID technology is based on the variation of the tag’s re-
sponse. The tag (or scatterers) comprises an antenna terminated by a chip
which can be switched between two terminations (short circuit and open
circuit). The reader powers the chip, in which case the chip should not
have a battery. However, those chips remain relatively expensive and the
range over which the circuit of tag can be powered is limited. Nowadays,
the use of the passive chipless RFID systems is growing. Although differ-
ent chipless RFID tags are implemented in many engineering applications
due to their relatively low fabrication cost and small size, while good per-
formance is maintained. In this perspective, the chipless RFID tags design
comes with important challenges: the extraction of sufficiently rich infor-
mation resulting from the shape of the tag and the avoidance of strong
interference from the environment of the tag.

The passive chipless RFID system studied in this thesis is comprised
of a chipless RFID tag and multiple associated readers. Tags with read-
write capability can be the target of falsification of tag content (such as
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the availability, the identity or the information details of goods or people),
or of unauthorized modification of the tag data. This doctoral research
has therefore mainly been focused on the synthesis of the electromagnetic
signature of chipless RFID tags. The main goal of this thesis consists of
ensuring that as much information as possible is encoded in the shape of
the tag. A specialized hardware (transmitting and receiving array acting
as a reader) provides full access to the information, while specific efforts
are made to discriminate the response of the scatterer from that of the en-
vironment.

In this thesis, a design of a chipless RFID tag antenna with irregular
fractal shape is proposed to minimize the falsification or the counterfeiting
of chipless RFID tags. In Chapter 2, we have studied the electromagnetic
behavior of an antenna printed on a lossy dielectric substrate (Duroı̈d)
backed by a ground plane. The structure is based on a complex natural
geometry obtained from a liquid jet-fluid. First, we have designed and
simulated the antenna using the commercial Ansoft-HFSS software. The
numerical analysis of the antenna has mainly revealed the multiple reso-
nances of the structure. Second, this multiband behavior has been investi-
gated in order to design a chipless RFID tag with a unique electromagnetic
signature. It is possible to use the printed tag for security of the chipless
RFID system or for access control because it is not easy to emulate or pro-
duce a new tag as a duplicate of the original one (cloning) with the complex
fractal shape. The main contribution of this thesis is the analysis of the re-
sponse of chipless passive RFID tags, for the super-high-frequency (SHF)
band, near 2.4GHz, using a proposed eigenmodes technique for near-field
operation, based on the singular values decomposition (SVD). The method
relies on the method of moments, which is often used to obtain the currents
induced on printed structures. Those currents are decomposed into basis
functions and the associated coefficients result from the solution of a lin-
ear system of equations, characterized by a matrix named the “impedance
matrix”. Then, the SVD decomposition is used to obtain a diagonaliza-
tion of the MoM impedance matrix and to extract the eigenmodes on the
scatterer. To check the accuracy of our proposed eigenmodes approach,
we compared our results with those obtained with other methods, such as
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the theory of characteristic modes and a proposed eigenmodes technique
based on the combination of the eigenvalue decomposition (EVD) and the
QR algorithm. The eigenmodes technique presented in Chapter 4 is used
to control the current distribution on a printed scatterer, such as a chipless
RFID tag.

The eigenmodes approach based on the SVD decomposition is pro-
posed to enrich the information that can be extracted from the tag. The
method consists of exciting or revealing specific current distributions (or
“eigenmodes”) on the scatterer printed on a thin lossy dielectric substrate
(FR4) backed by a ground plane, and exploiting specific frequency responses
of a tag considering an antenna array acting as a set of near-field sources.
The array has several transmitters to excite the scatterer and to induce the
currents on the metallic tag and also several receivers to analyze the scat-
tered fields. A beamforming process is also used on receive to realize a
selective sensitivity to the selected eigenmodes. The beamforming weights
used on transmit and receive hence allow the production of a signature
associated to each dominant eigenmode. In Chapter 4, the eigenmodes
method is implemented for two scatterers with different shapes using a
reader comprising an array of two printed antennas on a multiple lossy
dielectric substrate. The presented experimental results highlight the mul-
tiplicity of responses that can be generated with a given tag. This multiplic-
ity provides independent signatures for the same tag, allowing the user to
better distinguish the tag from others, and to improve its independence
from scattering by the environment. It is possible to apply this Gram-SVD-
eigenmodes technique for secure banknote applications.

An extension of the proposed eigenmodes analysis method is presented
to obtain a unique signature for the scatterer with a variety of shapes, as
well as considering a larger number of transmitting and receiving anten-
nas. In Chapter 5, the eigenmodes method is modified based on another
diagonalization of the MoM impedance matrix with respect to a special
inner product. The inner product involves the Gram matrix between the
basis functions defined on the tag. This product allows more accurate esti-
mation of the scalar product between two physical current descriptions on
the tag. In turn, the use of the Gram matrix allows one to minimize the ef-
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fect of the variation of the structures’ discretization. To a large extent, this
solves the problem of practically all modal analysis methods that rely on a
specific meshing of the structure and hence are not stable versus frequency.
This work has been extended through the use of a larger number of exci-
tations and receivers to control a plurality of wanted eigenmodes of the
scatterer, which more fully exploits the natural response of the scatterer’s
shape.

6.2 Future Scope

We first suggest possible improvements to each contribution of the the-
sis and we propose some interesting paths for further research. A chipless
RFID tag design is proposed based on the complex fractal geometry, then
the reproduction of this tag is difficult. Such a tag can be used in security
applications when it is embedded into an opaque medium.

An electromagnetic analysis of chipless RFID tags related to eigenmodes
has been presented in this thesis. An eigenmodes technique is proposed to
exploit multiple responses from the tag. The resulting frequency responses
provide independent signatures for the same tag, allowing the user to bet-
ter distinguish the tag from others, and to improve its independence from
scattering by the environment. In this case, it is necessary to define a
method to exploit the enriched information from the scatterer in presence
of the environment’s noise and to determine the effect’s level of this noise
on the frequency responses from the tag. Also, the discrimination of a tag
from other with almost the same shape needs to be defined with respect to
a difference threshold.

The proposed eigenmodes method based on SVD decomposition can be
extended by proposed tracking algorithms to stabilize the eigenmodes of a
structure versus the frequency based on the projection of the “associated”
eigenmodes on the excitations.

The eigenmodes methods proposed in this thesis, can be used to numer-
ically analyze radiating structures containing intrinsically rich geometrical
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information, such as the young quaking aspen leaf shapes or the jet-fluid
geometries, as shown in Fig. 6.1. Those structures will be analyzed using
the code developed in this thesis, as well as commercial software, for iden-
tifications applications. The simulated results can be validated through a
comparison with results obtained from the measurement of a printed sys-
tem consisting of printed scatterer with unique shapes and larger arrays.

The proposed eigenmode methods based on an alternative to the SVD
decomposition could also be exploited in the field of MIMO (Multiple In-
put Multiple Output) communications in both near and far fields. Finally,
in order to make the tag more flexible, we think about using an invisi-
ble tag keeping a specific response of the tag, especially by combining the
complex shape of the tag and the developed eigenmodes approach. The in-
visible chipless RFID tag can be produced by embedding the scatterer into
an opaque substrate or packaging such as paper or film in order to secure
the passive chipless RFID system.
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(a)

(b)

Figure 6.1: (a) Prototypes of the studied antennas printed on a lossy dielec-
tric substrate (Duroı̈d) backed by a ground plane based on natural fractal
image (young quaking aspen leaf [8]), and (b) others jet-fluid geometries.



Background Fractal

concept A
In this appendix, the goal is to give a brief overview on the fractal ge-

ometries and to explain the image processing used to obtain the natural
fractal image used in Chapter 2 from a liquid jet-fluid injector.

A.1 Fractal Geometries

A fractal is a rough or fragmented shape that can be subdivided in mul-
tiple portions, each of which has the same geometry as the shape with
a reduced-size. Fractal geometries are generally self-similar and indepen-
dent of scale. They describe many real-world objects, such as clouds, moun-
tains, turbulence, and coastlines. Those shapes correspond to complex ge-
ometry. The term fractal was invented by the French mathematician B.B.
Mandelbrot [120] during 1970’s after his revolutionary research on several
naturally occurring irregular and fragmented geometries not contained
within the area of conventional Euclidian geometry [120]. Mandelbrot in-
cluded a definition of fractal dimension (of a geometric object) when he
first talked about the concept of fractal in 1977. Fractal concept has found
applications in geography, biology, and engineering [216,217]. Fractal con-
cept in engineering has been used in the design of antennas, frequency se-
lective surfaces, and the image processing [217]. Some examples of fractal
geometry are given in Fig. A.1.
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Sierpinski gasket Sierpinski carpet

Branched tree [218]

Figure A.1: Examples of fractal geometries.

Regarding antennas, several fractal antennas geometries have been in-
troduced and analyzed. Fractal antennas can be classified into two groups:
deterministic and random structures. Deterministic structures [121–124,
219, 220], for which the self-similarity property can be described easily by
a scaling power law, were widely studied in the last decades, and much
deterministic geometry have proved to enhance the antenna performances
[221]: Sierpinski monopole for multi-frequency operation [123], Koch monopole
for miniaturization, Koch island patch for high directivity [220], and so
forth. Besides, other fractal antennas groups are random/irregular frac-
tal antennas, which require more complex mathematical laws to be rep-
resented and characterized by natural complex geometries. The complex
fractal antennas are still largely unknown and their applications are few
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[126, 128–133].

A.2 Obtaining The Natural Irregular Fractal Im-

age

The image used in Chapter 2 is one of a liquid jet issuing from an in-
jector. Being free of any parietal constraint, liquid jets injected in a gaseous
atmosphere experience an atomization process. Perturbations appear and
grow on the liquid gas interface until disintegration into individual liquid
fragments occurs. When the perturbations are initiated by the liquid jet
turbulence, the shape of the liquid system before breakup shows fractal
characteristics [74, 138]. The liquid jet considered here was produced by
a low injection pressure triple-disk injector. Details on the experimental
setup can be found in [74]. This injector produces a 2D liquid sheet sub-
jected to deformation initiated by the liquid turbulence. The liquid is hep-
tane and the injection pressure is equal to 0.05 MPa. The mean velocity of
the jet is 7.5 m/s. Shadow graph images of the jet issuing from the injector
are performed. To freeze the jet, a light source (Nano-twin Flash System,
HSPS) with a short flash duration (≈ 11 ns) is used. This light source plays
the role of the shutter. The camera is a Fuji Digital Camera (FinePix S1 Pro)
which has a high number of pixels (3040×2016). The optical arrangement
allowed covering a physical field of 10.5×7 mm2. The corresponding spa-
tial resolution is 3.5 µm/pixel. Fig. A.2.(a) shows the image of the liquid jet
issuing from the nozzle. Image analyzing tools were applied to produce a
two gray levels image where the liquid appears in black on a white back-
ground and to isolate the continuous jet, that is, part of the liquid system in
connection with the nozzle (detached drops and ligaments are eliminated).
The resulting image shows the shadow of the continuous jet (Fig. A.2.(b)).
The textural fractal dimension of the top part of the jet is equal to 1.1 and
the structural fractal dimension of the bottom part is equal to 1.43.
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(a)

(b)

Figure A.2: Image of the jet of heptane issuing from a triple-disk injector;
(a) initial image and (b) shadow of the continuous jet.

This image processing is proposed by Professor Christophe Dumouchel
from CORIA, INSA Rouen, France. He provides some natural fractal ge-
ometries using this technique. The image used in Chapter 2 is one among
the produced shapes.



De-embeding and

Proof of equation B
B.1 De-embeding

In [222, 223], a method is presented to characterize the impedance of
an antenna of two ports, and to obtain the differential impedance. We re-

Figure B.1: The schematic for computing the differential system admit-
tance.

formulated this method for the extension to four ports, as shown in Fig.
B.1, based on admittance parameters. The differential admittance matrix
follows as:

Id = Yd Vd (B.1)

where the above equation (B.1) is re-formulated by introducing the new
matrix A (2N × N), N is the number of antennas. The elements of A are
equal to either “1”, “-1”, or “0”. The matrix is used to select the voltage
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and current parameters at each port. The differential voltage and current
are written as

Vd =

[
Va

Vb

]
=

[
v1 − v2

v3 − v4

]
= AT Vs (B.2)

and

Id =

[
Ia

Ib

]
=

[
i1 − i2
i3 − i4

]
= AT Is (B.3)

Based on the admittance system matrix Ys, the constitutive equation of
a linear 4-ports network can be presented in matrix form as

Is = Ys Vs (B.4)

then
Id = AT Ys Vs (B.5)

For the symmetrical balanced antennas and by using the previous equa-
tions (B.1) to (B.5), the differential admittance parameters of this system
can be defined as

Yd AT Vs = AT Ys Vs (B.6)

then
Yd =

1
2

AT Zs A (B.7)

B.2 Proof of equations (4.28)

The formulation explain how the “additional” (i.e. standing for the
effect of the patch) differential admittance matrix can be approximated.
It is obtained, in practice, by re-formulating equations (4.14) and (4.22),
such that the presence of transmitting and receiving antennas is included
in good approximation. Equation (4.3) providing the MoM system of equa-
tions can be rewritten as[

Zt Ztd

Zdt Zd

] [
It

Id

]
=

[
Et

Ed

]
(B.8)
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where Zt represents the tag (t) self interactions, Ztd or Zdt are the blocs
with antenna-tag interactions, and Zd is a bloc containing antenna-antenna
interactions. It represents a current vector on the tag and Id is a current
vector on the antennas. Et is the excitation vector on the scatterer, which is
a null vector, since the tag is indirectly excited through the fields from the
antennas (Ed), as defined in Section 4.2.1. From (B.8), the values of Id in the
presence of all objects (other antennas and scatterer) follows as

Id = Z−1
d [Ed − Zdt It] (B.9)

Assuming that the backward interaction between scatterer and antennas is
negligible, the matrix Zdt neglected in a first instance. Then, the primary
currents on the dipole read

Id = Z−1
d Ed (B.10)

From (B.8) and (B.10), It can be written as

It = −Z−1
t Ztd Z−1

d Ed (B.11)

Using (B.9) and (B.11), the current vector Id corrected for the presence of
the tag, can be re-formulated as

Id = Z−1
d

[
1 + Zdt Z−1

t Ztd Z−1
d

]
Ed (B.12)

from which we obtain the “additional” current, due to the tag, as

∆Id = Z−1
d Zdt Z−1

t Ztd Z−1
d Ed (B.13)

Ed can be written from the vector of excitations at each port, named Γ in
Section 4.2.1, with the help of a “selection” matrix Sc:

Ed = Sc Γ (B.14)

where, Sc is a (Nd × N) matrix, N is the number of antennas, and Nd is
the number of basis functions used to represent the antennas. Sc contains
zeros, except for entries associated to ports, which are equal to −w/2 or
w/2 at the indices of feed basis functions, where w is the width of the basis
function that overlaps the feed point. Then

∆Id = Z−1
d Zdt Z−1

t Ztd Z−1
d Sc Γ (B.15)
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The port currents of dipoles, Iprt, follow as

Iprt = ST
c ∆Id (B.16)

Recalling (4.4) and (4.5), we have

Ee = Ztd Z−1
d Sc (B.17)

and
Er T = ST

c Z−1
d Zdt (B.18)

The port current then becomes

Iprt = Er T Z−1
t Ee Γ (B.19)

The matrix, which relates the “additional” (i.e. after background subtrac-
tion) port current to the port voltage, named the “additional” admittance
matrix Ya then results as

Ya = Er T Z−1
t Ee (B.20)

Then, the ports current of dipoles follows as

Iprt = Ya Γ (B.21)

where Ya is obtained from the difference between the differential admit-
tance matrix Yd (presence of tag) using (B.7) in Appendix A and without
Ydw (differential admittance for system without tag). This matrix provides
the currents based on background extraction. It is calculated as

Ya = Yd − Ydw (B.22)

From equation (4.18) and (4.22), and using (B.21) and (B.22), the re-
sponse r follows as:

r = TH Iprt = TH Ya Γ (B.23)
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