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RESUMO

A tecnologia chipless, baseada em tags sem chip para a identifi-
cacao de objetos, tem surgido como uma alternativa de baixo custo a
tradicional com chip, referida comumente como RFID (identificacdo por
radiofrequéncia). Mais recentemente, o uso de sensores chipless também
foi proposto em situagdes especificas, como no caso de sensoriamento em
ambientes hostis ou no monitoramento de itens de muito baixo custo,
por exemplo, onde sensores RFID nao sao adequados. Esta pesquisa
se concentrou no estudo de um sistema de monitoramento chipless.
Foi identificado que garantir uma distdncia maxima de comunicagao
adequada entre uma tag e o seu dispositivo leitor era um dos maiores
desafios nesses sistemas, especificamente quando o sensor e o leitor tém
seus tamanhos restritos devido aos requisitos especificos da prépria
aplicagao. Consequentemente, neste trabalho, um novo projeto de sensor
foi proposto visando o aumento de sua eficiéncia de radiagdo. Varios
protétipos foram implementados em substratos de baixo custo, tais
como laminados de uso comum na fabricacdo de placas de circuito
impresso, e substratos flexiveis como o plastico e o papel. Testes feitos
com os propotipos demonstraram resultados comparaveis aos senso-
res reportados na literatura em termos de sensibilidade e, sobretudo,
um nivel de se¢ao reta de radar superior, considerando seu tamanho
reduzido. Adicionalmente ao projeto do sensor, uma andlise tedrica
e testes experimentais foram conduzidos para verificar a necessidade
do uso de técnicas de cancelamento de autointerferéncia em sistemas
monoestaticos baseados em leitores chipless com o objetivo de melhorar
a leitura da tag. Ambas as propostas feitas neste trabalho, tanto do lado
do sensor como do leitor, podem contribuir para o aumento do alcance
de leitura em sistemas de monitoramento chipless.

Palavras-chave: sensores miniaturizados, aumento da RCS, can-
celamento de autointerferéncia, substratos flexiveis de baixo custo, me-
todologia de projeto de sensor chipless, sensibilidade do sensor.






RESUMO EXPANDIDO
Introducgao

A internet das coisas (IoT) prevé bilhdes de objetos interconec-
tados trocando informacao de maneira continua e sem intervengao do
homem. Tudo isto com o intuito de um aumento da qualidade de vida
em diversas areas tais como a satide, o lazer e o entretenimento, as rela-
¢Oes interpessoais, o comércio, a agricultura, a prevencao de desastres
naturais, entre outros.

No entanto, uma duvida surge a partir desse conceito de ToT.
Sera que é possivel que todos os objetos sejam conectados a esta grande
rede? O qué acontece com objetos de baixo custo, quando comparados
com o custo do hardware necessario para sua conexao?

Pode-se imaginar que a possivel solucao a essa questao seja o
uso de etiquetas e sensores de ultra-baixo custo, capazes de comunicar
as unidades de processamento disponiveis, sejam fixas ou médveis, as
informagoes mais relevantes sobre o objeto: identificagdo e/ou informa-
¢ao de alguma variavel critica que se deseja monitorar. Para viabilizar
tais sensores, precisaria-se de uma tecnologia que diminua a quanti-
dade de componentes eletronicos e, ao mesmo tempo, seja plausivel de
integracao ao processo produtivo do objeto em questao, tendo assim
como alvo principal a diminuicao dos custos de producao. Também, o
monitoramento desse sensor dentro do contexto da IoT implica o acesso
a suas informagoes a distancia (sem fio) e que suas as dimensoes sejam
reduzidas (estrutura miniaturizada).

Levando esses requisitos em consideracgao, esta pesquisa centrou
a sua atencado na tecnologia chipless, cujo nome quer dizer "sem chip".
Originalmente, ela foi proposta como alternativa & de RFID (identi-
ficagao por radio-frequéncia), que utiliza etiquetas com chips para a
identificagdo de objetos. Posteriormente, sensores chipless foram pro-
postos. Eles consistem em estruturas com formato especifico, baseadas
em uma combinagdao de materiais condutores e dielétricos, capazes de
modificar a informagdo (amplitude e fase) da onda eletromagnética
refletida em funcédo do pardmetro a ser monitorado. A informacao pode
ser recuperada pelo dispositivo leitor compativel, tanto no dominio do
tempo como no da frequéncia, e codificada na amplitude, frequéncia
e/ou fase. Se o sensor cumprir com certas especificagoes de formato,
tamanho, eficiéncia de radiagdo, e além disso, pode ser fabricados com
materiais de baixo custo e utilizando processos compativeis aos objetos
aos que serao integrados, a tecnologia de sensores chipless pode servir
como solugao compativel com as demandas impostas no contexto da



IoT.

Objetivos

Neste trabalho de pesquisa, buscou-se contribuir na area da tecno-

logia chipless, em particular, com o tema de sensores chipless, estudando
as limitacoes principais para sua adocao e propondo melhorias para
atingir uma solu¢do de monitoramento sem fio. Baseado na revisdo do
estado da arte, e alinhado ao escopo desta pesquisa, o principal obje-
tivo deste trabalho é dar contribuigoes relacionadas a sensores chipless
miniaturizados planares de tnica camada com codificacdo na frequén-
cia, operando na banda de 2,4 GHz (ISM). Os objetivos especificos do
trabalho sao:

5.

. Identificar as varidveis criticas do sistema de monitoramento chi-

pless que impactam na distancia de leitura, considerando a res-
tricdo de tamanho e custo tanto do lado do leitor leitor e do
Sensor.

Estudar a relagdo entre miniaturizacao e secao reta de radar em
sensores planares miniaturizados e propor uma nova estrutura que
permita maximizar o desempenho considerando essas variaveis.

Estudar a relagao entre sensibilidade e miniaturizagao, dando
especial énfase ao caso de sensores fabricados com materiais de
baixo custo.

Delinear uma método para o projeto do sensor proposto baseado
nas entradas de projeto: especificagoes e materiais.

Estudar e propor melhorias para o leitor.

Metodologia

Para atingir os objetivos propostos, foram realizados os procedi-

mentos listados a seguir:

. Estudo das propriedades elétricas dos materiais a utilizar na

construgao dos sensores.

. Revisdo e classificagdo dos sensores reportados na literatura cien-

tifica.

Revisdo de técnicas de medicdo de sensores chipless e leitores
chipless reportados.



10.
11.

. Anélise das varidveis que impactam na leitura do sensor.
. Proposta de nova estrutura para o sensor.

. Modelagem do sensor e verificacdo utilizando simulagoes eletro-

magnéticas.

. Obtencao de principais figuras de mérito a partir do modelo.

. Implementagao e medicao de protétipos em FR-4, e comparagao

com esperado.

. Implementacgao e medigao de protétipos em substratos flexiveis

(pléstico, papel).
Proposta de melhorias a partir dos resultados de medicao.

Proposta e verificacdo de técnicas de leitura de sensores chipless.

Resultados e Discussao

Esta pesquisa teve como foco principal o estudo de sistemas

de monitoramento chipless, nos quais a leitura do sensor sem fio é
dificultada dado os seus requisitos de miniaturizacdo e materiais de
baixo custo para sua fabricacdo. A seguir, encomtram-se as contribuigoes
principais da tese:

A respeito do sensor, foi proposta uma estrutura que pudesse
incrementar a eficiéncia de radiagdo do espalhador (scatterer) in-
dependentemente do projeto do transdutor. Dessa maneira, a RCS
(secao reta de radar) poderia ser otimizada segundo a restrigao de
tamanho do sensor imposta pela aplicagao.

Foi proposto um modelo elétrico para a obtengao das principais
figuras de mérito do sensor, RCS e sensibilidade, podendo assim
identificar as variaveis criticas no projeto do sensor. O modelo
foi comparado com simulacées eletromagnéticas verificando sua
acuracia.

Duas rodadas de protétipos foram implementadas para verificar a
funcionalidade do sensor operando na banda ISM. Os primeiros
protétipos feitos em FR-4 comprovaram que o sensor pode atingir
niveis de sensibilidade comparaveis aos reportados na literatura, e
a0 mesmo tempo, um grau consideravel de miniaturizacdo com
um nivel de RCS adequado para monitoramento sem fio.



e Os protétipos fabricados em substratos flexiveis também demons-
traram que a estrutura proposta é vantajosa nos casos em que
os materiais tem perdas consideraveis. A partir dos resultados de
medicao, foram propostas melhorias, principalmente para incre-
mentar a sensibilidade.

¢ No que diz respeito ao estudo sobre o leitor, foi analisado o caso de
leitores monoestaticos com unica antena e interrogacao por onda
continua, compativeis com o sensor proposto. Foi verificado que
nesse tipo de leitores, o sinal de autointerferéncia proveniente do
transmissor limita a distancia de leitura. A limitagdo pode ocorrer
a causa do ruido ou da amplitude do sinal de fuga do transmissor.
Para ambos casos foram obtidas as distancias de leitura maximas
tedricas.

e Um prototipo de leitor com capacidade de cancelamento de au-
tointerferéncia foi construido. Nesse protétipo foi verificada a
limitagcao por autointerferéncia e o quanto o seu cancelamento é
importante para garantir o aumento da distancia de leitura.

Consideracgoes Finais

Os objetivos tragados no comego da pesquisa foram atingidos,
contribuindo assim com o projeto de sistemas de monitamento baseado
em tecnologia chipless no contexto da IoT. Os resultados obtidos poderao
servir como base a futuros trabalhos, os quais incluim um rodada de
testes de sensibilidade com sensor fabricado com as melhorias propostas,
testes experimentais do sistema completo (leitor e sensor), modificagdo
do sistema para leitura em polarizacao cruzada, e implementacao de
sistema de monitoramento chipless em outras bandas de frequéncia, por
exemplo a UHF.

Palavras-chave: sensores miniaturizados, aumento da RCS, can-
celamento de autointerferéncia, substratos flexiveis de baixo custo, me-
todologia de projeto de sensor chipless, sensibilidade do sensor.



ABSTRACT

Chipless tags for objects identification have been proposed as a
low-cost alternative to the well-known chipped Radio Frequency IDenti-
fication (RFID) tags technology. More recently, chipless sensors have
also been indicated for specific applications in which RFID-based sensor
are not very suitable, such as in harsh environments or ultra-low cost
item monitoring. This research have focused on the study of a chipless
monitoring system. It was identified that the reading range is one of the
most important concerns of these systems, specifically when both the
sensor and the reader are size restricted due to a specific application.
Consequently, in this work, a new sensor design is proposed to tackle
this issue. Several prototypes of the sensor have been implemented in
low-cost substrates, such as common PCB glass epoxy-based laminates,
and flexible substrates such as plastic and paper. These have shown
comparable results to the reported sensors in literature in terms of
sensitivity and, more importantly, a superior radar cross section level
considering its reduced size. In addition to the sensor, a theoretical anal-
ysis and some tests were conducted to prove the need of implementing
self-interference cancellation techniques in single-antenna monostatic
chipless readers for improving the readability of the tag. Both proposals,
on the sensor and on the reader side, can contribute to the reading
range enhancement in frequency coded chipless systems.

Keywords: sensor miniaturization, maximizing tag RCS, self-
interference cancellation, low-cost flexible substrates, chipless sensor
design methodology, sensor sensitivity.
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1 INTRODUCTION

1.1 MOTIVATION

Guided by the under-construction definition of the Internet of
Things (IoT) [1], it is easy to imagine some of the daily objects we
interact with as turning wirelessly interconnected and exchanging in-
formation so as to hopefully build a smarter world. Still, a question
remains regarding the IoT pervasiveness level: will the IoT provide with
intelligence to every single “thing” around us? Maybe one day, as this
futuristic trend is clearly seemed to be pushed by enthusiastic giant
players which envisage a promising billionaire market [2, 3]. For us,
users, what is indeed important behind this trend is that it could be a
potential quality-of-life promoter, since these “things", supplied with
intelligence, could efficiently assist our daily tasks in every aspect of our
lives. This includes areas such as health, entertainment, education, social
relationships, agriculture, manufacturing, disaster prevention, among
others [4, 5, 6, 7, 8].

Certainly, there are still some social and technological barriers
which are delaying IoT’s materialization [9, 10, 11, 12]. In determined
applications, one of these related barriers is cost. A particular situation
can be considered in which it is desired to monitor a specific environ-
mental parameter at the item level, for example, the freshness of a
box of juice in a supermarket shelve. If we were to add to the box the
capability of communicating its freshness level in real time, we would
probably be impeded due to the electronics associated cost compared
to the cost of the box of juice itself.

Fortunately, being conscious of the fact that some “things" only
need to be intelligent enough, they would just need to communicate
specific own states that are judged as important to the interested
users. Thus, there is no need, in this case, for the “thing” to process
any information or even execute any particular action. This high-level
processing should be performed by a more complex element which can
then delivered the treated information to the cloud. Having said that, we
could reckon that a practical sensor, using a simplified communication
protocol with this high-level processing unit and making part of this
low-cost object, will be sufficient to get the job done.

Figure 1.1 illustrates the case commented above. The box of juice
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in a supermarket shelf is monitored by a fixed Processing Unit (PU),
which obtains periodically the freshness-related data, This PU extract
only relevant information from the embedded low-cost sensor, process
it, and then deliver it to the supermarket data server for storage or
further data analysis. This PU may also be mobile, so the juice box
information can be retrieved whenever is required by any user.

Figure 1.1: Example of wireless sensor application embedded into a low-cost
product. Information is retrieved by the fixed or mobile processing unit (PU)
for further analysis.

Source: The author.

Indeed, low-cost sensing is a subject in constant evolution as
it is required in other scenarios similar to that of the supermarket
juice box. From the technical aspects standpoint, research efforts are
mostly focused on energy autonomy, increasing sensitivity and selectivity,
new materials, miniaturization, and information security [13, 14, 15,
16, 17]. Among all the proposed solutions, passive wireless-powered
sensors seem to be a viable path for low-cost passive implementations.
Particularly, RadioFrequency IDentification (RFID)-enabled sensors
have been presented in which low-power sensors are combined with
commercial RFID tags in order to build passive wireless sensing tags
which are compatible with commercial RFID readers [18]. In addition
to the most recent studies on this topic [19, 20], this technology is also
already being offered for humidity, thermal and strain sensing suitable
for industrial applications or structural health monitoring [21, 22, 23, 24].
As this technology may attend the majority of applications, even the
cost of the tag’s chip can be an obstacle in the demand of ultra low-cost
solutions.

Another limiting factor to the massive installation of sensors
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within the IoT context, besides the cost, is the requirement of being
unobtrusive. This issue is directly related to both the size and the
appearance of the sensor. For this reason, miniaturization is a another
important factor to be dealt with in sensor technology. For instance, due
to its compatibility with CMOS standard technology, RFID-enabled
wireless sensors are also a valid approach on the aim to miniaturized low-
cost solutions [25, 14, 26]. Unobtrusiveness may also be facilitated by
embedding the sensors within the monitored object, which makes them
unnoticed. Therefore, compatible materials and fabrication processes
for the sensors and the objects are required [14]. Moreover, integrating
the sensor in the same productive process of the object may reduce even
more the sensors relative cost compared to the object since they can be
produced on a large scale [27].

Inspired on the RFID technology, another one, referred as chipless
RFID, has recently appeared with the aim of tackling some of the
above mentioned issues such as fabrication cost, miniaturization, and
compatibility with alternative fabrication processes [28, 29]. The term
chipless was coined in the last decade and alludes to silicon-less wireless
tags, that is, without integrated or discrete semiconductor-based devices,
which, evidently, alleviates the sensor cost attributed to the embedded
electronics. At its earlier stages, chipless technology surged as a cheaper
alternative for the already widespread chipped RFID tags used for
objects identification [28]. More recently, chipless sensing tags, also
known as chipless sensors, have been also proposed [29]. Moreover, due
to its potential ultra-low fabrication cost, chipless ID and sensing tags
have been fore-casted as being part of the huge growing market of
RFID-based tags [30, 24].

Guided by the promise of achieving low-cost wireless miniaturized
sensors through chipless sensing, this technology was chosen to be the
main driver of the present research. Chipless technology imposes fresh
technical challenges which have provoked an ever-increasing number
of published research works in the last years [28, 29]. Consequence of
this numerous scientific production, many different research branches
have been outlined, which in some cases are tightly interrelated and
may lead to confusion for the neophyte interested on this topic. For this
reason, a brief discussion of these many branches embracing chipless
technology is presented in the following subsection, and, after that, the
specific scope of this research is revealed.
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1.2 RESEARCH SCOPE

Chipless sensors are totally passive and the information is re-
trieved from the EletroMagnetic (EM) backscattering waves produced
by the induced currents in the sensor after illumination from another
radiating source [29]. These induced currents, and, thus, the backscatter-
ing waves, are dependent on the electrically conductivity and dielectric
characteristics of the illuminated sensor. The desired information of the
sensor is carried in the variation on these electrical characteristics when
modified after the interaction with the surrounding environment.

The information from the backscattered waves can be acquired
either after time-domain [31] or frequency-domain [32] reading tech-
niques. For instance, chipless ID and sensing tags specifically designed
for time-domain interrogation, referred as Time-Domain Reflectome-
try (TDR)-based tags, rely on the absence or presence of time-spaced
backscattered pulses after being impinged by an EM RF pulse. There-
fore, its design focuses on producing controlled time delays along the
physical structure of the tag [33]. Surface Acoustic Wave (SAW)-based
tags are considered precursors of these type of tags [34]. It is not the
purpose of this research to address time-domain chipless tags, and a
review of some recent works on this topic can be found in [35].

Alternatively, in frequency-domain tags, the information is usually
interpreted through the Radar Cross Section (RCS), which characterizes
the electromagnetic signature of an object by calculating the ratio
between the intensity of the incident and the scattered EM wave power as
a function of frequency [36]. Compared to time-domain tags, frequency-
domain chipless tags usually allow fully-printable solutions and are, in
general, capable of achieving more data density (for ID tags) and are
more easily conceived into compact structures. Therefore, they are the
most common reported type of chipless tags for both identification and
sensing purposes [29, 37].

There are two common options for the interrogation of frequency-
domain chipless sensors. In the first, the sensor is designed to carry
the desired information in the variation of its RCS amplitude at a
fixed frequency [38]. This method can be considered as an Amplitude-
based Codification (AC) of the sensor information. In the second, the
information is codified into the frequency variation of the RCS distin-
guishable(s) peak(s) or valley(s) within the observable frequency sweep
range, which, in this way, corresponds to a Frequency-based Codification
(FC) [39]. Both AC and FC are exemplified in Fig. 1.2. They are the
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most common techniques used for codifying the information in chipless
frequency-domain sensors, however, other phase- and polarization-based
codifications have been also reported [40, 41, 42]. All these codifying
approaches can be considered as analog, to mean that the sensing vari-
able, that is, the RCS, changes its value continuously with respect to
the variation of the monitored parameter. Nonetheless, any of these
codification techniques could also be turned into digital as well, for
example, based on threshold detection [43, 44].

From the interrogator point of view, the FC approach seems to
be more robust than AC, since the interrogator does not need to keep a
precise amplitude reference in the long-term. On the other hand, FC
requires to sweep over the whole frequency range for interrogating the
sensor, whereas in AC a narrower band can be employed once the exact
working frequency of the sensor is defined.

Figure 1.2: Main information codification types for frequency-based chipless
sensors: Amplitude-based Codification (AC) and Frequency-based Codification
(FC).

Source: The author.

In order to interrogate frequency-domain chipless sensors based on
the backscattered response after EM illumination, reader’s transmitter
emit either a Continuous Wave (CW) or Ultra-Wide Band (UWB) pulses,
as illustrated in Fig. 1.3. Readers based on CW interrogation employ
common radar transceiver architectures, such as Frequency-Stepped
Continuous Wave (FSCW) or Frequency-Modulated Continuous Wave
(FMCW) radars [36]. In both architectures, the frequency of the signal
carrier is swept and the backscattered wave from the tag is measured at
each frequency step. Conversely, UWB pulsed interrogation is based on
narrow RF pulses whose spectral power density usually extends from
3 to 10 GHz. In this way, the EM signature of the sensor is retrieved
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from a single interrogation pulse, which is advantageous from the point
of view of the total reading time [45]. Nonetheless, UWB interrogation
require, in general, finer electronic components such as pulse generators
and high-speed analog-to-digital converters, which generally makes them
unsuitable for low-cost implementations [46], and are also prone to jitter
and synchronization issues [45].

Figure 1.3: Continuous-Wave (CW) vs Ultra-Wide Band (UWB) pulsed

interrogation
I cw I Pulse

Source: The author.

Besides the reader architecture, antennas also play an important
role on the reading strategy of the whole system. Provided an applica-
tion, either bistatic or one- or two-antenna monostatic configurations
might be specified. In addition to this, the antenna type is selected
according to the main design parameters such as gain, bandwidth, and
size. Moreover, antenna polarization must be compatible to the tag
polarization-related strategy for information recovery. One can classify
these strategies into: co-polarization [47], dual polarization [48] and
cross-polarization [49]. Among the three, co-polarization interrogation
is the most common reading strategy reported in frequency-domain
chipless tags. In the case of dual polarization interrogation, the tag is
illuminated twice, with two orthogonally-polarized EM waves, and the
information is obtained with co-polarization interrogation from both.
This strategy is usually employed for doubling the amount of informa-
tion retrieved from the tag, while this must be designed appropriately
for this purpose. Finally, cross-polarization reading is used for reducing
the clutter interference [50]. Among these three polarization modes, co-
polarization interrogation is inherently compatible with single-antenna
monostatic configuration, which can be favorable to low-profile compact
readers. On the other hand, cross-polarization and dual-polarization
reading are often implemented with two antennas, although circular
polarization [51] or carefully designed two-port dual polarized antennas
may be a viable solution for reducing the reader size [52].

On the tag side, miniaturization and cost may be more easily
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achieved through the usage of planar structures [53]. Planar chipless
sensors are also suitable for additive fabrication processes which can
reduce the fabrication cost, specifically in uniplanar (single-layer) designs
[54]. Although, uniplanar tags may be more vulnerable to material-
related drifts and environment compared to “grounded” structures, this
issue might be controlled by considering these factors during the design
stage or by tuning techniques [55]. In addition to this, additive processes
allow the usage of flexible and low-cost substrates, which is favorable
for fully disposable tags or even promotes the integration of the sensor
with the object under monitoring [56].

Miniaturization is also directly related to the design approach
adopted. According to their radiation properties, two main approaches
can be distinguished. The first one refers to the ReTransmission (RT)
tags [37]. Its design consider separated structures for the reception/
transmission antennae and the sensing element. As the name reveals,
after reception, the incident EM wave is guided along a transmission line
and modified on its way by the sensing element before it is retransmitted
back to the reader. The reception and the transmission are usually
accomplished by two separated cross-polarized antennas, thus requiring
cross-polarizing interrogation [57].

The tags regarding the second approach are known as radiofre-
quency Encoding Particle (EP), whose name refers to the fact of in-
tegrating in the same structure both the antennae and the sensing
element [58]. In this manner, the EPs are more suitable for miniatur-
ized structures, even though there is an inherent trade-off between size
reduction and RCS magnitude which may limit the reading range of the
tag. Examples of chipless sensors presented in literature which followed
RT and EP approaches are shown in Fig. 1.4(a) and (b), respectively.

All of the subjects discussed above regarding chipless technology
are summarized in the tree diagram of Fig. 1.5. The highlighted terms in
this diagram point out the specific focus of this research, e.i., frequency-
domain frequency-coded uniplanar chipless sensors designed with the
encoded-particle approach. In particular, this research is aimed at working
with this type of sensors looking forward implementing miniaturized
chipless sensors by enabling the use of low-cost materials and additive
fabrication processes.
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Figure 1.4: Chipless sensors following the (a) Retransmission (RT) [59] and
(b) the Encoding Particle (EP) [39] approaches.

(b

Source: The author.

Figure 1.5: Tree diagram showing the diversity of subjects regarding chipless
technology and highlighting the scope of this research.

chipless tags

|
I |

time-domain [frequency-domain |

I =15

codification interrogation polarization sensor sensor
of information strategy for interrogation structure design
-AC - Cw: - Co-polarized - non planar ‘ RT
-FC *FSCW - Cross-polarized - planar: -EP
-PC * FMCW - Dual-polarized * multilayer
- UWB

* uniplanar

Source: The author.
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1.3 RELATED STATE-OF-THE-ART STUDIES

The most relevant works found in literature regarding AC and FC
chipless sensing tags are summarized in Table 1.1 and 1.2, respectively.
They were classified according to its application, design approach, num-
ber of physical layers and polarization reading strategy. This list only
includes planar structures, which are directly related to the scope of
this research. A more extensive review on chipless sensors, not restricted
to frequency domain and planar structures, can be found in [29, 60].

Several applications have been addressed such as the monitoring
of temperature, strain, displacement, light, gas, resistance and Relative
Humidity (RH), as well as angle and crack detection. Moreover, it must
be mentioned that some structures include both identification and sens-
ing capabilities on a single tag [61, 62]. Regarding the design approach,
both RT and EP structures were reported. It can be also noticed that
some of the listed sensors are implemented with a single conductive
layer (uniplanar), all of them based on EP structures. Lastly, all three
polarizations strategies were reported. Among them, co-polarization
was the most frequent, while cross-polarization is mostly used in RT
tags.

According to the research scope, it is interesting to center the
attention on FC tags that follow the EP approach. For example, in [61], a
mushroom structure build up by shorted-circuit patch antennas was used
for monitoring strain. The sensing element is based on a Left-Handed
(LH) Transmission Line (TL) whose equivalent capacitance based on the
alongside metal plates varies according to the tension applied to it. The
authors presented measured results of the implemented sensor working
around 3.2 GHz obtaining 300 to 700 um of detection range which
corresponded to frequency shift from 3.09 to 3.23 GHz approximately.
The sensor occupied a total area of 20 x 20 mm? while achieving an RCS
peak of -28 dBsm.

In [72] a half-wave dipole strip resonator based on a C-like struc-
ture is presented for monitoring RH. The sensitive material used for
reacting upon humidity variations was based on silicon nanowires (Si-
NW), which were deposited through chemical vaporization. The sensor
was designed to work around 2.5 GHz. Experimental results showed a
25 MHz variation when the environment was changed from a 75 % RH
(at 3°C) to 43% RH (at 19°C). The sensor occupied a total area of
25x 10 mm? while achieving an RCS peak of -29 dBsm.

In the study presented in [32], the authors demonstrate a RH
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sensor based on electric-field coupled (ELC) resonator. Two prototypes
were implemented, each one using a polyimide substrate and a PolyVinyl
Alcohol (PVA)-based coating as sensitive materials, respectively. The
second one achieved a higher frequency shift of approximately 600 MHz
around 6.5 GHz when the RH was changed from 35 to 85%. The sensor
occupied a total area of 7x7mm?.

An open-ring resonator is used as RH sensor in [39] where, simi-
larly to [32], PVA was also used as the sensitive material. This structure
was designed at a center frequency of approx. 2.8 GHz, achieving a shift
from 2.74 GHz to 2.85 GHz when the environment RH was varied from
14% to 19%. This sensor occupied a total area of 8 x 8 mm?.

In [62], a mirrored C-shaped slot resonator is used for monitoring
temperature. The sensitive material used was a polyamide, which was
added in the slot so to vary the equivalent capacitance of the resonator.
The sensor worked around 5.5 GHz and achieved a RCS valley of approx-
imately -50 dBsm from its -27 dBsm average value. This sensor presented
a circular format with a radius of 6 mm?.

Coupled rectangular-shaped loops were used as RH sensor working
around 3.3 GHz in [74]. As in [72], Si-NWs were also used. The sensor
was tested under a 78 to 98% RH variation presenting a frequency
shift from 3.321 GHz to 3.297 GHz. The sensor occupied a total area
of 34x12mm? while achieving an RCS peak in the range of -45 to
-48 dBsm.

In [75] several square loop resonators operating between 3 to
10 GHz were implemented for electrical permittivity characterization
of planar surfaces. The biggest resonator occupied a total area of
35x 1.8 mm?2.

A different approach from the rest has been used in [76], where a
Van-Atta reflectarray working around 30 GHz is used as RH sensor. The
array was implemented over polyamide substrate, which acted as the
sensing material as well. For the tested RH range of 10 to 75%, a total
shift from 28.4 GHz to 31.2 GHz was measured. The sensor occupied a
total area approximately equivalent to a credit card (50 x 60 mm?) while
achieving an RCS peak of -23 dBsm.

Finally, following a similar concept based on elements array, three
nested loops have been printed over a PolyEthylene Therepthalate
(PET)-coated paper, which were then attached to a grounded substrate
made of cardboard, building a resonant planar cavity with three different
resonance frequencies [44] . The paper coating is sensitive to the humidity
and, thus, changes the resonance frequency of each loop. The authors
claim a frequency shift of up to a 270 MHz (in the band around 7 GHz)
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when varying the %RH from 50 to 100%.

All these cited works are listed in Table 1.3, where, additionally
to the the features already discussed, the test conditions were also
included. Particularly, the physical size was presented as the maximum
equivalent diagonal and area both normalized by the wavelength at
central resonance frequency. Sensitivity was also calculated from the
frequency shifts obtained from the reported measurements.

As it can be observed, most of these works were focused on
monitoring RH. Moreover, all the sensors were fabricated with rigid
substrates, except for [75, 76, 44] which used some plastic films or
coated paper. Also, the majority of the sensors presented an uniplanar
structure except for [61, 76, 44], which may be exploited to be fully
fabricated by using direct additive fabrication processes such as printing
[47, 67, 104, 56]. In addition, it is also observed that most of the sensors
operated at the 2 to 6 GHz band, whereas higher frequencies were
explored in a few cases.

All the sensors can be considered compact structures (relative
to the wavelength), being the most compact the one reported in [39].
The work in [76] did not followed the same miniaturization approach
since the design was based on an array of reflectors to increase the RCS
for increasing the reading range, while keeping a reasonable total size
by operating at a much higher frequencies. This can be verified from
the RCS peak which is higher than all the other implementations. A
similar approach was used in [44], where a 3 x 3 array of resonators was
used, which increased mainly the difference between the RCS values at
resonance (valleys) and not resonance frequencies. The works in [61, 72]
presented similar RCS peaks, which are about 5 to 6 dB lower than the
one in [76]. The lowest reported peak was that of the work in [74].

All of the sensors carried its information on the shift of frequency
where RCS peak occurred, except for the work in [62], which is based on
slots resonators, and the work in [44], based on grounded loop resonators.
Both tracks the frequency shift of the RCS valleys.

Regarding the sensitivity among the RH sensors, the best result
was achieved by the sensor in [32] followed by the one in [76]. Since the
sensitivity is also a matter of the material used for interacting with the
environment, it is difficult to make a fair comparison between struc-
tures that used different materials and fabrication processes. Moreover,
materials do not have a linear relation upon the monitored parameter
but a piecewise response along its range of change.
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Table 1.1: Frequency-domain planar AC chipless sensors found in literature

Reference  Application Design  Polarization  Uniplanar?
[63] Temperature EP co n

[64] Angle EP co n

[47] Resistance EP co

[65] Strain EP dual

[66] Light RT CTOSS n

[67] Strain / Crack EP co y
[104] Gas & Temp. EP o y

[69] Angle & Resistance EP co & cross y

Table 1.2: Frequency-domain planar FC chipless sensors found in literature

Reference  Application Design Polarization Uniplanar?
[70] Displacement RT cross n
[61] Strain EP co

[71] RH RT Cross n
[38] RH & Temp. RT Cross n
[59] Temperature RT cross n
[40] RH RT cross n
[32] RH EP co y
[39] RH EP co v
[72] RH & Temp. EP co v
[73] Temperature RT cross n
[62] Temperature EP co y
[74] RH EP co y
[75] Elect. Permittivity EP co v
[76] RH EP co n
[44] RH EP co n
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14

THESIS OBJECTIVES

The purpose of this study to contribute to the research field

of chipless technology, in particular to the chipless sensors subject,
by studying its fundamental limitations and proposing improvements
in order to achieve an ultra-low cost solution suitable for wireless
monitoring. Based on the reviewed state of the art, and lined up with
the scope of this research, it is the main objective of this study to
focus in frequency-coded chipless sensors that operate in the Industrial,
Scientific and Medical (ISM) band, specifically, at the 2.45 GHz ISM
band.

1.5

The specific objectives of this thesis include:

Analyze the system requirements of a RFID chipless system, that
is, the reader and sensing tag, to identify the most critical variables
that influence on the reading range. Particularly, concentrate the
analysis considering a system consisting of a low-profile dynamic
reader and a miniaturized tag.

Study the trade-off between miniaturization and RCS of a unipla-
nar EP-based chipless sensor and propose an alternative structure
based on this understanding in order to maximize the reading
range while keeping the sensor size compact.

Study the aspects that influence on the sensitivity of these chipless
sensors and understand the trade-off between sensitivity and minia-
turization. Specifically, explore the case in which lossy materials
are used.

Provide a methodology to design a chipless sensor based on the
proposed new structure and the study of its sensitivity according
to a given set of materials and fabrication process.

Study and propose improvements on the reader side as well, specif-
ically for low-profile readers.

DOCUMENT ORGANIZATION

This document is organized as follow. In Chapter 2, the main

terms and concepts used along the document are briefly presented.
Then, the idea of the proposed chipless sensor is presented in Chapter
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3, together with an electrical model from which its main figure of
merits are estimated. Chapter 4 and 5 present the simulation and
experimental results of prototypes implemented in FR-4 and flexible
substrates, respectively. The results are discussed and compared to
the state-of-the-art chipless sensors reported in literature. The analysis
and experimental results of the effect of self-interference in low-profile
chipless readers are left for Chapter 6. Finally, the main conclusions
and contributions from this study, the proposed future work and the
list of publications presented during the execution of the research are
presented in Chapter 7.
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2 CONCEPTS AND DEFINITIONS RELATED TO CHIP-
LESS SENSORS

In this document, a chipless monitoring system, which will be
referred from now on as chipless system, is defined as the set consisted
by an interrogator, also known as chipless reader, and a sensing tag,
from now on referred as chipless sensor. Both elements are separated at
a certain distance and communicate through a specific communication
channel. An illustration of a typical chipless system is shown in Fig. 2.1.
The environment surrounding the chipless sensor causes the change in
the electrical characteristics of the materials used for the construction
of the sensor, therefore, these changes can be interpreted by the chipless
reader through the backscattering.

An important metric of the chipless system is the maximum
reading distance at which the backscattered EM waves reach the chipless
reader with enough power to be correctly interpreted. Understanding
the factors that influence on this distance is of concern of this research.
Therefore, in this chapter, several concepts related to chipless sensors
are briefly introduced and discussed, since they are crucial to address
the requirements responsible for the improvement of this important
metric.

Figure 2.1: Elements of a chipless system.

(P x Ga)

Source: The author.



54

2.1 READING RANGE

In free-space, the backscattered power received at a monostatic
reader (P,;) from an impinged object at a certain distance is derived
from the Friis equation as [77]:

P, G2)\? RCS 2.1)
(4wd)? 4md?” '

This relation, known as the radar equation, relates the distance (d)-to-
wavelength (\) ratio to the reader settings, i.e. the transmitted power
(Py,) and the antenna gain (G, ), and to the object radar cross section
(RCS).

From the radar equation, the maximum reading range in a a
chipless system can be expressed as a function of the reader and sensor

parameters:
P, G2)\2 ,/RCS
= ¢ —-2 2.2
d(maw) Sr (47_[_)2 An ’ ( )
N—_——

—_———

reader

Prz:

sensor

where S, = P,;(min) is the reader sensitivity, i.e., the minimum resolv-
able input signal power.

The optimization on the reading range depend on the specific
context of the application: Does the reader size matters? Does the
operating frequency selection depends on any particular regulation?
Assuming a fixed operating frequency and fixed parameters for the
reader, that is, the maximum transmitted power is defined, the reader
sensitivity is also given and a specific antenna type is used, it could be
stated that the sensor RCS is the key factor for maximizing the reading
range. Therefore, this research focuses, in the first place, on the study
of how to maximize the radar cross section of miniaturized chipless
sensors.! In the second place, the relation between the parameters in
the reader is studied, and particular attention is given to low-profile
chipless reader.?

!This would be subject of Chapters 3 to 5.
2This subject is covered in Chapter 6.
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2.2 RADAR CROSS SECTION OF AN ANTENNA

As highlighted in Section 1, it is of particular interest to study
uniplanar EP-based sensors. For this matter, wire-type antennas are a
starting point for the RCS analysis since they are compatible with uni-
planar designs. Moreover, they could easily be adapted for de-polarizing
structures which facilitates the clutter suppression [50].

From the the IEEE definition of the radar cross section of an
object impinged by an EM wave [78], the following expression can be
deduced:

|Escat‘2
RCS = lim 4rd? [m?]; (2.3)
d—o0 2

nc

where d is the distance between the reader in and the object in meters,
and Fg.q; and E;,. are the scattered and incident electric fields, respec-
tively. According to the position where these fields are measured, three
cases are distinguished: backscattering (monostatic scattering), forward
scattering and bistatic scattering [79]. The impinged object is usually
referred as scatterer.

It is also understood from the previous equation that the RCS is
a far-field parameter, where the magnitude of the electric field squared
corresponds to the wave power. Therefore, it is also true that:

PSCO. sca PSCU.
t_ g2 scat _ Focat [m?]; (2.4)

_ 2
ROS = dmd Pinc Sinc Sinc

where P and S refers to the radiated power [W] and the power density
[W/m?], respectively.

Since he scattered power from a scatterer is given by Pscq: =
SincRCS, the RCS must be interpreted as the equivalent area that
intercepts the incident power density reaching an illuminated object,
making this intercepted power equal to the backscattered power. That
is the reason why the RCS is also referred as the echo area (Section
3.2 of [79]), and it is usually expressed in dBsm units which refer to
the logarithmic scale referred to one square meter (dBsm = 10log(RC'S
(m?]) ).

It is useful to understand the backscattering phenomena as a
result of induced currents formed after the object illumination, which
consequently generate radiating fields. From this point of view, every
scatterer can be seen as an antenna whose radiating pattern depend on
the magnitude and phase component of these currents [79]. When the
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scatterer is intentionally conceived as an antenna, its RCS may have
different components which depends both on the object shape and the
antenna-related radiating characteristics. Thus, the RCS of an antenna
can be considered as the combination of two components, the antenna
mode and the structural mode.

Figure 2.2: Circuit model representation of a receiving antenna.

=l ) = vmdfﬁm

Source: The author.

As depicted in Fig. 2.2, assuming that the antenna have an
electrical equivalent self-impedance Z4 Z4 and it is connected to a load
impedance Z,, the combination of the RCS modes can be expressed by

RCS = ‘FZ\/RCSaejA‘z’ +/RCS,

where RC'S, and RCS, refer to the antenna and structural modes,
respectively, A¢ is the relative phase difference between these modes,
and I'y = (Z4 — Z1)/(Za + Z1) is the complex reflection coefficient
seen by the antenna toward the load.

The interpretation of both modes in (2.5) follows the well-diffused
work of Green on antenna’s RCS [80]. The antenna mode is a function
of the radiation properties of the antenna, and is weighted by I'%.
This is equivalent to a transmission line with a termination load when
conjugated matching is ensured, that is, there is no wave reflection
(I, = 0). Thus, the RCS component due to the antenna load is null.
However, one must recognize that at the conjugated matching condition,
half of the collected power is delivered to the load (8Z1) and half is
dissipated by the antenna (RZ4) as re-radiated power. The structural
mode considers this re-radiated power plus the backscattered power due
to surface-induced currents which depends on the complete antenna
structure. Furthermore, it is important to emphasize that the structural
mode is independent of the antenna load.

An equivalent expression of the total RCS in (2.5), at a fixed
frequency, is given by?

2
)

(2.5)

3Refer to section 10 in [79] for further details
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RCS = RCS,(¢,0) |A(6,0) + T (2.6)

where A is a complex number related to the structural mode and is
independent of the load impedance. Here, the RC'S dependence on the
azimuth (¢) and the elevation () angles with respect to the illumination
source was included in RC'S, and A. Those terms are also polarization
dependent as well, even though it was not explicitly indicated.

Finally, as mentioned, the antenna-mode term of the RCS depends
on the antenna radiation characteristics. This dependence is expressed
as [81]

)\2

T 4rm

RCS,(9,0) G*(¢,0), (2.7)

where G is the antenna gain.
2.3 FIGURES OF MERIT OF CHIPLESS SENSORS

As already discussed, in frequency-mode frequency-coded (FMFC)
chipless sensors, the backscattered EM waves are used to infer the RCS
of the sensor as a function of frequency. The sensor is responsive to a
particular stimulus from its surrounding environment because it includes
in its fabrication a specific sensitive material whose electrical properties
are dependent on the stimulus arising from the environment. These
electrical properties, in the context of passive sensors, are basically
divided into dielectric and conductive ones as depicted in Fig. 2.3.

On the one hand, dielectric properties, related to the electrical
permittivity (¢ = ¢’ — je'’) of the sensitive material, have influence
on the RF parameters of the sensor. Specifically, the real part of this
electrical permittivity (¢’ ) is directly linked to the resonance frequency
of the sensor (frs). For a specific design based on a wire-type antenna,
this resonance frequency can be tracked from the RCS peak over the
explored frequency range, since this peak occurs at resonance.

On the other hand, the electrical conductivity of the sensitive
material (o) have a direct impact on the maximum value of the RCS.
The real part of the electrical permittivity (¢” ), specially in very lossy
dielectric materials, may also impact on this value.

As a result, both the resonance frequency and the radar cross
section can be expressed as functions of the electrical permittivity and
the conductivity of the sensitive material:
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Figure 2.3: Working principle of chipless sensor due to the surrounding
environment: Electrical interaction with the external stimulus causes changes
to the sensor, which are monitored through its RCS and resonance frequency.

environment

' 4 )Y

ubstrate /
coating

metallic
trace

/\

sensor

s}/

Source: The author.

fres = I1 (5/)7 (2.8)

RCS(mam) = FQ(U, E”). (2.9)

Based on these two relations, the sensor can be analyzed from
two different, but equally critical, perspectives. The first is the sensor
sensitivity, which, in this particular case, is related to how the resonance
frequency changes with respect to a variation of the external stimulus.
From a system point of view, this sensitivity must be high enough to
satisfy the requirements of the chipless system. The second perspective
is the radiation efficiency of the sensor, which is directly related to the
maximum RCS of the sensor, and, as a consequence, determines the
achievable reading range, as seen in Section 2.1. Both sensitivity and
maximum RCS are discussed below.

2.3.1 Sensitivity

Frequency-coded chipless sensors are built with materials whose
dielectric properties are sensitive to the monitored stimulus. Therefore,
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the sensitivity of the chipless sensor can be calculated as the ratio of
change of its output — in this case, the resonance frequency at which
the RCS peak occurs— with respect to the change of the stimulus
(measurand), which determines the sensor type. Hereon, this measurand
will be referred in the following equations as ¢ unless a particular
stimulus (such as temperature, relative humidity, pressure, etc.) is
specified.

If the sensor response is linear within the span of the measurand,
the sensitivity can be calculated as the total variation in frequency due
to the measurand variation. In a more general case, the sensitivity is
defined as a partial derivative,

S = lim Afres
A¢—0  AQ (2.10)
_ 5fres .
=5

which is evaluated at a particular value within its variation range. The
definition in (2.10) is also referred as absolute sensitivity. Alternatively, to
be able to compare different sensors that operate at different frequencies
and materials, it is also useful to calculate the relative sensitivity from
the relative rate of change of each parameter:

e i Oees/D)
< A?EO (AC/C) (2.11)
:6f7‘68 C ’

0C  fres

The sensitivity is an important figure of merit of a specific sensor
as it can be used to measure its total responsivity. For instance, if the
responsivity is to be evaluated within a the measurand span, then it is
valid to consider that the total frequency shift can be expressed as infinite
series of terms around the initial point of change (¢ = (o, fres = freso):

o0

Af'res = Z TP‘; AC

6f7‘es (AC)2 52fres
B0, T2 e

where Afres = fres - fresO and AC = C - CO’

(2.12)

T
Co
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For small changes in ¢, only the first term in (2.12) may be
considered. Thus, using the expression of the sensitivity in (2.11), the
total relative change in the resonance frequency can be approximated
as:

Afres ~ % Sfres (213)

fresO CO ¢ Co .

It is also important to notice that since the variation of the
equivalent effective electrical permittivity of the sensitive material in
the sensor changes due to the measurand, then the expression of the
resonance frequency shift can also be expressed in terms of the change of
the permittivity. Defining e, as the real part of the equivalent effective
electrical permittivity, by considering that Ae, ~ A( 5555, then, (2.12)
can be also expressed as

6f7’€8 (AEG)Q 62f7‘€5
O 2 de2

€e0

Afres = (Age)

S (2.14)

€e0

which resembles the relation established in (2.8). Finally, by approxi-
mating it to the first term and using the definition of relative sensitivity,
(2.14) can be rewritten as

A‘f’I‘CS ~ AEE SfTeS

€e

fresO €e0 g0 <2.15)

Differently than (2.12) and (2.13), expressions (2.14) and (2.15)
present the sensitivity of the sensor in terms of the effective electrical
permittivity of the sensitive material. This expression is useful as the
sensor output can be analyzed only as a function of its building materials
and then combine these results with the response of the sensitizing
material to the particular measurand.

As a conclusion, from a design perspective, the total resonance
frequency shift must be specified. Therefore, estimating Sfv<s from the
sensor structure and materials is required.

2.3.2 Maximum RCS

Recalling (2.6), the RCS depends on the radiation characteristics
of the sensor, so a careful design should be considered to maintain both
compactness and proper radiation. Even though not as evident as in
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the case of RT chipless tags, EP-based chipless sensors can also be
divided and analyzed considering two different elements, the radiator
and the transducer, which are physically combined into a single compact
structure. Based on the representation of Fig. 2.2, the transducer can
be modeled either as part of the antenna or as the antenna load.

In the particular case of wire-type antennas, such as a half-wave
dipole, the structural-mode term in (2.6) approximates unity (A ~ 1)
[81], which can be understood as the structural mode given only by the
re-radiated power from the antenna’s impedance. In this case, we have
that
7’]2D2

4
where RCS™ = RCS/\? is the normalized RCS (with respect to the
wavelength squared), and the gain definition of an antenna given in
(2.17) has been used.

RCS™ = I1+T%)7, (2.16)

G(¢,0) =nD(¢,0). (2.17)
Herein, 7 is the radiation efficiency and D is the antenna directivity.
It is important to note that (2.17) is evaluated at an specific
frequency. As a result, it can be concluded from (2.16) that the RCS of
an antenna at a given frequency is dependent on three parameters: 7,
D, and I'%,.
Recalling Fig. 2.2, it can also be obtained that

772D2 2R 4 2

ir | Za+ 71

2.18
(RA+RL)2+(XA+XL)2 ’

where Ry = RZ4, X4 = SZy, R, = RZp, and X = RZ.. It is
evident that evaluating (2.18) at resonance (X4 + Xz = 0) leads to the
maximum RCS.

From the definition of radiation efficiency [77],

RCS™ =

_ R R
"R T RRS
where R, and R; are the radiation and loss equivalent resistances of the
antenna. Finally, from (2.18), at resonance, the following expression for
the maximum (normalized) RCS is obtained:

(2.19)
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2 p2
RS~ (g mv ) 5
T 1+ RL m
It can be noticed that the RCS maximum value is dependent on the
relation between R, and R; + Ry. This value is maximized for a shorted
load (Zr, = 0) and for R, > R;. As a conclusion, it is desirable to design
the chipless sensor so that its radiation properties keep R, and D as
high as possible. The former is indeed more important from the design
perspective if omnidirectional antenna-based scatterers are considered
since D can be assumed constant. Moreover, it is important to remark
that the electrical conductivity and the dielectric losses of the materials
used for implementing the sensor will impact on R; and, depending on
the load, on Ry, as well.
Finally, it is often the case that the interrogated antenna is
shorted, meaning that there is no load connected to the antenna termi-
nals (Zr = 0).* Therefore, (2.20) can be re-expressed as

, (2.20)

2 D2
n n
RCS(maa:) == 5 (221)

™

2.3.3 Quality factor and bandwidth

From (2.21), (2.16) can also be written as:

RCS™ |14 Z%/Z4l?
RCS"™ — (mam)' A/ A‘

4 9
RCS!

(max)

1+ (Xa/Ra)®
If a series-LLC network, formed by an equivalent inductance L4 and
capacitance Cy, is considered to model the antenna self-impedance
around its resonance frequency (wa), then X4 = wLa — 1/wCy =
wLa(1 —w%/w?). Thus, (2.22) can also be written as

(2.22)

RCS(T;nax)

1+ [Qa (w/wa —wa/w)]
where Q4 = wala/Ra = 1/(waCaR4) is the quality factor of the
series-LC network [83].

RCS™ =

(2.23)

4If there is a load, a shorted antenna can be still considered modeling the
load as part of the antenna.
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When the sensor is interrogated, the reader sweeps the frequency
of the transmitted wave and tracks the frequency at which the maximum
reflection occurs. It is important to predict the sharpness of this peak
since it is related to its selectivity, that is, to how much frequency band
is needed to accurately detect this peak. Evaluating the RCS around
its resonance, so w = w4 + Aw, and considering Aw << wy in (2.23),
it can be derived that:

RCSP o)
- - (2.24)
1+ (2QaAw/wa)

From this expression, the quality factor Q4 may also be defined
as the ratio of the resonance frequency and the twice the frequency
offset at which the RCS decays in 3dB, so:

n

waA
2Aw3d3 '

As a result, the quality factor of the antenna can be related to the 3dB
bandwidth of the RCS frequency response.

Qa (2.25)

2.4 RADIATION EFFICIENCY IN MINIATURIZED DIPOLE-BASED
ANTENNAS

Since wire-type antennas served as the basis for construction
of the miniaturized scatterer of the sensor, it is convenient to start
the analysis on the radiation properties of the most basic example of
these type of antenna: the small dipole. Consider the dipole of length
[ illustrated in Fig. 2.4(a). When A/50 < I < A\/10, where A is the
wavelength, the dipole is said to be small, and its radiation resistance
can be calculated through [77]

I 2
Rr(smalldipole) = 207T2 (A) . (226)

As noticed, its radiation resistance, and so its radiation efficiency,
is dependent on the ratio /), that is, the normalized dipole length over
the wavelength. Typically, small antennas’ radiation characteristics are
mainly determined by its electrical and magnetic dipole moments [82].
Therefore, any other small antenna which follows a similar behavior
of a dipole at its operating frequency is expected to present the same
dependence on its normalized length.
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Figure 2.4: Representation of a (a) thin-wire dipole antenna (of total length [)
and a (b) circular meandered dipole (with radius r, and slit angle ¢s antenna).
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WK/

(b)

Source: The author.

For instance, let us consider the circular meandered dipole in Fig.
2.4(b). Since only one meander is assumed in this analysis, this structure
is also referred along this document as the circular Open Ring Resonator
(ORR). As demonstrated in Section A.1 of the Appendix, its radiation
resistance may be calculated from its dipole moment, thus it can also be
written as a function of its normalized total length. Since the circular
shape of the ORR is better described by its radius, from (A.11), the
radiation resistance of the circular ORR can be approximately expressed
as

rs\2
Rr(circularORR) = 1580 (K) O‘Ev (227)

where 7, is the ORR radius and «y is a factor that depends on the slit
angle ¢, (shown in the figure).

As demonstrated in the Appendix, regarding the approximate
resonance condition as the total length being equal to half-wavelength,

then 27ry = 2ks(A\/2), where ks = %w) accounts for the length

(m
reduction due to the slit, the following expression can be also used for
the ORR radiation resistance:
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Figure 2.5: Numerical evaluation from (2.28) of the radiation resistance of a
circular ORR at resonance as a function of the slit angle and calculation of
the radiation efficiency considering ohmic losses in conductive traces (width
= 1mm, height = 35 m) for two different values of electrical conductivities
at different radius.

o0t o =1e7[S/m ; %
g 15 pix . ] ; E 80&
rfm ------------------ e e e 170 S

=1nTg=7 [mm]
5 T 2 ; : == Tzl 1 50
0= * ‘ : ——50
0 20 40 60 80
¥s [deg]
Source: The author.
k2 cos (1 — ¢s) ?
Rr(circular ORR) — 40 W . (228)
S

Hence, it can be noticed that, at resonance, the radiation resistance of
the circular ORR depends exclusively on the slit angle. A numerical eval-
uation of (2.28) is shown in Fig. 2.5 where this fact is evidenced. As ¢,
increases from 0 to 90°, the radiation resistance increases from approxi-
mately 5 to 25 ). This is expected since as the slit increases, the ORR
approximates a thin half-wave dipole which presents an approximate
radiation resistance of 73 [77].

In the same plot, the calculus of the radiation efficiency (n) of
the ORR considering the conductor ohmic losses has also been included.
The effect on the slit angle on the radiation efficiency is observed,
which is more significant for low conductivity metals. For an electrical
conductivity of 1 x 107 [S/m], the efficiency varies from approximately
80% to 95%, while for a conductivity ten times lower, the efficiency
goes down to 50% and reaches almost 90%. Therefore, a considerable
impact is expected when using higher slit angles specially with lossy
conductors. Note that only ohmic and no dielectric losses have been
considered for this efficiency estimation. Finally, it can also be noticed
that, differently from the radiation resistance, the radiation efficiency
presents a small dependence on the ORR radius.

The theoretical expression above is useful to predict the perfor-
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mance of practical chipless sensors whose scattering characteristics are
based on dipole-like small antennas. For instance, consider the squared
version of the ORR shown in Fig. 2.6(a). Here, a copper-etched and
a FR-4 substrate is considered, which is a common material used for
low-cost electronics implementations. In this structure, the slit length
of the ring (s,) can be used for adjusting the resonance frequency
(fo) for a given lateral length (,). Some values for these lengths have
been selected to include the 2.4 MHz ISM band as observed from EM
simulation results shown in Fig. 2.6(b). Moreover, it is important to
notice that increasing the slit length and keeping fixed the lateral length
in the squared ORR is equivalent to increasing the slit angle of the
circular ORR. Thus, analogously to what was predicted before, it is
expected that its radiation resistance increases proportionally to the
ratio s,/l,. This is verified in 2.6(c), where the simulated results of the
radiation efficiency are shown as a function of s,/l, at several lateral
length dimensions. These results present similar behavior as the ones in
Fig. 2.5, where the radiation efficiency increases with s,/l,, i.e., the slit
angle.

Figure 2.6: (a) Squared ORR and its (b) resonance frequency and (c) radiation
efficiency as a function of the lateral length (I,) and slit (s,) dimensions,
extracted from EM simulations with method of moments of the ORR self-
impedance in a FR4 substrate (h = 1.6 mm, &, = 4.1, tandé = 0.017).
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Source: The author.

From the previous results it can be concluded that to increase
the radiation efficiency of a ORR, the ring slit should be maximum.
However, to keep a fixed operating frequency, this implies increasing its
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total length and consequently the total occupied area. Therefore, it is
also evident that an inherent trade-off between radiation efficiency and
size exists. Both variables should be evaluated according to the system
requirements.

2.5 SPLIT-RING RESONATOR

The Split-Ring Resonator or SRR is a structure that became
well-known after the work of Pendry et al. [84] in which the authors
described how an array of SRRs could be used for the implementation of
negative-permeability artificial media. Moreover, when combined with
other structures array, this array could be used for synthesizing artificial
metamaterials [85].

Even though there are many variants on the SRR physical config-
uration and ring shapes [86], its basic format consists of two concentric
metallic rings with slits on opposite sides, as shown in Fig. 2.7(a) [87].
Non-magnetic metals are used for the rings and these are usually etched
on a dielectric substrate.

Figure 2.7: Split-ring resonator (a) basic structure and (b) charge distribution
when excited.
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Source: The author.

When the SRR is excited by a time-varying magnetic field per-
pendicular to its surface, an electrical current is induced along its rings
as illustrated in Fig. 2.7(b). At a specific excitation frequency, referred
as the SRR fundamental or first resonance frequency, the current distri-
bution is characterized by having minimum values near the slits and
maximum on the opposite sides. This originates the accumulation of
opposite charges between the rings, so a high capacitance distributed
along the structure is attributed, specially when the rings are strongly
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coupled [87]. The high capacitance value causes the SRR to resonate
at a much lower frequency than the one corresponding to its physical
length. This makes of it a very compact structure, which has also been
explored in the construction of electrically small antennas [88, 89, 90].

As analyzed in [91], the radiation resistance is very low at the
fundamental resonance compared to higher order resonances modes.®
This means that its use as an antenna may no be convenient at its first
resonance. Consequently, this structure has been rather explored in the
construction of high quality filters [85].

Excitation of the SRR fundamental resonance may be achieved
either by a time-varying perpendicular magnetic field or by a electrical
field parallel to the slits [92]. At this resonance, the SRR can be analyzed
using a quasi-static approximation, and thus, it can be modeled with an
LC tank, whose elements can be calculated from the rings dimensions
[93].

All of the above mentioned features of the SRR can be also
explored in the integration of uniplanar miniaturized backscattering
based sensors in which high sensitivity is required and where specific
radiation properties should be well understood.

5In [88], the authors deduced both electrical and magnetic dipole moments
at first resonance, being the magnetic moment the most significant. However,
the associated radiation resistance due to this dipole moment is still an
order of magnitude lower compared to the radiation resistance at the second
resonance.



69

3 NOVEL MINIATURIZED CHIPLESS SENSOR

In this chapter a new structure for miniaturized chipless sensors
based on magnetically coupled sensitized resonator is proposed. First, the
concept of the sensor structure is described and its advantages to other
approaches used in miniaturized chipless sensors are highlighted. After
this, an electrical model is presented from which theoretical expressions
of the critical figures of merit are derived. Moreover, numerical evaluation
of each of this figures of merit are done. Finally, it is evidenced how the
analysis based on this model helped in the understanding of the sensor
and served as a general guideline for the sensor design.

3.1 SENSOR CONCEPT

Reported uniplanar chipless sensors follow two general approaches.
The first is based on TL which are coupled to resonators, hereon referred
as sensitized resonators given their responsivity to the desired monitored
parameter. [66]. The typical implementation of this type of sensors is
illustrated in Fig. 3.1(a). Here, a TL is connected to two cross polarized
antennas at both ends, as it is done in retransmission-based tags [57]. To
operate as a chipless sensor, a resonator is included along the TL where
the received signal passes through. Thus, its RCS presents a valley (local
minimum) at the same frequency of the resonator’s resonance frequency.
The sensitized resonator is designed to be responsive to a specific
stimulus, usually through its equivalent capacitance, so the monitored
information can be obtained by tracking the frequency shift of the RCS’s
valley. This approach is very suitable for large reading distances, since
the reception of the incoming wave and its re-transmission relies on
cross-polarized antennas, which improves the readability of the sensor.
Nonetheless, the fact that the antennas are designed as a separated part
of the sensing element makes this approach unsuitable for miniaturized
structures at the frequencies of interest of this work. Single metallic
layer structures are achieved by using Coplanar Wave Guide (CPW)
TLs [66].

Aiming at miniaturization of the sensor, the next approach uses
EP-based designs [32, 39, 47, 67, 104]. In this approach, the scatterer is
usually based on a shorted dipole-like antenna, which presents a RCS
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Figure 3.1: Different approaches for chipless sensors: on the left, the
retransmission-based tag with a resonator as a filter, the capacitive approach
with a miniaturized dipole-like scatterer with parallel capacitance; on the
right, the proposed approach based on a magnetically coupled resonator.

mag. coupled

capacitive
TL plus resonator p resonator

(a) (b) (©)

Source: The author.

peak at its resonance frequency.! As shown in Fig. 3.1(b), a capacitive
transducer is included whose construction is facilitated by the folding of
the dipole, taking advantage of the proximity of the antennas endpoints
[39]. Therefore, similar as in the first approach, frequency coding can
be used, however, this time, not by tracking the RCS’s valley but peak.
It should be noticed that this approach establishes an inherent trade-off
between the sensor’s radiation performance, size, and sensitivity, in
the sense that, to increase the sensitivity, the capacitance needs to be
large, which is directly related with reducing the size of the sensor.
Consequently, there is also a reduction of the radiation efficiency, as
discussed in Section 2.4.

In this work, a third approach is proposed for miniaturized chip-
less sensors, whose concept is depicted in Fig. 3.1(c). The scatterer is
also based on a shorted folded-dipole antenna. However, an LC tank,
built from a capacitive transducer and an inductor, is magnetically
(inductively) coupled to the main scatterer. The tank is a sensitized res-
onator, since the capacitive transducer changes its resonance frequency
as an external stimulus varies.

Differently from the previous approaches, two advantages can
be envisaged. First, the sensitivity is not strongly tied to the radiation

'Resonators based on slots are another type of EP-based sensors but they
were not included in this review since they relay on larger areas of metallic
traces, leading to higher fabrication costs.
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efficiency since the transducer capacitance does not depend on the
scatterer shape. Second, for a given specification of maximum occupied
area, the scatterer size can be adjusted to maximize the radiation
performance of the sensor. In the case of the capacitive approach, this
is not possible since increasing the radiation efficiency implies reducing
the capacitances which degrades the sensitivity.

It should be mentioned that inductively-coupled resonators have
been intensively studied in the context of wireless power transfer. The
coupling between the antennas and resonators have been also analyzed
in the context of RFID tags [94]. However, inductively-coupling between
a resonator and a main scattering structure has not been yet studied in
the context of miniaturized chipless sensors.

Considering the idea of the proposed sensor, it is expected that
the resonance frequency, that is, the frequency at which the RCS peak
occurs, depends on the efficiency of the magnetic coupling and on its own
resonance frequency. Moreover, it is of utmost relevance to understand
how sensitive is the structure upon those parameters. To be able to
estimate the response of the sensor, which in turn determines the overall
sensor performance, an analysis based on the electrical model of the
sensor is proposed. This model is helpful for predicting the impact of
each of the sensor design variables and formulate a general design flow
of the sensor. However, before presenting the cited model, an early
prediction of the effect of the resonating coupling in the scatter may be
done at this point.

Let us assume that the chipless reader sends a CW whose fre-
quency equals the intrinsic resonance frequency of the scatterer. If the
scatterer were coupled to the resonator, and the resonator’s resonance
frequency were lower than the one of the scatterer, the resonator would
behave mostly inductive at that reading frequency. To the scatterer,
this would be equivalent to have a shorted inductor, thus, causing a de-
crease of the magnetic flow around it and reducing the total inductance
(self-inductance plus mutual inductance). Therefore, this would result
in a new shifted resonance frequency (of the whole structure) higher
than that of the scatterer. The new resonance frequency value would be
such that the total inductance were equal the self-capacitance of the
scatterer.

The contrary would be expected at frequencies below the res-
onator’s resonance. In this case, the LC tank would be more capacitive,
producing a magnetic flow that enhances the one of the scatterer, thus,
increasing the total inductance. Then, the new resonant frequency would
be shifted to a lower value.
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As a conclusion, it can be expected that by coupling a resonator,
the value of its resonance frequency determines the resultant resonance
frequency of the sensor, at which the RCS peak occurs. If the resonator
is sensitized, making its resonance frequency to vary with the parameter
to be monitored, the resonance frequency of the sensor will vary as well.
The initial relation between the resonance frequency of the scatterer
and the sensitized resonator, and the magnitude and sign of the rate of
change of the sensitized with respect of the monitored parameter will
determine the direction and rate of change of the sensor’s resonance
frequency.

3.2 EQUIVALENT ELECTRICAL MODEL

The proposed sensor structure consists of a resonant scatterer
inspired on a meandered half-wave dipole coupled to a sensitized res-
onator. This concept is illustrated in Fig. 3.2(a), where the scatterer
is represented by the ORR and the resonator by a LC tank. The re-
sponsiveness of the resonator to the desired stimulus is represented by
a variable capacitor.

Assuming that a vertically polarized plane wave impinges the
sensor, as shown in the figure, the self impedance is equivalent to
the input impedance measured at the center of the scatterer. This
impedance is represented by Z 4 in Fig. 3.2(b). By modeling the scatterer,
the sensitized resonator, and their interaction through the magnetic
coupling, an expression to Z4 can be obtained and, from it, the response
of the sensor can be further estimated.

An equivalent lumped-circuit model of the structure is shown
in Fig. 3.3(a). Here, both the ORR and the sensitized resonator are
modeled as two magnetically coupled lossy LC series resonators. The
ORR and the sensitized resonator were divided into two equal parts
resembling their symmetric structures. It should be also mentioned
that modeling the ORR with an LC tank is consistent if the sensor is
expected to operate around the ORR first resonance, that is, near the
half-wavelength condition.

The model can be further simplified to the one shown in Fig.
3.3(b). The scatterer is reduced to a series resonator with an impedance
given by
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Figure 3.2: (a) Idea of the proposed sensor: an ORR magnetically coupled to
a sensitized resonator and (b) its equivalent self-impedance.
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Source: The author.

Figure 3.3: Circuit model of the proposed sensor.
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Source: The author.
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w

where R, Ls and C; represent the correspondent resistance, inductance,
and capacitance, which values were considered independent of the fre-
quency, and w, = \/(LSC'S)i1 is the fundamental angular resonance
frequency of the scatterer at which the total impedance reduces to
Rs. The real and imaginary parts of the scatterer impedance can be
expressed separately as
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§R(Zs) = Rs - OJC;LS» (32)
and )
(Z,) = —wLy (52 _ 1) : (3.3)

where Qs = wsLs/R; is the scatterer quality factor from the definition
of a series-LC network [83]. Notice that the imaginary part is negative
for w < wyg, S0 a capacitive behavior is predominant at low frequencies.
When w > wg, the imaginary part becomes positive and the inductive
behavior prevails.

Similarly, the sensitized resonator can be modeled as a lossy series
LC resonator around its fundamental frequency, with an impedance
given by:

1
ZT :RT ) L’r A 9
+ jwl, + JwC,

2 (3.4)
= Ry + jwL, (1 - g) :
w
-1
were w, = 1/ (L,C,)  is the fundamental angular resonance frequency.
Also, the real and imaginary parts of the impedance can be expressed
separately as

§R(Zr) =R, a;?LTa (35)
and )
3(Z,) = —wL, <:2 - 1) , (3.6)

where @, = w, L, /R, is the resonator quality factor.

Both series resonators are magnetically coupled through its in-
ductive components, which is represented by the magnetic coupling
coefficient k. By equating the induced current and voltage relations
after this coupling, the effect of the sensitized resonator can be reflected
at the scatterer. It can be demonstrated that this reflected impedance
is given by
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where M = k+/LL, is the mutual inductance between inductors L, and
L. An alternative expression of the reflected impedance may help to gain
insight of the effect of the coupling. By re-expressing (3.7) as in (3.8), it
can be seen that this impedance can be interpreted as a parallel resonator
as shown in Fig. 3.3(c), whose equivalent inductance, capacitance, and
resistance are given by (3.9), (3.10), and (3.11), respectively, and which
resonates at the same frequency as the sensitized resonator (w,) [85].

1
A , 3.8
" s W+ (38)
L. = C.(wM)?, (3.9)
L,

Cl = 5 (3.10)

(wM)

2

, _ (wM)
— 11
RT‘ Rr (3 )

At frequencies below resonance, the inductive behavior of the resonator
prevails, so the total inductance increases as L sees an additional induc-
tance in series. Conversely, at frequencies above resonance the capacitive
behavior prevails, and C's sees a series capacitor which reduces the total
capacitance. These results are in accordance with the predictions made
at the end of the previous subsection.

Rearranging the terms in (3.7), the real and imaginary parts of
the reflected impedance can be also expressed, separately, as

' wr/(wQr)
R(Zr) = wlak (ﬁ/w@%) v w?/w2)2> oo

and

7)) = —wL. k2 1—w3/w2
(Z,) Lk (wZ/(wQQE) T w%/w2)2> . (3.13)

Finally, the resultant self-impedance of the whole structure, rep-
resented in 3.3(d), can be calculated. From (3.2) and (3.12), the real
part, R(Z4) = R4, results in

Ra(w) = R(Z:) + R(Z)),

=R, + wLSkQ ( wr/(er) ) . (314)

w2/ (W?Q2) + (1 - w?/w?)®
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Therefore, it can be stated that the real part of the sensor is the sum of
a fixed component, which value is determined by the scatterer resistance,
plus another extra component which depends on the frequency and the
parameters of the sensitized resonator (Q, and w,), as well as on the
coupling factor (k).2 Evaluating (3.14) at lower frequencies with respect
to the resonance of the sensitized resonator (w < wy), the effect of the
extra component is reduced and the value of R4 tends to Rg.

It is also interesting to examine (3.14) near the resonance of the
sensitized resonator. By using using a Taylor series expansion around
w = Wy, it can be obtained that:

Ra(w) ~ Ry + R. (1 42 (1 - w/wr)2> T (3.15)

where R, is given by (3.11) evaluated at w,. From this result, it can be
seen that the effect of the coupled resonator is an increment of the real
part. This value reaches its peak value at w = w,., where R4 ~ R; + R...
The same result can be also obtained from (3.14).

In addition to this, from (3.3) and (3.13), the imaginary part,
S(Za) = X4, results in:

Xa= %(Zs) + %(Z/)

— <st _ 1) — stk2 ( L= w?/wz 2>
wC, w?/(w2@Q?) + (1 — w2/w?)

1
La— —
wha = oo

(3.16)
where the resultant capacitance equals the intrinsic capacitance of the
scatterer (C'y = Cs), and the total inductance is expressed by

K (wp/w? 1)
Fale = 2 |- 3.17
" (1 " w2/ (w2Q2) + (1 — w2 /w?) ) (3.17)

This value tends to Ly when evaluating it at lower frequencies far from
the resonance frequency of the sensitized resonator.

Finally, as with the real part, (3.17) can be examined near w..
Then,

2Since the capacitive transducer is responsive to the external stimulus,
then w, changes with it and so will Ra. This effect is illustrated in the figure
with a variable resistor.
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La(w)~ Ly (1+26°Q (1 —w/w,)) + ... . (3.18)

When w < w,., the inductance of the sensor increases, and vice-versa.
The ratio of change around w, depends on a weighting factor determined
by the product kQ, squared. Also, it is seen that at w =~ w,., the antenna
inductance remains equal to the scatterer inductance (L4 = Lg). This
result is consistent, since the reactance of the sensitized resonator is
null at its resonance. The same can also be obtained from (3.17).

3.2.1 Resonant frequency of the sensor

The main figure of merits of the sensor, such as the peak RCS
and its sensitivity, are to be evaluated at the resonance frequency of the
sensor. Therefore, it is of utmost importance to estimate the resonance
frequency of the structure from the electrical model.

As demonstrated before, the resonator coupling changes the
equivalent inductance, or, equivalently, the total reactance of the self-
impedance of the sensor. As a result, it is expected that the resonant
frequency of the sensor changes as well. The resultant resonance fre-
quency of the sensor, referred as fa (fa = wa/27), can be found by
solving X4 = 0 for the variable w. From (3.16), it follows that:

k? (w?/w? — 1)

0T ) + g 1

(3.19)

Expanding this equation, the sixth-order polynomial in (3.20) is obtained,
where the coefficients A, B, C, and D are given by (3.21)—(3.24). Since
there are no terms with even exponential in (3.20), the solution can
be calculated as in a cubic equation instead, whose general solution
is known. From the three roots obtained, the desired solution (wa)
corresponds to the square root of the one that is less than unity, as this
is the one that would represent the resonance frequency of the sensor.3

0= Aw® 4 Bw* 4+ Cw? + D, (3.20)

A=1-k, (3.21)

3T wy > ws.
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1
B=w? (k2 —2+ Q2> —w?, (3.22)
1
C=uw? <2wf + w? <1 - Q2>> ) (3.23)
D = —wiw?. (3.24)

As a result of the solution of the third-degree polynomial, the
resonance frequency can be expressed in terms of a function that depends
on the scatterer and resonator parameters:

wa = F (ws,wr, Qr, k). (3.25)

Looking forward a more intuitive analysis of the sensor, it was
convenient to re-express (3.20) by using a normalized frequency as
the variable. For this purpose, the scatterer resonance frequency was
chosen, so the new variable of the equation w,, (w, = w/ws) was used.
Making this substitution leads to the expressions in (3.26)—(3.30), where
[ is the normalized resonance frequency of the sensitized resonator
(8 = wy/ws = fr/fs). The solution to this equation corresponded, this
time, to the normalized resonance frequency o (o = wa/ws = fa/fs),
and was found in the same manner than in (3.20). Expressing the
problem in terms of normalized frequencies allows evaluating of all the
parameters that influence on the sensor resonance independently of the
value of the operating frequency.

0=Aws+Buw!+C'w?+D, (3.26)
A=A, (3.27)
/ 2 2 1
B =8 <k: _2+Q?>_1’ (3.28)
1
C' = p? <2+52 <1 - Q?)) (3.29)
D' = -p*. (3.30)
Finally, (3.25) can also be written as
_ fa

a=7 = G(B,@Qr k), (3.31)
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where G is an analytical function which depends on 3, @,, and k.

An example of the evaluation of the results from (3.31) is shown
in Fig. 3.4(a). The horizontal axis refers to the normalized sensitized
resonator resonance frequency () and the vertical axis refers to the
normalized resonance frequency of the sensor («) found from the roots
solution. Also, a fixed value of ), = 100 and four values of k were
considered. Fig. 3.4(b) and (c) show two derived parameters, ¥ = 5/«
and v = ¥2 — 1, which will be useful in some expressions to appear later
on the document. Notice that the plots show only the results for g > 1,
that is, they only present the cases in which the sensitized resonator
resonates at a higher frequency than the scatterer (ws < w,.)?.

It can be noticed that « is always less than unity, which corre-
sponds to a downshift of the resonance frequency of the sensor with
respect to the original case in which no resonator was coupled. Moreover,
it is observed than « is proportional to 5. Both observations lead to a
general understanding of the effect of the sensitized resonator. Assuming
an initial state in which w, > wy, if the sensitized resonator is respon-
sive to an external stimulus in such a way that it shifts its resonance
frequency, the sensor’s resonance frequency will suffer a proportional
shift. As the sensitized resonator’s resonance frequency gets closer to
the scatterer’s resonance frequency (so 8 = 1), the resultant downshift
effect in the sensor is maximum. It can be also observed that this effect
is larger for higher values of k.

The effect of the sensitized resonator quality factor in the reso-
nance frequency can be observed in Figs. 3.5(a)-(c). Lower values of Q.
reduces the sensor’s resonance frequency downshift. It was also observed
that for £2Q? < 2, there was no more frequency downshift (o = 1). This
means that, if the sensitized resonator responding to a desired stimuli
reduces its quality factor due to the dielectric losses of the material,
there will be a point at which the sensor stops responding.

3.2.2  Quality factor of the sensor

The scatterer near its resonance was modeled as a lossy LC
resonator. The losses are due to both the ohmic and dielectric losses of
the materials and the radiating losses. In fact, since it is desirable that
the scatterer re-radiates when impinged by an EM wave, the radiation

4The cases concerning ws > w, are not evaluated here, since it was
demonstrated that this condition is not ideal for the sensor design. This fact
becomes more evident in next subsections.
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Figure 3.4: (a) Normalized resonance frequency of the loaded scatterer (o =
fa/fs) and derived variables ((b) ¥ = 8/a, (c) v =1* — 1) as a function of
the normalized resonator resonance frequency (8 = f»/fs) for different values
of k, at @, = 100.
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losses are, in that sense, “necessary". Furthermore, the quality factor of
the scatterer (Qs) can be used to quantify these losses. However, after
coupling the scatterer to the sensitized resonator, the resultant quality
factor will be modified. The new quality factor of the sensor (Q4) is
expressed by

Qa = wla(w) ’ (3.32)

Ra(@) e,

where R4 and L, were estimated in (3.14) and (3.17), respectively.
Substituting those expressions in (3.32) and dividing it by the scatter
quality factor, a normalization of the quality factor of the sensor can be
obtained (Q4/Qs). A simplified expression in terms of v (see Fig. 3.4)
is written below.

Qa  a(l+(1+kQ}) v+ QHv?)
Qs 1+k2BQ.Qr +v+ QR
Numerical results from (3.33) are shown in Fig. 3.6. It can be

observed that, as [ increases, the normalized quality factor tends to
unity. This is expected since at those frequencies, the resonator resonates

(3.33)
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Figure 3.5: (a) Normalized resonance resultant frequency (o = fa/fs) and
derived variables ((b) ¥ = f/a, (c) v = ¥* — 1) vs normalized resonator
resonance frequency (8 = f»/fs) as a function of Q, at k = 0.2.
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far from the scatterer, thus, both the inductance and resistance values
remain almost equal to the scatterer values, which was already seen from
(3.14) and (3.17). As 8 approaches unity, the results are notoriously
dependent on the @, /Q; ratio. When @Q,./Qs < 1, the resultant quality
factor is reduced in comparison the scatterer quality factor. This is due
to the more significant augment of the real part of the self-impedance
of the sensor around resonance in comparison to the imaginary part.
The reduction is controlled to some degree as @), exceeds Q. It can
be noticed that when @Q,./Qs > 1, the resultant quality factor may be
even higher than the scatterer’s, Which corresponds to a reactive term
contribution to the total sensor impedance. Finally, for all cases, the
results are intensified as the coupling factor k is increased.

From these results, it can be stated that, from the point of view of
the quality factor of the sensor which is related to the bandwidth of the
RCS peak, as discussed in Section 3.2.2, it is desirable that @, > Q.
This may not be difficult to achieve if the sensor is implemented with non-
lossy materials. The contrary is expected when using low-cost materials
since they are particularly lossy in the radiofrequency band.
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Figure 3.6: The ratio Qa/Qs for estimating the quality factor of the loaded
scatterer.
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3.3 SENSITIVITY ANALYSIS

3.3.1 General expression of the resonance frequency variation in all
the sensor range

Let us consider that the sensor is responsive to a certain measur-
and through the change on the dielectric properties of the sensitizing
material. Hence, the total variation of resonance frequency during the
measurement can be expressed as

Afa= fale, — fale, s (3.34)
or equivalently as
Afa= fal,, — fal.,, (3.35)

where f4] Cory 20 fa ‘aa(m refer to the initial(final) measurand state and

electrical permittivity value, respectively, related to the environment in
which the sensor is contained.
From the definition in (3.31), (3.35) can also be expressed as

Afa= (af8)|sb - (af5)|5a . (3.36)
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Assuming that the scatterer is not responsive to the measurand, so its
resonance frequency is unvarying, this expression reduces to

Afa=fs(al, —al.,), (3.37)

which can also be rewritten in terms of the relative variation of the
sensor resonance frequency:

A o
fa _ e (3.38)

fale, ol

or equivalently, from (3.31), as

A G 9 T?k

fa _ GlAl, Qr k) ~1, (3.39)
fA|5a G(6|5aaQT7k)

where @), and k were assumed to be invariant to ¢ for the sake of

simplicity. Therefore, it can be stated that to estimate the total variation
of the resonance frequency of the sensor, f| e, (b) MOUSE be estimated first.

3.3.1.1 Alternative expression based on relative sensitivity

If the total resonance frequency variation variation occurs within
an small range, recalling (2.12), the relative variation of the resonance
frequency with respect to ¢ can be approximated to

Afamac

K
o¢ I,
where A( = (, — (,. Furthermore, since the variation of the equivalent
effective electrical permittivity that surrounds the sensor is related to
the stimulus, similar to (2.15), it is true that

Afa =~ Ac o4 , (3.41)
oe |,

where Ae = e, —&,. Both (3.40) and (3.41) can be used interchangeably
according to the previous knowledge on the dielectric material response.
In particular, (3.41) can be directly used by obtaining the rate of change
of the resonance frequency due to a variation on the permittivity through

EM simulations.
In terms of the sensitivity, as defined in Section 2.3.1, (3.41) can

be rewritten as:

(3.40)
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Afa — Esz.
fa e °©

Different to (3.39), it is observed that (3.42) expresses the relation
between the electrical permittivity change and the resonance frequency
directly through the sensitivity term.

(3.42)

3.3.2  Sensitivity from equivalent electrical circuit model

Based on the electrical circuit model of the sensor, the sensitiv-
ity S/4 in (3.42) can be expressed in terms of the sensitivity of the
total inductance L4 to the permittivity variation. Therefore, it can be
expanded as

st = sfyste,

. 3.43
= S{aspast. (34

Recalling that f4 = \/m_l, the first term results in Si’:‘ =

—0.5. Moreover, Sgcr = Sé"rSgcr can be obtained either by simulation,
given the physical dimensions of the resonator, or from approximated
mathematical formula that describe the sensitized resonator capacitance
C, as a function of €. Finally, the sensitivity S 4 can be calculated from
the expression in (3.17) and evaluating it at the resonance frequency.
Following these steps leads to

gLa B —2k2Q% (v + 1) (Q2v?* — 1)
" o=wa (T+v+Q202) (1 +v (14 Ek2Q2) + Q%02)’

(3.44)

In addition to the previous results, it is useful to quantify how
much of the “capacitive" responsiveness of the resonator (through C..)
is perceived as an inductive effect, that is, in L 4. This can be done
by calculating SL4/ SCT = —0.55 f 4. As an example, this normalized
sensitivity, derived from (3.44), is plotted in Fig. 3.7(a) for different
values of k and, in Fig. 3.7(b), of Q,-. As seen from the plot at the right
(high @Q..), as 8 approaches unity, that is, the resonator’s and scatterer’s
resonance frequencies are approximately equal, the normalized sensitivity
approaches unity, which means that almost all the sensitivity due to the
resonator capacitance is effectively perceived as an inductive effect in
the sensor. On the contrary, if 5 is kept a bit far from unity, the total
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sensitivity may reach only a percentage of the sensitivity of C,. (40% to
80% for B ~ 1.05). Larger sensitivity levels correspond to higher values
of k.

From the plot in the left, it can be better observed that as
the quality factor of the resonator decreases, the sensitivity reduces.
According to the k@, values, at 8 near unity, the sensitivity starts
decaying and it distances from the 100% value.

Figure 3.7: Normalized sensitivity as a function of g8: (a) for different values
of k and @, = 100, (b) for different values of @, and k = 0.2.
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3.4 RADIATION EFFICIENCY ANALYSIS
3.4.1 Radiation efficiency calculation

According to the definition given in Section 2.3.2, the radiation
efficiency is determined by

na = R’;{ld/RA, (3.45)

where R’ is the term regarding the radiation resistance of the total
resistance of the sensor (R4). Based on the electrical model of the
sensor, the complete real part of the sensor’s self-impedance would be
given by (3.14). By isolating Rj, the real part can be re-expressed as
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Ra = R, (1 + k2Q2 ( wrQs /w5 Qr )) , (3.46)

W2/w? + Q2 (1—w?/u?)?

where Rj is the equivalent total resistance of the scatterer which includes
both radiation terms, R7%¢ and RL**, respectively (R = RL% + RIo%%).
After substituting (3.46) in (3.45), and since R’#4 = R7%?, the radiation
efficiency of the sensor can be found.

ma=m/ <1+k:2¢2;%< <)o )) (3.47)

WJw? + Q2 (wRuw? — 1)°

where 7, = R%!/R, is the radiation efficiency of the scatterer. The
total radiation efficiency can also be expressed in the form n4 = 75/7.
This factor ~ represents the impact of coupling the resonator to the
scatterer on its radiation efficiency. When the evaluating the efficiency
at the resonance frequency, then:
212 ﬂ Qs
y=1+4+k QT(l—‘r’U—l—Q%’UQ) 0. (3.48)
As it is observed, the efficiency i dependent on the product kQ,., on the
resonance frequencies of both resonator and scatterer, and on the ratio
of its quality factors (Qs/Q.).

The factor « is plotted in Fig. 3.8 for different values of k, Q,
and @Qs. Indeed, due to the increment of the equivalent real part of
the scatterer, as noticed from the results in the plots results and the
expression in (3.46), it should be expected that the radiation efficiency
decreases. In general, as § approximates unity, v rises and the efficiency
is reduced. On the contrary, when [ increases, the total resistance is
reduced and the efficiency is less influenced. Particularly, when @, = Qs,
~’s maximum value (at 5 = 1) is 2, so the radiation efficiency is decreased
in 50%. Finally, when the resonator’s quality factor exceeds the one
of the scatterer (Q, >> Q5), then v = 1 and the radiation efficiency
remains almost the same as the one of the scatterer.

3.4.2 Effect on maximum RCS

As shown in (2.21), the peak value of the normalized RCS of the
sensor —which occurs at resonance— can be expressed as
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Figure 3.8: v factor in (3.48), which corresponds to the impact of the resonator
coupling to the radiation efficiency of the sensor.
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2 2
mn _ A
ROS} a0y = WL . (3.49)

Therefore, RCST o n% or, equivalently, by considering (3.47),

(max)

RCST o« n2/+%. In other words, the RCS decays proportionally

(maz)

with =2 due to the effect of coupling the scatterer to the sensitized
resonator. By examining the radar equation, this relations are equivalent
to a dependence of the reading range on the square root of the inverse
of .

The results shown in Fig. 3.8 are replotted in terms of the total
RCS decrement in Fig. 3.9. It is observed that, for expected values of Qs,
Q. and k, there may be a potential decrement of 15dB in the maximum
RCS approximately. Nonetheless, by guarantying that Qs > Q,., this
decrement should be limited to 6 dB, in accordance with the 50% factor
described earlier. Also, the reduction on the RCS may be controlled by
guarantying that the resonator resonates at an enough high frequency
compared to the scatterer, that is, keeping 3 slightly higher than unity.
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Figure 3.9: RCS decrement factor, obtained through the results in Fig. 3.8
for the factor ~.
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3.5 CHAPTER CONCLUSIONS

First of all, with respect to the proposed structure of the sensor,
it can be said that it permits to maximize the radiation efficiency
focusing on the the scatterer design independently on the design of the
transducer, at least to a first order. For example, if it is the case that the
chosen radiating particle is an ORR for miniaturization purposes, its
radiation efficiency can be controlled through the slit size. Other form
factors may be used for the scatterer design if distance range should be
prioritized rather than tag miniaturization.

A simple electrical model has been proposed to estimate the
impact of the effect of the sensitized resonator in the main figure of
merits of the chipless sensor, that is, maximum RCS, the quality factor
and the total sensitivity, and compare to the case of the scatterer
itself. Regarding the RCS, it was confirmed that there would exist a
degradation on the RCS due to the losses added by the inclusion of
the resonator (both a combination of ohmic and dielectric losses due to
fabrication materials). In addition to this, an expression was obtained to
estimate the total sensitivity of the sensor as a function of the sensitivity
of the resonator. This expression revealed that a percentage and not
the wholeness of the resonator’s sensitivity would be effectively used
in practical scenarios. Finally, an expression for the quality factor was
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also deduced.

In particular, it was revealed that the relation between resonator
and scatterer resonance frequencies impacts on all the figure of merits.
Regarding the RCS, for example, it was estimated that its reduction
is more pronounced as the resonance frequency of the resonator gets
closer to the scatterer resonance. From the RCS point of view, it is then
important to keep those resonances far from each other. Nonetheless,
at the same tame, the results obtained for the sensitivity indicated the
contrary. The sensor would take more advantage of the sensitivity of
the resonator as both resonances, of the scatterer and the resonator, are
closer. Therefore, a trade-off between both RCS and sensitivity exists,
which implies choosing to design the sensitized resonator to resonate in
a frequency band which is slightly higher than the resonance frequency
of the scatterer. This band should take into account the resonators’
resonance frequency rate of change due to the monitored measurand.

Other important factor to be considered while designing the
sensor is the k@, product. From the standpoint of the sensitivity, this
factor should be maximized. Since the quality factor of the resonator
is restricted by both fabrication process and the materials used to
implement the sensor, the structure must be designed to maximize k,
specially in the case of very lossy materials. Here another evidence on
the trade-off between sensitivity and efficiency arose, since the RCS loss
is expected to be more critical at a higher k@), product.

Finally, there is another important parameter which is the ratio
of the scatterer and resonator quality factors (Qs/Q,). For example,
the last issue about the loss in the RCS can be compensated if the
quality factor of the resonator is greater than the one of the scatterer
(Qr > Qs). Moreover, this is also positive from the point of view of the
quality factor of the sensor as a whole.

By following these guidelines, it is expected that a miniaturized
sensor with high RCS and good quality factor is achieved. It is also
expected that the sensitivity is a little reduced compared to the whole
sensitivity of a capacitive transducer itself, however, it is important
to recall that, in practical scenario, what matters is that the sensor is
sensitive enough to perform according to the required application.
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4 PROOF-OF-CONCEPT IMPLEMENTATION

This chapter intends to show the performance of a physical
implementation of the sensor theorized in the previous chapter. For
this purpose, the layout design chosen for the sensor is first presented.
Then, a set of electromagnetic simulations results are shown, from which
the functioning of the proposed sensor was unveiled regarding its RCS
and its sensitivity. Finally, the experimental results of the implemented
prototypes in FR-4 substrate are presented, discussed, and compared
to other sensors reported in literature.

4.1 STRUCTURE LAYOUT AND SIMULATION

4.1.1 Layout

For the purpose of miniaturization, the physical size of the sens
was reduced by merging both the radiator and the transducer into a
single structure. Reported capacitive-based approaches used miniatur-
ized loop-like structures as scatterers [95]. Among them, the Open-Ring
Resonator or ORR is an area-efficient scatterer which has been reported
in some uniplanar chipless sensors [39, 104]. It is basically a folded
version of a resonant half-wave dipole. Therefore, the proposed sensor
in this work also includes a ORR as the main scatterer.

In addition to the scatterer, a magnetically coupled resonator
was included as the main sensing mechanism. The Split Ring Resonator
(SRR) was used for this purpose since it is a very compact structure
whose first resonance occurs at a very low value compared to the
expected value from the wavelength related to the rings size. This is
originated from the fact that the rings are strongly coupled, thus, there
is a high distributed capacitance between the rings.

The layout of the proposed structure is depicted in Fig. 4.1. As
noticed, the design is aimed at achieving a single-layer area-efficient
layout, so as to be compatible with fabrication through low-cost additive
printing processes. Squared versions of both the ORR and SRR where
chosen, in part, since they facilitated the fabrication of the prototypes,
but more importantly, since this was favorable for a better usage of the
available area.
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Figure 4.1: Layout of the proposed sensor.
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4.1.2 Currents and EM fields distribution

Before the implementation of the first prototypes of the sensor,
a set of simulations were performed to gain a better insight of the
functioning of the sensors. For all the simulations, we used commercial
software tools from Keysight Technologies, specifically Advanced Design
System (ADS®) and Electromagnetic Professional (EMpro®).

The first sets of simulations were executed to corroborate the
current and fields distribution in the structure nearby its resonance.
For the current analysis, the layout of the sensor was built in ADS and
the Method of Moments (MoM) was used as the solving method. A
differential input port was included at the middle of the conductive
trace of the ORR, which emulated the response of the sensor after
interrogation with a vertically polarized EM wave. To distinguish the
resonance frequency of interest, the input impedance at this port was
observed after processing the scattering parameters, and the region in
which the imaginary part of this impedance was null was tracked.

The currents distribution was investigated for three different
orientations (rotation angle) of the SRR with respect to the ORR,
aiming at understanding the coupling effect of both elements in each
case. The results of the sensor current distribution for rotations of 0°,
90° and 180° are shown in Figs. 4.2, 4.3, and 4.4, respectively. In each of
the plots, the current distribution are shown for three frequency values,
more specifically, under, close to and over the resonance frequency of
the sensor (f4). In all cases, the SRR was designed to resonate at a
higher frequency than the ORR.

It can be observed that for all angles of rotation, the subplots (a)
and (b) present a very similar current distribution, that is, the currents



93

in all traces curl with the same orientation. This was expected from the
circuit analysis where (3.1) was derived from, which had shown that,
when the operating frequency was lower that the resonance frequency
of the resonator, the current flow in the resonator was contrary to the
flow that would have been expected in the case of two coupled inductors
with resistive loads. Thus, it can be stated that a constructive flux due
to the resonator occurs at those frequencies since it is mostly capacitive.
In addition, it can be also observed that the main difference between
subplots (a) and (b) resides in the higher intensity of the currents at
the resonance case.

Additionally, it is seen that in all (c¢) subplots, which correspond
to a frequency slightly above the SRR self-resonance, the current orien-
tation in the SRR rings are equally oriented, but contrary to the ORR’s.
This behavior was expected since the SRR is more inductive at those
frequencies. In fact, it should be observed that the current orientation
in the SRR rings are always equal to each other, independently of the
ORR current orientation, which is compatible to the expected results
of the SRR below its second resonance frequency [87].

Finally, it is also observed that the highest current magnitudes
in all rings occur at the middle of each traces, that is, opposite to
their slits. Since the SRR is almost symmetrical in all their axes, it is
expected that the total magnetic flux originated by the induced currents
is homogeneous long the SRR surface. Conversely, this should not be
expected in the ORR case, where the magnetic flux is more concentrated
at its center (around the feed port in this simulation). The distribution
of the magnetic flux serves as an important indicator for the magnetic
coupling and the obtained resonance frequencies values in each of the
angle rotations. The simulation results showed that, at a higher rotation
angle, the resonance frequency increases. This result is better understood
from the visual inspection of the the current distributions at resonance,
which is shown in Fig. 4.5. It is seen from these results that the SRR
presents the highest current intensities in the 0° case. Therefore, it can
be stated that, in that case, the coupling between the ORR and the
SRR is achieves the highest value, producing a larger downshift in the
sensor frequency.

The electric and magnetic fields distribution were computed by
the Finite Element Method (FEM) in ADS. As in the MoM case, a
feed port was located at the middle of the conductive trace of the ORR.
Moreover, the specification of the dimensions for the bounding box was
required for the mesh volume. In general, a a bounding box of at least
a quarter of the wavelength corresponding to the lowest simulation
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Figure 4.2: Current distribution in the sensor conductive traces obtained
with MoM solver with 0° rotation of the SRR (Dynamic range scale in this
plot is 117.25dB). Considered parameters for simulation: lorr = 9 mm,
lsrr = 6 mm, FR-4 lossless substrate and sheet copper traces. Mesh: 100
cells/max. wavelength. Max. freq. simulation: 4 GHz.
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Figure 4.3: Current distribution in the sensor conductive traces obtained
with MoM solver with 90° rotation of the SRR (Dynamic range scale in
this plot is 121.39 dB). Considered parameters for simulation: logr = 9 mm,
lsrr = 6 mm, FR-4 lossless substrate and sheet copper traces. Mesh: 100
cells/max. wavelength. Max. freq. simulation: 4 GHz.
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Figure 4.4: Current distribution in the sensor conductive traces obtained
with MoM solver with 180° rotation of the SRR (Dynamic range scale in
this plot is 126 dB). Considered parameters for simulation: logr = 9 mm,
lsrr = 6 mm, FR-4 lossless substrate and sheet copper traces. Mesh: 100
cells/max. wavelength. Max. freq. simulation: 4 GHz.
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Figure 4.5: Current distribution in the sensor conductive traces obtained with
MoM solver comparing three angle rotations of the SRR at resonance.

(a) OO(fA(00>) (b) 900(1.02fA(00)) (C) 1800(1.08fA(00))

Source: The author.
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frequency was required to obtain an accurate value of the resonance
frequency.!

The results of the electric field distribution in the case of 0°
SRR rotation angle are shown in Fig. 4.6. Here, again, the results are
presented for three different frequencies related to the sensor’s resonance.
A pair of subplots are shown for each frequency corresponding to the
field intensity distribution, at the left column, and the field vectors,
at the right. Higher intensities are registered in the first two pairs
of subplots which correspond to frequencies below and close to the
resonance frequency, respectively ( 4.6(a)-(d)), compared to the above-
the-resonance subplots ( 4.6(e) and (f)). Moreover, it should be noted
that in those cases of higher field intensities the field lines start(end) at
the ORR trace and end(start) in the outer ring of the SRR. Differently,
in the above-the-resonance subplots, they start(end) at the ORR, but
end(start) at the inner ring of the SRR. This behavior corresponds
to the change in the currents orientation, which generates a different
charge distribution along the traces.

Besides, it should be noted that the intensity in the gap between
the rings of the SRR is more intense in the last pair of subplots compared
to the rest. This was expected due to the proximity to the SRR’s
resonance frequency, where the field intensity between rings is intensified.

Furthermore, the correspondent magnetic field intensity distribu-
tion and vector orientations are shown in Fig. 4.7. A different cut-plane
was chosen for the field vectors (right column) to highlight the interac-
tion between ORR and SRR at the feed port location.

It is noticed that the field distributions are the same in the first
two pair of subplots (4.7(a) to (d)), however, higher field intensities are
observed in the near-resonance case. The field intensity caused by the
ORR is higher at its mid-point, which was expected from the current
analysis. As a result, it can be stated that a higher magnetic coupling
factor can be obtained, not only at the 0° rotation scenario, but by
getting the SRR as close as possible to the ORR mid-point.

Finally, it is seen that in the third frequency case (above reso-
nance), the field distribution is modified and the intensity is reduced.
This behavior is explained given the change of the orientation of the
currents in the SRR with respect to the ORR.

!This was the reason that most of the rest of simulations were done with
MoM solver since they converged much faster. Nonetheless, for this specific
case, FEM was necessary to compute the EM fields at the near-field region.
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Figure 4.6: Electric field distribution in the sensor obtained with FEM solver.
Considered parameters for simulation: lorr = 9.5mm, lsrr = 6.5mm. Loss-
less substrate of 50 mm height with €, = 2 and sheet copper traces. Max. freq.
simulation: 4.5 GHz.

(a) XY-plane @ 0.884f4 (b) YZ-plane @ 0.884f4

(c) XY-plane @ 0.957f4 (d) YZ-plane @ 0.957 fa

(e) XY-plane @ 1.331f4

Source: The author.
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Figure 4.7: Magnetic field distribution in the sensor obtained with FEM
solver. Considered parameters for simulation: lorr = 9.5mm, lsgr = 6.5mm.
Lossless substrate of 50 mm height with &, = 2 and sheet copper traces. Max.
freq. simulation: 4.5 GHz.

(a) XY-plane @ 0.884f4 (b) XZ-plane @ 0.884f4

(d) XZ-plane @ 0.957 f4

Source: The author.
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4.1.3 Electrical model vs EM simulation

To validate the proposed circuit model described in Section 3.2,
the results from a lumped-circuit simulation was compared to the EM
simulation from the a 2.5-D model of the sensor simulated with the MoM
solver. The values for the resistance, inductance, and capacitance of
the model were obtained based on the quality factor extraction method
of an LC resonator described in [128], which was adapted to the case
of the proposed sensor as described in Section A.2 of the Appendix.
The results of the input impedance from both the circuit and the EM
simulation are compared in Fig. 4.8.

It is seen that both results match precisely up to the anti-
resonance point, at which the real part reaches its peak value. This
peak occurs very close to the sensitized resonator self-resonance. More
importantly, the first resonance, which occurs below this anti-resonance
point, is very well predicted by the proposed electrical model. This
result supports the computed numerical results of the sensor figure of
merits derived from the analysis of the model described in the Sections
2.3.1 and 3.4.

In addition, it can be observed that the second resonance, after
the anti-resonance point, is not accurately described by the proposed
model. This may be explained since at those frequencies the model
used for the ORR around its self-resonance is not longer valid and a
higher order model or distributed-parameter based model should be
used instead. This second resonance was not critical for the purpose of
the sensor’s design regardless.?.

Finally, it is worth commenting on the value of the magnetic
coupling factor extracted as a function of the SRR’s angle of rotation.
After the parameter extraction procedure, it was corroborated that the
model represented well the effect on the resultant resonance frequency
of the sensor by adjusting the k value. More precisely, the k resulted
in a higher value for the 0° case. For instance, considering the same
simulation set for the results in Fig. 4.8, kK = 0.38 in the 0° case, while
k = 0.18 in the 180° case.

2This may be subject for future work though
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Figure 4.8: Real and Imaginary parts of the sensor self-impedance obtained
from lumped-circuit model and EM simulations.
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4.1.4 Sensitivity to electrical permittivity

The implementation of the proposed sensor implies planar metal-
lic structures which, depending on the fabrication process, can be etched
from a metallic covered substrate, similarly to the common PCB fabrica-
tion, or by depositing the metallic traces as in additive process such as
printing. In either case, the structure is made responsive to the desired
parameter (stimulus) by sensitizing the electrical permittivity of the ma-
terials surrounding the metallic structure. This can be done in different
manners. The most common include adding an extra sensitive layer on
top of the planar structure, for example by coating a sensitive material,
or using substrates whose dielectric properties are already sensitive to
the desired stimulus. Therefore, it was important to predict the behavior
of the resonance frequency, that is, the responsivity of the sensor, in
both of these scenarios. In particular, since the resonance frequency of
the sensor depended on the individual sensitivities of the ORR and the
SRR, their response to the change of the electrical permittivity of the
sensitive material was investigated.

Parametric EM simulations using the MoM solver by changing the
electrical permittivity of the sensitized layer were performed. The results
were obtained by varying either the relative electrical permittivity of
the coating layer (e.) or of the substrate layer (g5), and plotting the
results according to the normalized values, that is, with respect to the
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default values e.9 and €49, respectively. Both the total cumulative shift
of the sensor resonance (Af) and the sensitivity were obtained, the
latter defined as S = AA—E{%’ (where i = ¢, 5).3

In Fig. 4.9, the variation of the resonance frequency of both SRR
and ORR for the case of a sensitive coating layer is shown for two
different coating heights.* The SRR and ORR dimensions were selected
for similar resonance frequencies at the default (initial) value electrical
permittivity. Also, the ORR was shaped so the slit dimension was equal
to the slits of the SRR (1 mm). For this simulation, a fixed non-sensitive
1.6 pm substrate layer (5 = 4.4) was considered and a default value of
the relative electrical permittivity of the coating layer .9 = 1.

It is seen that, for both the coating layer heights, the change in
the SRR resonance frequency is larger than in the ORR. This result is
explained from the distributed capacitance within the rings of the SRR
(for strong coupled rings). As the thickness of the coating layer increases,
the frequency shift also increases since the shift is indeed dependent
on the average resultant electrical permittivity, which includes the
substrate, the coating and the air layers. A dependence on the coating
layer thickness is expected up to the point in which that dimension is
comparable to the metallic traces width and, in the case of the SRR,
to the gap between rings. The results indicate that, even with a very
small slit, the ORR achieves a lower sensitivity than the SRR. In fact,
worse sensitivities are expected at bigger slits. Moreover, it is important
to highlight that the sensor design needs to guarantee that most of the
sensitivity of SRR is effectively used so the sensor does not underperform
the ORR.

The corresponding sensitivity curves for the ORR and SRR in
each subplots also show the higher responsivity of the latter. According
to the used expression for the sensitivity, it is seen that it is higher for
smaller values of change in the permittivity.

In Fig. 4.10, the results due to a sensitized substrate (no coating
layer) are shown, for two different substrate heights and ¢4 = 4.4.
Similar conclusions can be drawn for this case compared to the coating
layer previous case. Since the substrate layer was considered thicker
than the coating layer, the shifts on the resonance frequencies are also
larger.

Refer to the term S/ in (3.43).
4Lower heights than those used in the plots resulted in convergence issues
during the simulations.
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Figure 4.9: ORR and SRR sensitivity to electric permittivity: coating case,
for two coating thickness values (t.)

Source: The author.

Figure 4.10: ORR and SRR sensitivity to electric permittivity: substrate case,
for two substrate thickness values (t).
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4.1.5 Frequency dependence on dimensions

The resonance frequency of the ORR and SRR were also explored
as a function of the ring length. Since both are shaped in square format,
the lateral length was varied. The simulation results for the case of a
fixed slit size are shown in Fig. 4.12(a). Lengths from 5 to 30 mm were
used to cover the ISM frequency bands around 900 MHz and 2.45 GHz.
These first results were useful to determine the size ranges of both
resonators, so that the SRR resonate at a higher frequency than the
ORR and it would be able fit within the ORR as well.

Based on the previous results, the sensor was simulated for some
ORR and SRR lateral lengths. An example of these results for the
2.45 GHz ISM band are shown in Fig. 4.12(b). Those plots are valuable
as an starting point to determine the dimensions for both the SRR
and ORR according to the specifications of the sensor, which include
maximum total area, sensitivity and radiation efficiency.

Figure 4.11: Resonance frequency for different lateral lengths (in [mm]).
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Figure 4.12: Resonance frequency for different lateral lengths (in [mm]).

Source: The author.

4.1.6 RCS and radiation efficiency

Electromagnetic simulations were used to compare the radiation
performance of the proposed sensor to unloaded ORRs and to ORRs
loaded with different capacitive transducers, such as the vertical-plate
capacitor [39] and the horizontal-plate capacitor with plates centered at
the slit [32] and in hairspin shape. Those structures are illustrated in
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Fig. 4.13. The RCS was extracted from plane-wave excitation in EMPro
with Finite-Difference Time-Domain (FDTD) simulations. For a fair
comparison, the slits for all structures were fixed at the same value,
since they are related to the achievable sensitivity.”

Figure 4.13: Three structures with same slit dimensions (gs) for the RCS
comparison with the proposed sensor through FDTD simulation. From left to
right: horizontal-plate capacitor in hairspin shape, centered horizontal-plate
capacitor, and vertical-plate capacitor

9s 9gs

Source: The author.

The results from the FDTD simulation were complemented with
the radiation efficiency calculated from the input impedance obtained
in ADS using the MoM solver. All the results are summarized in Table
4.1.

The first lines in the table correspond to the case of the ORR
(no transducer). It is seen that this structure would achieve the highest
radiation efficiency. Also, its results depend on the slit size (s,), as
expected (see Section 2.4). However, since there is no explicit capacitive
transducer, this structure would achieve the lowest sensitivity.

Even though the proposed structure presented a lower RCS than
the ORR (as predicted in Section 3.4.1), compared to the rest of the
structures based on capacitive transducers, it showed the best radiation
performance. This is due to a higher achievable total ring length with
respect to the resonance wavelength (I,/\). The results were obtained
for two specified values of [,/A. In accordance to the ORR case, its RCS
was higher for a larger slit. This result also demonstrates the capability
to adjust the ring size according to the application size requirements.

5In practice, the slit dimension are limited by the fabrication procedures.
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Table 4.1: Simulated radiation performance of ORRs with different transducers
with same gap dimensions: Radiation resistance (R, ), radiation efficiency
(n-) and radar cross section. FR-4 substrate was used for simulating all the
structures, and all were tuned to resonate at approx. 2.47 GHz with the MoM
solver.

R.[Q] n-[%] RCS[dBsm]

Transducer lo/A So/lo (MoM) (MoM) (FDTD)
None (ORR) | 0.09 0.02 4 49.5 -31

0.12 0.97 12.8 76.4 -23
Horiz. paral-| 56 004 0.6 164 A7
lel plate
Horiz. par-
allel  plate | 0.06 0.04 0.7 16 -48
(hairspin)
Vert. parallel | o 06 004 06 146 -50
plate
Magnetically-
coupled SRR | 0.08 0.11 2.3 28.3 -42
(proposed)

0.11 0.96 8.4 56.6 -34

4.2 IMPLEMENTATION

The proposed sensor was first validated through the implementa-
tion of prototypes with typical materials and fabrication processes used
for electronics boards. Thus, FR-4 epoxy substrates with single-layer
copper were selected. A milling machine was used for producing the
conductive traces of the sensor.

First of all, the substrate dielectric properties around the desired
frequency band were characterized by using the two transmission line
method [96]. Based on this information, similar EM simulations to the
ones presented in Section 4.1.5 were performed to estimate the resonance
frequencies of the ORR and the SRR. Based on the guidelines from
the sensor modeling, a set of dimensions for both ORR and SRR were
selected. Since a good conductive material (etched-copper) was used for
the traces, and the substrate presented a relatively moderate loss factor
(tand ~ 0.017 @ 2.45 GHz ), miniaturization was the first goal for those
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prototypes. Therefore, a minimum slit of the ORR, was considered.Based
on the chosen dimensions set and also previewing possible inaccuracies
during the fabrication process of the structures, the final dimensions
were chosen (shown in Table 4.2). A photo of the prototypes is shown in
Fig. 4.14. As observed, besides the sensor structures, their corresponding
ORRs (without coupled SRR) were also built for comparison purposes.

Table 4.2: FR4 tags dimensions (in mm.): [, is the ORR lateral length, I is
the SRR lateral length. All traces width and gap between rings were set to
w = 1 and ¢g=0.25, respectively.

tag | lo ls
A 9 6
B 9 6.5
C |95 6
D |95 6.5

Figure 4.14: Photo of the prototypes in FR-4 substrate.

(a) some prototypes (b) ORR and sensor
e

Source: The author.

The SRR was sensitized to the humidity of the environment; in
other words, the sensor was configured as a RH sensor. For instance, there
are different materials which can be used for this application. Materials
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such as PEDOT [97], Kapton [98], PVA [32] and silicon nanowires [72]
have been used in reported wireless RH sensors. Particularly, PVA
is a hygroscopic polymer which has demonstrated to present good
responsivity and it is practical for rapid prototyping. Therefore, this
was the material selected for implementing the sensors.

PVA was diluted in 1:3 water ethanol solvent with a 1:10 propor-
tion (1 g of PVA to 10 ml solution). This solution was left to magnetic
stirring during 3 hours at about 70°C. Then, the solution was poured
over the sensor (over the conductors face of the FR-4 substrate) and
spin-coated. After that, it was cured with the use of a hot plate for 10
minutes approximately.

Initially, it was intended to only sensitize the SRR by applying
a a PVA coating in the gap between rings region. However, from the
observation on the sensitivities curves in 4.9, it was decided to take
advantage of both ORR and SRR sensitivities. In this way, the total
sensitivity would be the sum of both scattered and resonator. This is
equivalent to adjust (3.43) as:

Sir = 8lASC + 54 sk (4.1)
N—— N——
scatterer resonator

where both terms add constructively. In this way the total sensitivity
can be enhanced.

In addition to this, sensitizing both the resonator and the scat-
terer narrows the range of values of the ratio between their resonance
frequencies, that is, the § parameter presented in the previous chapter.
This is explained given that the sensor will respond to the environment
RH, causing a shift on both resonance frequencies instead of only the
resonator’s. The importance of 3 as a design criteria was evidenced
earlier.

4.3 EXPERIMENTAL RESULTS

4.3.1 Measurement setup

All prototypes were measured with the use of the three-step
procedure described in [99] which has been frequently employed to
characterize chipless sensors in literature. Several issues arose from
the fact that the measurements were not executed inside an anechoic
chamber, thus, some cautions due to the dynamism of the environment
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were taken into consideration, as detailed in Section B of the Appendix.
Some other issues regarding the antenna radiating pattern, the metallic
scattering reference, the power of the excitation, among others, are also
discussed there.

In particular, for the sensitivity analysis, the sensor was enclosed
into a plastic chamber in which the RH level was controlled. The
measurement setup is illustrated in Fig. 4.15. The chamber size and
the type of antenna used varied according the specific measurement.
Particularly, for the comparison between the responsivity of the sensor
and the ORR, a transition from silica-gel to water inside the closed
plastic container was employed. A commercial hygrometer was also
included as a reference for verifying the RH change.

Another set of measurements were performed for determining the
sensitivity of the sensor in which specific RH references were generated
inside the chamber based on saturated salt solutions [100].® For each
reference, the salt solution was left at least 24 hours within the container
for stabilization of the environment.

Figure 4.15: Sensor RCS measurement setup.
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Source: The author.

4.3.2 Results

The RCS of the sensor and its corresponding ORR (without
coupled SRR) were measured before the PVA coating was applied. The
results are compared in Fig. 4.16(a) and (b) (only one sample per
dimension set is shown). It is observed that the SRR inclusion affects
both the resonance frequency, the peak RCS and the quality factor. It
is also noticed that, in both figures, the sensor that includes the bigger

SAll salt solutions water activity were previously verified.
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SRR presented the lowest resonance frequency, which was due to the
lower self-resonance of the SRR. Finally, the difference between the
resonance frequencies in the figures resided in the fact that the second
set consisted of a bigger ORR, which means that all resonances occurred
at lower frequencies.

Figure 4.16: Measured RCS of the sensor and corresponding ORR for different
set of dimensions (only one sample of each is shown).
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Source: The author.

The RCS of the samples with the same set of dimensions were also
compared. Variations among them were expected from measurement
repeatability, but, mainly, from the fabrication process. The analysis
for one of the sets is shown in Fig. 4.17(a). Variations in both the ORR
and the sensor samples were noticed, where the frequency shift was
more notorious in the case of the sensor. This fact is related to the SRR
variation from one sample to another. Indeed, fabrication inaccuracies
were expected from the PCB milling machine, since the height of the
substrate was not constant at the drilling plane, making the effective
penetration of the drill bit vary from sample to sample. These differences
led to different gap dimensions between rings which changed the total
capacitance of each sample.

The effect of the fabrication process was confirmed after a closer
inspection by using optical microscopy, as shown in Fig. 4.17(b). Through
these images, it was verified that the sample #3 had the smallest gap
dimension and trace-width-to-gap ratio with respect to the others, thus,
leading to a lower self-resonance frequency and to the lowest sensor
resonance frequency. In practice the variations due to fabrication errors
can be anticipated if the process is known. For example, EM simulation
results confirmed that a variation of 0.1 mm in a 0.25 mm gap can cause
up to 5% of resonance variation of the SRR, which causes about 1%
variation of the sensor resonance frequency.
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The sensitivity characterization results obtained with the salt
solution references are shown in Fig. 4.19. Both the absolute and relative
variations of the resonance frequency are shown. A total variation of
104.4 MHz was measured, which covered the 2.45 GHz ISM band. The
measurements was done in a RH range of 8.2 to 90.5%.

The comparison between the response of the RCS of the sensor
and the ORR over time, both coated with PVA, obtained from the silica-
to-water transition is shown in Fig. 4.18(a) and (b). It was observed
that the total frequency shift (relative to its initial value) of the sensor
is higher than in the ORR case. Therefore, it was confirmed that the
sensitivity of the sensor was superior, even for higher period of exposure
of the ORR to the humid environment. Explicitly, these results are
summarized in 4.18(c). It can be seen that the frequency shift of the
sensor resulted in approximately twice that of the ORR.

Another interesting fact from these measurements is observed
from the RCS peak and quality factor changes over time. The RCS peak,
in both cases, was diminished with time, approximately in 7 to 8 dB.
Moreover, the quality factor was also reduced in both cases, resulting
in a total approximate change from 40 to 22, in the sensor case, and
from 30 to 9, in the ORR case. Both RCS and Q reduction are related
to the loss factor increment of the PVA coating at higher RH [101]. In
the case of the sensor, this effect is combined with the proximity of the
resonance frequency of the SRR to the ORR as the RH increases, since
the SRR is more sensitive.

4.3.3 Discussion of the results

From the previous results, it can be said that adding the sensitized
resonator to the scatterer, which in this case corresponded to coupling
the SRR to the ORR, caused better results from the sensitivity point
of view. Moreover, for the chosen set of dimensions, the quality factor
improved, which means that the 3-dB band around the RCS peak was
narrowed which facilitates the interrogating procedure. Nonetheless, it
was also verified that there was a reduction in the RCS peak.

Regarding the sensitivity of the implemented sensor, the measure-
ment results were compared to other reported uniplanar frequency-shift
coded capacitive chipless sensors. For instance, the sensors reported
by Amin et al. [32] and Lu et al. [39] are also PVA sensitized. The
measurements regarding the resonance frequency variation are shown
in Fig. 4.20. It is worth mentioning that even though the sensitizing



111

material is the same in those examples, making an exact comparison
between the results are not possible since they depend on the exact dose
of the PVA coating.

The implementation reported by Amin et al. [32] used a much
thicker PVA layer, which is related to its much higher relative frequency
variation. The proposed sensor based on a magnetic coupled resonator
exhibited comparable results to the work of Lu et al. [39] in a similar RH
range. Derived results from these measurements are shown in Fig. 4.21,
where the resonance frequency shift, absolute and relative sensitivity
within each range of RH is shown.

The previous results are listed in Table 4.3. A summary of the
results in a wider %RH range was include as a way of observing their
mean values. In fact, two ranges of %RH were considered since the
PVA electrical permittivity exhibits a nonlinear behavior with the %RH.
Besides the previous cited works, another implementation of a chipless
sensor presented by Vena et al. was also included for comparison [74].
This sensor was sensitized with a silicon nanowires (SiNWs)-based
coating. The authors only reported their measurements for a narrow
%RH range, in which its sensitivity was below the rest considering
similar %RH ranges.

By comparing the relative size (I,/)) of the sensors, it is evident
that the proposed sensor allows for a miniaturized design, also allowing
for size optimization through the control of the ORR slit size. The sensor
in [32] presents a doubled (mirrored) structure of a hairspin C-shape
resonator to raise the RCS and sensitivity, therefore, it presented a
higher relative size. On the other hand, the sensor in [39] is the smallest.
However, it is expected that a very low RCS is achieved with this
structure.” Finally, it is seen that the sensor in [74] is not optimized
for miniaturization, as observed from the high [,/\ value, since it is
also based in several coupled loops so to increase the RCS and quality
factor.

About the RCS issue it must be mentioned that, in fact, a
reduction on the RCS was previewed from the analysis made in Section
3.4.1. It was also previewed that the ratio between the ORR and the
SRR resonance frequencies influenced on this issue, as seen from the
results in Fig. 4.16 where two sensors with different SRR dimensions
were compared. Moreover, this ratio was dynamic, as it followed the RH
variation. That is why sensitizing the whole sensor structure, the SRR
and the ORR, was considered, to reduce its span and kept its value

"This might be inferred also by the very low reading distance reported in
their work (< 15cm).
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more controlled.

Although there was a reduction in the RCS, it must be remem-
bered that the implemented prototypes considered a very small slit in
the ORR, so better radiation efficiencies are expected from bigger slits.
This in fact was demonstrated with the EM simulations whose results
were summarized in Table 4.1. In this table, it was also shown that
the other sensor structures based on capacitive transducers would have
achieved even lower RCS due to its reduced dimensions (total lateral
length with respect to the wavelength). Also, very thin traces (0.25 mm)
were used in the implemented sensors, so wider traces can also be used
to reduce the ohmic losses.

From the measurements, it was noticed that the absolute values
of the reduction in RCS were in accordance with the range previewed
in Section 3.4.2. For example, the results shown in Fig. 4.18 revealed
that, at low RH levels, the difference between the RCS peak from
the ORR to the sensor was about 5dB, while for higher values, it
reached 8 dB approximately. Supported on the analysis based on the
electrical model, the increment on the difference at higher levels can be
interpreted as a gradual reduction of the SRR quality factor compared
to the ORR, passing from the initial condition at low RH levels in
which Qsrr > Qorr to the condition in which Qsrr < Qorr at high
RH levels. Moreover, since the SRR was expected to have a higher
sensitivity, the fact that their resonance frequencies were getting close
to each other along the measurement intensified this RCS reduction.

In theory, it was expected that the RCS decrement reached 6 dB
when the SRR quality factor equaled the ORR quality factor. This, on
the contrary, was not in accordance with the theoretical analysis of the
quality factor described in Section 3.2.2. Since all the estimated quality
factors from the measurements of the sensor were higher than the one
obtained for the ORR (without SRR), it was expected that the SRR
quality factor were much larger than of the ORR.

Furthermore, from the quality factor results, it was observed
that the sensor achieved a much higher value than the ORR. In the
numerical calculations shown in Section 3.2.2, a maximum increment
factor of approximately 1.1 was expected for a coupling factor of 0.4
(near the simulated values of k). Therefore, it seems that the theoretical
predictions of the quality factor must be reviewed. It must be mentioned
though that some changes in the quality factor were detected after
subsequent set of measurements and tests were done with different
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reading distances.®

8There was evidence that the coupling between the reading antenna and
the sensor was influencing the results.
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Figure 4.17: Comparison between implemented samples due to variability in
the fabrication process (lorr = 9.5mm, lspr = 6.5 mm).
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Figure 4.18: Measured RCS vs time of both sensor and ORR from the silica-

to-water transition experiment.
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Figure 4.19: Freq. response with different salts.
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Figure 4.20: Comparison between the proposed sensor and two other PVA-
based capacitive chipless sensors: (a) resonance frequency and (b) normalized
resonance frequency as a function of the environment relative humidity.
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Figure 4.21: Comparison between the proposed sensor and two other PVA-
based capacitive chipless sensors: (a) relative resonance frequency shift, (b)
absolute sensitivity, and (c) relative sensitivity at each %RH range.
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Table 4.3: Comparison between reported RH chipless sensors size and sensi-
tivity.

. fresO Afres Abs. Rel.
Sensor | lo/A tap,y AREH o™ s Sen.
This
8-75 2.8 1.03 3.4e-3

work 0.08 2.48

(PVA) 8-90 4.2 1.27 4.2e-3
8-22.5 0.66 1.15 3.8e-3
22.5-43.8 0.65 0.75 6.9e-3
43.8—52.9 0.31 0.82 1.5e-2
52.9-75.3 1.21 1.32 2.9e-2
75.3-90.3 1.45 2.33 7.3e-2

Amin

et al 35-70 4.7 8.86 4.7e-2

32] 026 66 g5 o5 9.1 12 6.4e-2

(PVA)
3542 0.46 4.37 2.3e-2
42-50 0.78 6.38 4.1e-2
5055 1.04 13.6 le-1
95 —62 1.15 10.57 9e-2
62-70 1.46 11.63 1.1e-1
70-78 1.67 13.12 1.5e-1
78-85 2.89 25.43 3.2e-1

Lu et
14-71 1.1 0.53 2.6e-3

al. [39] | 0.07 2.85

(PVA) 14-91 3.9 1.43 Te-3
14-27.5 0.01 0.03 1.5e-4
27.5-36.8 0.09 0.28 2.7e-3
36.8—-48 0.12 0.31 4e-3
48 -58.2 0.22 0.61 le-2
58.2-65.9 0.26 0.95 2e-2
65.9-79.4 0.88 1.85 4.3e-2
79.4-91.2 2.25 5.34 1.5e-1

Vena

F7t4] o057 332 7898 101 168  3.9e-2

(SiNWs)
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44 CHAPTER CONCLUSIONS

The aim of this chapter was to study the proposed sensor structure
from EM simulations and RCS measurements of implemented prototypes.
To this means, a layout for this sensor was presented, which is based
on a square-shape ORR coupled to a SRR. EM simulations helped to
understand the currents and fields distribution of this design.

Regarding the self-impedance simulation results, they showed
good agreement with the electrical model proposed in Section 3 and
gave support for the theoretical estimations on the sensor figures of
merit. Moreover, parametric simulations of the ORR and SRR resonance
regarding resonance frequency versus dimensions and sensitivity due to
permittivity change were presented and discussed. Finally, simulations
were also used to compare the radiation efficiency of the proposed sensor
to other chipless sensors structures based on capacitive transducers.

With respect to this last issue, it was also important to notice
that the proposed sensor can achieve better radiation performance
that typical capacitive-based miniaturized chipless sensors, since it can
control its effective length according to the size requirements of the
applications. As a result, higher RCS and larger reading ranges are
expected from this sensor.

Some prototypes were implemented in FR-4 substrate, which
were sensitized for %RH monitoring. They showed that these sensors
were capable of covering the whole ISM 2.4 GHz band, achieving sim-
ilar sensitivities to other sensors implemented for the same purpose.
These results were also discussed and compared to theoretical and EM
simulation results.

A final comment about the sensor performance sensitivity upon
fabrication process variations should be made regarding the imple-
mentation in a real application. It is known that, as in all fabrication
process, there are variability issues. Therefore, repeatability in resonance-
dependent structures are strictly determined by the variations of the
process. However, in practice, fabrication process and material proper-
ties are well known (or controlled), so the variations and tolerances are
properly characterized and quantified and thus can be taken into consid-
eration during the design stage of the sensor. With a previous knowledge
of process and materials variation, the designer should mainly guarantee
that the sensors will operate within the required operating frequency
band, with a given uncertainty on the absolute values. Then, calibration
during the production of the sensor and also in-field calibration would
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be required before using the sensor.

Taking into considerations a practical scenario, another alter-
native of usage of the proposed sensor would be employing it as a
threshold-value detector. For example, the RCS peak of the sensor can
be designed to be within a specific frequency band at relative low values
of RH, and to be shifted out from this band when the RH exceeds
certain value (or vice-versa). In this scenario, a good sensitivity is still
important so the sensor guaranties that the peak is out of the band
when required. In the case of the implemented sensor, the achieved
sensitivity could be enough to cover the 2.4 GHz ISM band.
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5 IMPLEMENTATIONS USING FLEXIBLE SUBSTRATES

This chapter describes the implementation of the proposed sensor
structure using flexible substrates. Combinations of some substrates and
conductive materials were used with the aim of gradually analyzing the
effect of each element to the sensor performance, that is, to its sensitivity
and, with a higher emphasis, to its radiation efficiency. The results of
the prototypes implemented with paper substrate are compared to other
chipless sensors presented in literature fabricated with flexible substrate.
Finally, based on the results, some improvements in the design of the
sensor are proposed and some experimental results are presented.

5.1 READING RANGE CONSIDERATIONS FOR THE DESIGN

The design of a FD-FC low-cost chipless sensors should start with
the specification of the RCS peak (at resonance) for the desired reading
range according to the application requirements. A rapid estimation can
be done from the radar equation (presented in Section 2.1). It can be
calculated that a minimum RCS of -50 dBsm is necessary to interrogate
a chipless tag from a 1m distance at 2.45 GHz by using a low-cost RF
reader with expected sensitivity around -80 dBm.' As a comparison to
this result, it is illustrative to estimate the case in which interrogation
is made with a more sophisticated reader (e.g. a VNA whose sensitivity
is expected to be better than -100dBm). In that case, the minimum
RCS reduces to -70 dBsm.

According to the previous estimations, considering the low-cost
RF reader and a 10 dB safety margin, the minimum RCS peak target for
the chipless sensor should be -40 dBsm for at least a 1 m interrogation
distance at 2.45 GHz. Furthermore, considering the theoretical analysis
of the proposed structure developed in Section 3 and the experimental
results presented in Section 4, it may be convenient to add an extra 10 dB
for the scatterer only, since the reduction of the RCS is previewed after
coupling the sensitized resonator. In other words, the scatterer structure
mus be carefully selected, so its RCS peak, within the frequency band

!This estimation considers a monostatic setup with a transmitted power
of 10dBm and a 6 dBi antenna gain.
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of interrogation and within the measurand span, is 20 dB higher than
the minimum required -50 dBsm RCS, that is, -30 dBsm.

It was already demonstrated that choosing a square-shaped ORR
as the scatterer, even designed with a very small slit, can achieve this
RCS value considering an implementation in a FR-4 substrate. However,
this might not be the case if conductive materials with lower conductivity
are to be used for the metal traces. Also, some low-cost substrates such
as paper present higher dielectric losses. Therefore, either an adjustment
on the ORR slit or a different shape must be considered in order to
increase the radiation resistance and thus the RCS peak.

5.2 MATERIALS CHARACTERIZATION AND SIMULATIONS

Flexible substrates are usually low-cost, conformable, and, in some
cases, biodegradable. These characteristics open the possibility to using
chipless sensors in specific scenarios where RFID-based chipped sensors
might not be adequate. Nonetheless, these materials are generally lossy,
S0 it is expected that they degrade the sensor RCS and quality factor due
to the dielectric losses. Moreover, additive processes for the conductive
traces, which are suitable for flexible substrates, commonly generate
traces with more resistivity than with common etching processes used
in PCB fabrication. This means that the ohmic losses of the resonant
structures that conform the sensor will also increase.

In this work, two flexible substrates were studied, one based on
plastic and one based on cellulose. Specifically, for the plastic substrate,
polyethylene (Melinex ST584) was used since this is suitable for printed
electronics and was previously reported in similar works. For the cel-
lulose substrate, a glossy photo-quality paper for inkjet printing from
Epson was used. This choice was done after tests performed in several
papers regarding inkjet printing, which are detailed in Section C of the
Appendix.

Regarding the conductive traces, three cases were studied. In the
first, copper conductive tape was used, as it is an interesting technique
for constructing low-cost flexible circuits. The copper tape was applied
both in PET and paper by following the sacrificial layer method [102]
where etching was done with ammonium persulfate ((NH4)25208).

In addition, inkjet printing with nanoparticle silver ink was used?,
as this emulates an industrial large-scale process of the proposed sensors

2Refer to Section C.1 in the Appendix.
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[103]. Finally, an additive process based on silver paste was explored,
which is also a rapid-prototyping alternative for circuits and was useful
for experimental purposes where the performance of the inkjet proto-
types were desired to be estimated.

In summary, four different combinations were studied from these
fabrication materials and processes. These combinations are listed in
Table 5.1.

Table 5.1: Combinations of substrates and conductive traces materials studied
in implementation of low-cost flexible chipless sensors.

combo substrate E;);C(iuctive
C1 plastic copper sheet
C2 paper copper sheet
C3 paper silver paste
C4 paper silver ink

The choice of the combination C3, which uses silver paste instead
of silver ink, was convenient to have a quicker and less expensive way
of prototyping our sensors. However, the achievable conductivity was
first investigated and compared. Several samples for this purpose were
constructed for characterizing the conductivity. Even though, the silver
paste prototypes were handmade which resulted in variations between
samples, the best results of sheet resistance for one and two layers were
0.6 and 0.3Q/sqr, respectively, which are comparable to the values
obtained by inkjet printing. It must be also recalled that these values
are at least 50 times less than etched copper used in FR-4 substrates.

The main characteristics of the flexible substrates are summarized
in Table 5.2, where the FR-4 was included for comparison purposes.
It is observed that the relative permittivity value of the plastic (PET)
and the paper are very close. This means that resonators implemented
in those substrates will present similar values of resonance frequencies.
This is confirmed by EM simulations results of the SRR and the ORR
as a function of their length and width dimensions, as shown in 5.1.
The left and right columns show the results for the paper and plastic
cases respectively. A small discrepancy between these cases are observed,
which are caused by the small difference on the relative permittivity
and the different thickness values. Particularly, this discrepancy is more
evident in the SRR case, as expected.
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Table 5.2: Main characteristics of the substrates used in the sensor prototypes.
The electrical characteristics are considered at 2.4 GHz.

Subs. E:im Loss tan. '[1;111;:]1( ness
Paper 3.1 0.08 0.22

PET 2.9 0.02 0.127
FR-4 4.2 0.017 1.6

Another important difference revealed in the Table 5.2 between
both substrates is that the paper presents a higher loss tangent. The
larger losses and the higher thickness implies in more radiation losses
for the paper prototypes.

Comparing both flexible substrates to the FR-4, it is seen that
they present slightly lower values of relative permittivity. Moreover,
they are much thinner. In addition, the plastic substrate presents a
similar loss tangent to the FR-4. Due to its thickness, this implies in a
flexible sensor implemented in plastic with less losses than in FR-4. This,
indeed, does not considers the conductive traces, however, it is expected
the same level of ohmic losses of combination C1 once the copper sheet
conductivity is as high as in etched copper. As a conclusion. regarding
radiation efficiency, one must expect that a sensor implemented with C1
combination outperforms a FR-4 prototype. Moreover, sensors fabricated
with the C3 and c4 should achieved the worst performance.
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Figure 5.1: Resonance frequency of ORR (maximum slit) and SRR from
simulations, in PET and Paper substrate, as a function of length (1) and
width (w) of the conductive trace (copper) and also gap between rings (g) in
the case of SRR.
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5.3 IMPLEMENTATION AND EXPERIMENTAL RESULTS
5.3.1 Implementation

The first set of measurements were intended to verify if the RCS
peak of the ORRs were above the specification (higher than -30 dBsm).
To these means, the lossiest substrate/traces combinations, that is, C3
and C4, were chosen. Two sets of ORRs were designed to operate at very
close frequencies, one with a 7.5 mm slit, and the other with maximum
slit (1.5mm), similar to the shape of a capital letter “c" (C-shape).

The same two sets of ORRs were also fabricated for combinations
C1 and C2. Moreover, based on these ORRs, a SRR, designed to operate
at a higher frequency, was coupled, generating the final sensor prototypes
for all the four combinations. The referred prototypes are observed in
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Figs. 5.2(a-d).

Figure 5.2: Some of the ORR and sensors prototypes implemented in flexible
substrates (C1 sensors were placed on a black background for the photograph).

(a) C1 (b) C2

S —

Source: The author.
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5.3.2 Experimental results

5.3.2.1 RCS measurements

The following measurements results were obtained from a mea-
surement setup similar to the one used for the FR-4 substrates. Most of
the measurements were done at the same day, at the same room condi-
tions (RH about 70%, room temperature at 25°C). The environment
humidity was more critical in the case of the combinations that used
paper as the substrate material, since this was more prone to variations
of its electrical permittivity. A photo of the measurement setup is shown
in Fig. 5.3

Figure 5.3: Photo of the measurement setup for the RCS measurement of the
chipless sensors implemented with flexible substrates.

Source: The author.
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The results from measurements of RCS comparing the inkjet
printed ORR corresponding to combination C4, the other ORR with
same dimensions fabricated with solder paste with 1 and 2 layers cor-
responding to combination C3, and an ORR with solder paste with
C-shape (spms), also corresponding to C3, are shown in Fig. 5.4. All
ORR implemented with the C3 combination resulted in higher RCS
peaks. This was expected since the measured total resistance (between
the ring endpoints) was 3 to 5 times lower than in the inkjet printed
case. The quality factor of the printed ORR estimated from these curves
resulted in 7.53, and in 11.5 (average) for the ORR fabricated with
solder paste with the same dimensions. Furthermore, the C-shape ORR
with solder paste achieved a quality factor of 10.5.

Figure 5.4: RCS measurements from ORR inkjet printed (ij), ORR of same
dimensions in solder paste (sp) with 1 and 2 layers, and ORR in solder paste
with maximum slit (spms).
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In addition, the results from the ORRs implemented with com-
binations C1 and C2, which uses copper tape, are also shown in Fig.
5.5 for the two slit dimensions. It can be seen that the implemented
resonators in paper resonate at lower frequencies due to the thicker
substrate and slightly higher electrical permittivity. Nonetheless, the
RCS peaks were very similar in both cases. That is, the higher losses in

3This quality factor was half of the obtained in previous measurements.
The high relative humidity of the environment could have been the cause.



129

the paper does not present a representative impact in the case of the
solely ORR’s radiation resistance. Compared to the RCS levels in the
tags implemented with silver paste and silver ink, it is clear that the
higher resistivity of these traces impacted in a negative way. That is,
there was a decay in the RCS of 5 to 10dB only due to the ohmic losses
in the conductive traces.

Figure 5.5: Measured RCS of the ORR with different substrate and conductive
trace materials. Combination C1 (pet-Cu), C2 (paper-Cu) and C4 with one
(paper-ip1l) and two (paper-ip2l) printed layers.
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The results for the sensor (after coupling the SRR) were further
investigated. The cases corresponding to all combinations and the two
different ORR dimensions are shown in Fig. 5.6. First, regarding the
combinations C1 and C2, the effect of the dielectric losses is evident
given the notorious RCS-peak differences in the paper and in the plastic
case. The reason is related to the dielectric losses associated to the
capacitance of the ring gaps of the SRR, which contributes to a lower
quality factor of the SRR of the sensors implemented in paper. In other
words, the relation Qsrr/Qorr is smaller in the paper case, which
causes a higher RCS decrement as previewed in Section 3.4.1. Another
effect of this relation is also appreciated in the lower quality factor of
the sensors implemented in paper.

Regarding the combinations C2, C3 and C4, it is seen that there
is a considerable impact due to the the ohmic losses of the traces.
Comparing only these losses, a decrement around 10dB occurred after
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the SRR coupling. Moreover, compared to the implementation that used
the combination C1, a reduction of more than 15dB was read. It is seen
then that both dielectric and ohmic losses present a considerable impact
on the final reading range of the sensor. Fortunately, even in the worst
case, the sensor achieved an RCS peak greater than -40 dBsm, which
remained within the specifications. However, it is also seen that the
quality factor is very degraded which could limit the readability. This
means that tracking the RCS could be a challenging task if the reader
bandwidth total maximum processing time is limited according to the
specific application.

Figure 5.6: Measured RCS of the sensor with different substrate and conductive
trace materials. Combination C1 (pet-Cu), C2 (paper-Cu) and C4 with one
(paper-ip1l) and two (paper-ip2l) printed layers.
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The result from measurements are summarized in Tables 5.3 and
5.4. In general, the quality factor of the C-shape versions of the ORRs
were smaller but with a higher RCS peak, as expected. Among all sensors,
combination C1 resulted in the most distinguishable RCS peak. The
performance of the copper-traces based sensors (C1 and C2) presented
similar RCS values, however the losses of the paper substrate further
degraded the quality factor of these correspondent implementations.
Finally, it was verified that combination C4 is the worst case in terms
of radiation efficiency, as expected.

In Table 5.5, a quantitative comparison of the effect o the SRR
coupling obtained from the measurement is made. The maximum reduc-
tion on RCS was about to 7.3dB, corresponding to the C4 case. This
result is within the 10 dB range expected from the electrical model and
previous experimental results with FR-4 substrate. Another interesting
fact is that in the C1 and C2 sensor cases, the downshift was higher
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Table 5.3: Measurement results summary of the ORRs implemented in flexible

substrates.

. fres 3dB BW
Implementation | RCSpeqr (GH] [MHz] Q-fact.
C1 -18.7 2.886 125 23.1
C1 (C-shape) -18.1 2.885 167 17.3
C2 -18.7 2.785 174 16
C2 (C-shape) -17.1 2.784 198 14.1
C4 (2-lay) -29.2 2.758 350 7.9

Table 5.4: Measurement results summary of the sensors implemented in flexible

substrates.
Implementation ﬁgiﬁmk {gﬁz] ?1\5[132]]3 w Q-fact.
C1 -21.1 2.585 55 47.6
C1 (C-shape) | -21.5 2.678 147 18.3
C2 -25.2 2.483 115 21.6
C2 (C-shape) -21.3 2.501 93 28
C4 (2-lay) -36.5 2.482 290 8.6

for the non-maximum slit case. Considering that almost the same self-
resonance of the ORR was obtained in both ORR sets, the C-shape case
was expected to have a lower coupling factor k since the SRR was farther
from the ORR midpoint. The effect on the bandwidth and quality factor
was also included in the table through the correspondent calculated
ratios from both cases, that is: BWsgrr/BWsensor and Qsrr/Qsensor-
A very high @ ratio (& 2) resulted from the C1 non-maximum slit case
and the C2 C-shape case.*
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Table 5.5: Effect of the SRR coupling in the proposed sensors, compared to
the correspondent ORRs.

. ARCSpea fres ratio . Q-fact.
Implementation [dB] () BW ratio catio
C1 2.4 0.896 0.44 2.061
C1 (C-shape) 3.4 0.928 0.88 1.058
C2 6.5 0.892 0.66 1.35
C2 (C-shape) 3.2 0.931 0.47 1.986
C4 (2-1ay) 7.3 0.899 0.83 1.089

5.3.2.2 Sensitivity measurements

Paper substrates present an inherent responsivity for humidity
applications. Particularly, the photo-quality papers explored in this
work present a porous plastic-based surface for better imaging quality
when printing. These surfaces present some response to the humidity
of the environment [44]. Therefore, tests with salt references were done
for the sensors of combination C2 and C4 (7.5 mm ORR slit). Two salt
solutions were used as RH% references for these tests, sodium hydroxide
(NaOH) and Magnesium Nitrate (Mg(NO3)2), that correspond to 8 and
53 RH% at 25°C, respectively.

The results obtained with the sensor implemented with the C2
combination are shown in Fig. 5.7. Furthermore, the results for the C4
case are shown in Fig. 5.8. Some of the measurement results are presented
in Table 5.6, which also includes the ORR with the C2 combination for
comparison. The average values for each implementation are highlighted.

From the measurements, it was calculated an average normalized
frequency variation of 1.5% and 0.46% for the C2 and C4 implementa-
tions, respectively. Moreover, these values corresponded to a relative
sensitivity of 2.7e-3 and 8.3e-4, respectively. These results are on the
same order of magnitude of the FR-4 implementation for the same
%RH range (1.6% and 3e-3), however, the C4 paper implementation
performance was inferior.

“These quality factor and BW results are not conclusive since further
study of the effect of the reader antenna loading must be done.
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Figure 5.7: Measured RCS of the sensor response implemented with C2
combination (copper tape trace and Epson paper substrate) at two different
salt solution references.
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5.3.3 Discussion of the results

First of all, the results from all prototypes implemented in flexi-
ble sensors confirmed what was expected from the material electrical
properties. The results were also according to the theoretical analysis of
the sensor based on its electrical model. This fact is important for the
sensor design, as a complete characterization of the materials allows,
up to certain degree of accuracy, to preview the sensor performance.
Furthermore, it is interesting to compare the prototypes with other
sensors presented in literature. From the reviewed state-of-the-art work
presented in Section 1.3 of the first Chapter, only three references were
found which presented FD-FC chipless sensors implemented with flexible
substrates [76, 74, 44]. All of them were reported as humidity sensors.

The sensor presented in [76] was based on a Van-Atta antenna
array. It was implemented in a polyimide film (Kapton HN - Dupont)
with nominal relative electrical permittivity of 3.1 and loss tangent
of 0.003. This flexible plastic substrate is also sensitive to humidity.
The array was inkjet printed using 3 layers of silver nanoparticle (SNP
- Suntronic) and a Dimatix DMP 2831 inkjet printed. Finally, the
substrate was grounded with a copper tape.

The authors in [44] presented a chipless sensor based on three
concentric loop resonators with the intention of monitoring the RH
at three different frequency values. A 3 x 3 array of these resonators
were inkjet printed in a humidity-sensitive paper (NB-P-3GU100 -
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Figure 5.8: Measured RCS of the sensor response implemented with C4
combination (1 layer of silver nanoparticle ink and paper substrate) at two
different salt solution references.
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Mitsubishi), and then glued to a grounded cardboard substrate. The
silver nanoparticle ink (Mitsubishi) did not need any heating process
for the sintering, and was printed with a conventional inkjet printer.

Finally, the work in [74], which was used as comparison with the
FR-4 substrate in he previous section, was also cited here. This work
showed a chipless sensor based on nested coupled loop resonators. Both
the substrate and conductive traces materials were not specified. Only
the sensitive material, silicon nanowires, is mentioned.

A comparison between these works and the implementations of
the proposed sensor in paper is made in Table 5.7. It is seen that this
work proposes a very miniaturized sensor, whose occupied are is a least
one order of magnitude lower if it were normalized to the equivalent
wavelength. All the rest of the works are based on arrays of the same
structures in order to increase the RCS. Notoriously, the implementation
in [76] is the biggest in size, which translates to the highest RCS average
peak. This structure achieves a high relative sensitivity due to the patch
antenna-based structure together with the plastic material employed.

Regarding the paper implementation presented in [44], this sensor
does not present RCS measurements for that prototype. However, as
the sensor structure is grounded, the sensing mechanism is based on
detecting the RCS valley rather than its peak. So, the average RCS (no
valley) value obtained from the simulation of a FR-4 implementation
was used instead as reference in the table. This work achieved a good
relative sensitivity for the range between 60 nd 90 %RH.

Finally, it is seen that the sensor presented in [74] is an alternative
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for a good relative sensitivity and a reasonable size. Nonetheless, its
RCS peak is the lowest among all the rest of the sensors, so its reading
range should be compromised in practical applications.

Both implementations in paper of the proposed sensor achieved
an RCS peak within the desired specifications. Even though, a sensitivity
characterization of these prototypes within a wider %RH range was
missing, regarding the relative sensitivity results obtained, it can be
estimated that a total resonance frequency shift of 66 MHz and 20 MHz
around 2.45 GHz would result from a 8 to 90 %RH range considering
the C2 and C4 implementations, respectively.

With the intention of summarizing the main results cited previ-
ously, in the last two columns of the Table 5.7, two figure of merits were
added. The first takes only into account the radiation efficiency in terms
of the RCS for occupied unit of area ( FoM; = RCS/area). The second
complements this one with the relative sensitivity ( FoMy = Rel.Sen. x
RCS/area).

It is observed that both prototypes implemented in this work
are superior regarding FoM;. This is due to its miniaturization degree.
Furthermore, when sensitivity is taken into consideration in FoMsy, only
the implementation with combination C2 and C4 are the second and
forth in performance respectively. Regarding this last figure of merit,
the works in [44] and [76] achieved better results, however, it should be
recalled that those designs require more fabrication steps due to the
grounded structure and their relative cost due to fabrication process
and conductive material per occupied area could be higher.

Finally, it is important reinforce the fact that not easy to make
a fair comparison between all the cited works since neither the same
measurement setup nor %RH and temperature range nor the sensitive
material nor costs nor the operating frequency are considered. Therefore,
the results from this comparison exercise should be carefully interpreted.

5.3.4 Improving performance of sensors in paper: increasing coupling
factor and modifying scatterer shape

Based on the previous results, some techniques were considered to
enhance the performance of the implementations of the sensor in flexible
substrates, more specifically, in the case of paper as the substrate. The
main goals were to enhance both the RCS and the sensitivity through
specific modifications in the sensor design. These include increasing the
coupling of the scatterer and the resonator, and increasing the radiation
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efficiency of the scatterer. Both techniques were explored, as described
below.

From the theoretical analysis of the sensor sensitivity made in
Section 2.3.1, a higher sensitivity is expected from a higher coupling
factor between the scatterer and the resonator (k). From EM simulations,
it was already proved that a higher k resulted if the SRR’s outer ring
slit was oriented so it faces the midpoint of the ORR (0). Moreover, it
was verified in Section 4.1.2 that getting closer the resonator to this
midpoint increased the coupling factor.

Two prototype of the sensor were implemented with the C3
combination, which provided with a good estimation of the performance
of the a printed sensor in paper (combination C4). A C-shape ORR
was chosen to increase the RCS while keeping a miniaturized design.
Also, the coupling factor was enhanced by placing the SRR closer to
the ORR midpoint, as shown in Fig. 5.9(a). The RCS measurement
results are shown in Fig. 5.9(b-c) for several distances from the reader.’?
These results confirmed that a higher coupling factor exists given the
lower resonance frequency, compared to the previous C4 implementation.
Moreover, the RCS peak values are also similar (see Fig. 5.6), which
means that the effect of increasing the slit size balanced the losses
increment expected from the higher coupling factor. As a result, a
higher sensitivity compared to the previous implementation with paper
is expected from this new design while keeping similar RCS values.

The second technique applied to enhance the sensor performance
regarding its RCS was to modify the scatterer shape. It is known that
the scatterer is more effective as it approximates to an ideal dipole.®
Therefore, a new sensor design based on this idea was implemented, as
shown in Fig. 5.10(a). It is seen that a rectangular ORR instead of an
square-shape ORR was included. Moreover, the SRR was also designed
to be close to the ORR midpoint to increase the coupling factor and
enhance the sensor’s sensitivity.

The measured RCS results are shown in Fig. 5.10(b). Much
higher levels of RCS are observed compared to the implementation of
Fig. 5.9. Nonetheless, also a lower quality factor was obtained, due to the
new scatterer shape. As a result of its higher radiation resistance, this
implementation shows the possibility of increasing the reading range,
however, at the expense of more usable area for the sensor and higher
RCS peak bandwidth.

5A discussion of the measurement setup and the reading distance is
presented in Section B of the Appendix.
SRefer to Section 2.4.
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Figure 5.9: Measured RCS at different distances of implemented sensor with
C3 combination considering enhanced coupling factor.
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Figure 5.10: Measured RCS at different distances of implemented sensor with
C3 combination considering enhanced coupling factor and higher RCS scatter.
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Table 5.6: Some of the measurement results from tests with salts
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Implementation RC Spear (GH] [MHz] Q-fact.
ORR C2 -23.56 2.872 163 17.6
NAOH -23.6 2.872 164 17.5
-24.27 2.872 165 17.40
-24.3 2.872 165 17.40
-23.93 2.872 164.25 17.5
sensor C2 -26.59 2.56 87.5 29.3
NAOH -26.44 2.56 86 29.8
-26.63 2.563 85.5 29.9
-26.45 2.56 84 30.5
-26.53 2.561 85.75 29.9
sensor C2 -27.47 2.521 127 19.9
MgNO -27.59 2.521 119 21.2
-27.42 2.523 111.5 22.6
-27.26 2.525 108.5 23.3
-27.44 2.522 116.5 21.7
sensor C4 -34.93 2.581 114 22.8
NAOH -35.05 2.584 117.5 22
-35.32 2.56 148 17.3
-34.82 2.561 133 19.3
-34.57 2.571 125 20.6
-34.94 2.571 127.5 20.4
sensor C4 -35.19 2.499 178 14
MgNO -34.45 2.479 158.5 15.6
-34.82 2.489 168.25 14.8
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Table 5.7: Comparison between RH chipless sensors implemented in flexible substrates.

Sens. . tested _
Sensor material dim 5 area /A2 %RH RCOSpear  Rel. FoM;  FoM,
& subst. [mm?) range [dBsm] Sens.
AHQMW work | per 12x12  0.01 8-53 -26.5 2.7¢-3 | 16.3 4.4e-2
Aeow_vm R — 12x12  0.01 8-53 -34.9 83ed | 24 1.9¢-3
[76] plastic 50x60  26.9 10-75  -23 152 | 1.9 2.7¢-2
[44] paper 45 x 45 w.w%.@ 60-90  -20° 6.7¢-2 | 0.83 5.6e-2
[74] Ww?@ 12x34 037 78-98  -46 3.9¢-2 | 82e-3  3.3c4

“For each of the frequency bands.
YEstimated from the simulated value presented.
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5.4 CHAPTER CONCLUSIONS

The aim of this chapter was to show the performance of the
proposed sensor structure when implemented with flexible substrates.
For this purpose, different prototypes regarding four combinations be-
tween plastic and paper substrates and copper and silver traces were
explored. Some design modifications were explored compared to the
FR-4 implementation shown in the previous chapter. These included
the use of wider conductive traces and the augment of the ORR slit
dimensions.

Measurements confirmed that plastic implementations were the
best in performance due to the reduced losses and thinner dimensions
compared to paper substrate. Also, the reduced performance was ex-
pected from the silver traces, both based on nanoparticle ink and paste,
compared to the copper conductive tape-based traces. Nonetheless, it
was verified that even the sensor implemented with the lossiest materials
(paper plus printed silver ink), presented a RCS peak above -40 dBsm,
which means it could be able to be interrogated it from a 1 m distance
using a low-cost reader operating at 2.45 GHz.

The two prototypes implemented in paper were compared to
other sensors implemented with flexible substrates reported literature.
These prototypes achieved a lower relative sensitivity performance for
the tested RH range. However, if the size is considered, they achieved
similar and, in some cases, higher performances than the rest.

An interesting fact was to confirm that only very few implementa-
tions of FC chipless sensors have been reported using flexible substrate.
Specifically, only three citations were found in which paper was the
substrate. Moreover, none of the reported sensors have presented such
miniaturized structures as proposed in this work. Both facts are at-
tributed to the difficulty of interrogating the sensor considering lossy
materials.

Finally, it was verified that the sensor prototype which was printed
on paper can be improved through some changes in the design. These
include the enhancement of the SRR coupling and the modification on
the ORR shape. Preliminary experimental results showed that those
modifications could, indeed, improve the sensor performance.
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6 EFFECT OF THE SELF-INTERFERENCE IN CW CHIP-
LESS READERS

In a typical chipless radio-frequency identification system, the
reader sends a modulated/unmodulated electromagnetic wave to the
chipless tag and then measures the backscattering signal, which is
modified by the tag’s EM signature [37]. Despite many studies have been
published about chipless tags, the reader, given its challenging role of
detecting the weak unmodulated backscattered EM signal from the tag,
remains an open subject of research. Consequently, most of the reported
chipless tags, both for identification and sensing, have been characterized
employing costly laboratory equipment and high-gain directive antennas,
usually within well-controlled measurement environments [104]. Still,
some reader architectures and signal-processing techniques have been
proposed for reading chipless tags in real-life scenarios [105, 106, 28, 107,
104, 67, 108, 54, 40, 59, 61]. Recent implementations of these readers
consist of off-the-shelf components [57, 46, 109, 110, 33, 111}, high-cost
dedicated Integrated Circuit (IC) [50, 112] or low-cost development
boards [113, 114].

It is important to say that all the implementations cited above
used either two-antenna monostatic or bistatic configurations. Partic-
ularly, single-antenna monostatic setups are preferred when compact
implementations are needed [115]. Nonetheless, single-antenna setups
are more prone to the self-interference effect,! due to the presence of
a disturbance signal at the receiver chain caused by the leakage of the
high-power output signal of the transmitter. This interference limits the
sensitivity, and, thus, the reading range of the system [116, 117, 118].
In fact, this is a critical issue in a chipless RFID system, since the tag
remains static and no Doppler effect occurs, differently to a traditional
continuous wave (CW) radar application. Therefore, monostatic chip-
less RFID systems require the implementation of a Self-Interference
Cancellation (SIC) technique, not only in single-antenna but also in
two-antenna setups where large reading distances are desired [119].

In this chapter, the sensitivity performance of monostatic chipless
readers applied to frequency-domain tags in which the reader architec-
ture include a SIC technique is studied. Previously reported analyses
on the distance range for detection of a chipless tag have only con-

! Also known as self-jamming.
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sidered bistatic and two-antenna monostatic configurations in which
self-interference was neglected [120, 37]. However, in monostatic architec-
tures, the sensitivity term in the radar equation becomes now a function
of the transmitted power. Therefore, new theoretical expressions for the
maximum reading range as a function of the SIC circuit performance
when the reader is limited either by its noise floor, specifically the trans-
mitter leakage noise, or by the dynamic range due to the transmitter
leakage signal are necessary. Finally, as a case study, a single-antenna
monostatic reader based on a Software Design Radio (SDR) platform
and a dedicated SIC circuit was implemented and measurement results
are compared to the expected theoretical calculations.

6.1 INTERFERENCE SOURCES IN CHIPLESS READERS

In a typical reader with FSCW radar architecture as the one
represented in Fig. 6.1, when the chipless tag is assumed static, the
downconverted signal at the receiver produces a DC signal. This fact
may limit the readability of the tag due to the large DC-offsets and
low-frequency noise caused by the front-end circuit elements. To surpass
this issue, a sub-carrier modulated CW signal can be used instead, so
the downconverted baseband signal is shifted to a higher frequency.

Nonetheless, in a real-life scenario, the signal at the receiver is
composed of the sum of the signal retrieved from the tag plus others
caused by interferers, as represented in Fig. 6.2. Therefore, the down-
converted signal of the chipless tag (at each frequency step) can be
expressed as

Vo(t) = Viag ()7 + Vine(t), (6.1)

where w,, is the sub-carrier angular frequency. The first term Vtagej“’mt
refers to the downconverted signal information from the tag, where
Viag(t) is given by

Viag(t) = Agage? o9, (6.2)

that is, it is proportional to the tag EM signature which is related to
the amplitude (Aqq) and phase (¢iqq) information at each frequency
step. The second term, V;,;(t), refers to the signals originated from
interferers which can be either external or internal to the reader.

On the one hand, the main external sources of interference are
the random signals from other communication systems working at near
frequencies and the backscattered echo from the environment or object
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Figure 6.1: FSCW chipless reader architecture and main signals. A: RF
transmitted signal; B: RF received signal; C: downconverted received signal.
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attached to the tag, known as the clutter. On the other hand, the
internal source of interference is the transmitter itself, which leaks both
a high-power signal and noise to the receiver through all the possible
paths expected from component reflections and non-ideal isolation in
the RF path [117]. This combination of unwanted signals are referred
as the transmitter leakage. As a result, the downconverted signals from
the interferers can be expressed as the sum of the random interferers
(V;), clutter (V.) and transmitter leakage (V}), i.e.,

Vint(t) = Vio(t) + (Vee?s + Vie®) efomt. (6.3)

While random external interferers are likely to be mitigated
by digital signal-processing algorithms [105], clutter and transmitter
leakage are the most critical unwanted signals since they occupy the same
frequency spectrum of the retrieved signal from the tag, especially the
latter, since is a very high-power signal. Therefore, the main challenge
of the reader is to distinguish the tag from these two interferers.

The clutter effect can be avoided by following the three-step
calibration method in [99], although this technique is impractical for a
real scenario. Alternatively, cross-polarized interrogation can be used
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Figure 6.2: External interferers and self-interference signal that cause reading
range degradation in single-antenna monostatic chipless readers.
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together with depolarizing tags and/or digital signal processing tech-
niques where just a single [50, 51, 52, 122, 123, 50] or even no calibration
measurement may be required [121].2

Regarding the transmission-to-receiver high-power leakage signal,
this can drastically affect the dynamic range of the receiver, resulting in
desensitization or voltage clipping of the RF blocks. Furthermore, not
only the transmitted signal is leaked but also its noise. The transmitter
leakage is a very well-known issue in monostatic architectures such as in
high-performance RFID readers and radars, which have been addressed
by means of SIC techniques [117], which has also gain recent attention
in transceivers’ design for full-duplex (FD) communication [116]. In the
case of the chipless reading system, the employed SIC technique should
guarantee that the RF front-end does not saturate and that the leakage
noise is below the backscattering signal level from the tag [119]. This
issue is analyzed in the next section.

2Imperfect cross-polarization interrogation due to real antennas should be
expected in practice.
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6.2 READING RANGE CONSIDERING THE TRANSMITTER LEAK-
AGE AND A SIC TECHNIQUE

6.2.1 Leakage noise analysis

In a chipless reader with monostatic configuration and sub-
carrier modulated FSCW, as discussed previously, considering that
the clutter can be highly attenuated by depolarizing tags [50] and/or
by digital signal-processing techniques [105, 121, 113|, we may as-
sume that the main interferer is given by the transmitter leakage
(Vine(t) = Vje/*mt+91) When the reader includes the implementation
of any SIC technique, the leakage signal is expected to be reduced in 20
to 40dB, as shown in typical implementations [116, 117]. With regard
to all these facts, one can express the reader’s sensitivity as

S, = SNR,N;, (6.4)

where SNR, is the minimum required signal-to-noise ratio (SNR) at
the input of the baseband signal processing unit, and N; is the total
input-referred noise at the antenna, which can be written (neglecting
the phase noise of the transmitter) as [119]

N; = NP+ N (6.5)

where N represents the contribution of the intrinsic thermal noise of
the receiver chain and Nil corresponds to the leakage noise from the
transmitter chain.

The thermal noise term is given by

N!" = kgToBWNF,,, (6.6)

where kp is the Boltzmann constant, Ty is the operating temperature
(in Kelvin), BW is the channel frequency bandwidth, and NF,., is the
noise figure of the receiver chain. Moreover, the leakage term can be

written as N

Agsiciso
where the transmitted noise power (Ny, = P /SNRy;) is a function
of the transmitted signal power (P;,) and the SNR of the transmitter
(SNR::), asie is the attenuation factor attained by the SIC circuit,

and «;s, is the value of the intrinsic isolation of a monostatic system
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(referred to the antenna), which, depending on its configuration, may
be written as

IN+ |, 2 , single-antenna w/ circulator;
a;t =S Cup/Ip + 0|72, single-antenna w/ coupler; (6.8)
It , two-antenna;

where I', represents the voltage reflection coefficient of the reader
antenna, C¢, is the coupling factor of the coupler and I, I, and I,
represent the isolation factors of the circulator, coupler, and between
antennas, respectively.
Alternatively, the noise leakage term can be expressed as
1 Pta:

N; = o FON’ (6.9)
where FOM, = 4SSN Ry, is a figure of merit related to the reader
[119]. As a result, the maximum reading range calculated from the
sensitivity expression obtained from the radar equation (assuming line-
of-sight propagation) is equal to

(6.10)

i o PG00 NRCS
(max) Sr (47_(_)3 y

where G, is the antenna gain, 0, is an attenuation factor due to
polarization mismatch between the antenna and the tag. The superscript
tn makes reference to the total noise.

Similar to an analysis made for an RFID chipped system [119],
provided a transmitter power level (P, ), the sensitivity will be deter-
mined either by the thermal noise or by the transmitter leakage noise.
When this power is low, the thermal noise is the dominant noise source,
thus, the traditional equation from the radar equation can be used.?
However, when it is high, the leakage noise dominates. The transition be-
tween both conditions depends on «;s, (g, and SN Ry,.. Moreover, the
leakage noise is expected to be more severe in single-antenna monostatic
readers, since the isolation factor «;, is typically lower, and the reader
sensitivity becomes more dependent on the SIC circuit performance (see
(6.9)). Therefore, for N* << N}, (6.10) is reduced to

FOM,FOM, )2
i Nil/ OM,FOM, \2RCS (6.11)

(mazx) ™ SNR, (47.(.)3 )

3Refer to (2.2) in Section 2.1.
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where FOM, = aisodpong is the antenna figure of merit. Here, the
superscript {n emphasizes that this equation considers only the leakage
noise.

Equation (6.11) is in agreement with the expression obtained in
[119]*. Nevertheless, in chipless RFID tag measurements, not only the
transmitter thermal noise must be considered but also its phase noise,
since it produces a residual noise after downconversion of the signal
backscattered from the tag due to the so-called range correlation effect
[124]. Then, the phase-noise should be taken into account by including
it in the SN Ry, i.e., Nyp = N} + Nf;b. This component is equal to
the total integrated phase noise within the band of interest

fntAf
NP = / Son (g (S, (6.12)

which is dependent on the phase-noise power spectrum of the transmitter
signal (Spn(f)) and the range correlation factor app,(f) = 4sin? (7 f7.),
where 7, is the round-trip delay time of the CW interrogating signal
that impinges on the tag.

6.2.2 Leakage signal power analysis

Besides the impact of the transmitter leakage noise, its high-power
leakage signal must be analyzed as well. For instance, it is necessary
that the downconverted signal is digitized with enough accuracy at the
input of the digital processing unit. We can express this requirement by
relating the minimum resolvable step of the Analog-to-Digital Converter
(ADC) at the end of the receiving chain and the minimum SNR at
processing unit:

FSV GyViag

2ENOB < /SNRo(min) .
The left term represents the least significant bit value given by the ratio
of the full-scale voltage (F'SV') and the effective number of bits (ENOB)
of the ADC, and G}, is the baseband voltage gain of the receiver chain
(baseband amplifier plus filter).
The maximum achievable value of the baseband gain without
saturating the baseband reception chain is limited by the sum of ampli-
tudes of the downconverted signals retrieved from the tag (Viqy) and

(6.13)

4For chipped tags, RCS = GfagnMop)\4/47r.
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transmitter residual leakage signal (V;) due to the SIC circuit. Typically,
the portion due to the tag is very weak compared to the residual leakage
signal, so Vi + Vg = Vj. Therefore,

FSV
Gb(max) ~ Vi . (614)

Furthermore, it can be stated that
Vi Vg = Pl/P, (6.15)

where Pil = Py /usoisic is the leakage power from the transmitter
referred at the antenna, and Pfag is the input power due to the tag
backscattering signal deduced from the radar equation. Finally, by
substituting G, and V44 in (6.13) using (6.14) and (6.15), the maximum

reading range can be determined from

FOM. ... AENOB )2
i ):f/ OM, ;. A2RCS (6.16)

(maz SNR, (47)3

where the superscript dr indicates its relation to the dynamic range.

We should notice that (6.16) is similar to (6.11), both being
affected by the SIC attenuation factor. In the case of a reader where
SNR;, > 4FNOB the reading distance would be restricted by the power
of the transmitter leakage signal rather than its leakage noise.

At this point, it is important to remark that the downconverted
leakage signal is typically not a relevant issue in traditional RFID
chipped tags since this signal is downconverted at a different frequency,
lower than the backscattering link frequency of the tag. Thus, it could
be filtered out before reaching the ADC.

6.3 CASE STUDY
6.3.1 Reader implementation and measurement setup

We implemented a chipless reader based on the USRP B210
SDR platform from Ettus Research™, which integrates two transceiver
channels with a direct conversion architecture [126]. Self-interference
cancellation was achieved by using both channels’ transmitters plus an
external circuit board comprising a microstrip directional coupler and a
Wilkinson power combiner, as shown in Fig. 6.3. The combiner adds
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the leakage signal from the main transmitter to the second transmitter
output signal. The latter is calibrated in phase and magnitude in order
to reduce as much as possible the power level of the leakage signal. Ad-
ditional information on the functioning principle of similar SIC circuits
can be found in the literature [117].

Figure 6.3: PCB implemented on low loss substrate (RT Duroid 5880 - Rogers)
for the self-interference cancellation in the chipless reader.
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Source: The author.

A photograph of the reader is shown in Fig. 6.4(a). The maximum
allowed power at the receiver input port as specified by the manufacturer
was taken into account for the design of the directional coupler. The
most relevant measured parameters of the SIC board are shown in Fig.
6.4(b). It can be seen that the average coupling and isolation factors
were 17 dB and 25 dB, respectively, and the return loss at the transmitter
port was greater than 15dB. In addition, a LogPeriodic Dipole Array
(LPDA) antenna was fabricated, which presented a simulated gain of
6 dBi approximately and a measured voltage reflection coefficient lower
than —11dB between 2.2 and 2.8 GHz. According to (6.8), these results
equal to an isolation factor («;s,) of approximately 6 dB.

In the measurements, an open-ended patch antenna was used
as the chipless tag [125]. The RCS signature of this tag presented an
RCS valley of -35dBsm at the patch resonance, as shown in the RCS
plot of Fig. 6.5(a), which was obtained with a Vector Network Analyzer
(VNA) and two reflectors with different dimensions as references. The
measurements were obtained at a 20-cm distance from the tag to the
center of the LPDA antenna.
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Figure 6.4: (a) Photo of the implemented reader and (b) measured parameters
of the microstrip SIC board: reflection coefficient seen at the Tx port ('),
transmission coefficient of the power combiner (acoms), coupling (Ceoup) and
isolation (Icoupt) factors of the directional coupler.
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Source: The author.



153

The CW interrogating signal was modulated with a 32-kHz sub-
carrier, and its output power was set to approximately 8.5dBm. A PC
running Ubuntu 16.04 was used for controlling the SDR board, whose
sampling rate was set to 1 MS/s, and the transmitter and receiver
bandwidths were set to 100 kHz. The SIC circuit was only effectively
enabled when the second transmitter was turned on and set with the
pre-calibrated values of amplitude and phase at each frequency. These
parameters were previously obtained by a calibration routine within the
frequency band of interrogation with a 1 MHz step. All measurements
were carried on in a typical office environment, where the measurement
with the tag was subtracted from a measured without the tag for clutter
suppression.

In Fig. 6.6, the amplitude values of the baseband signals in
the presence of the tag with both SIC circuit disabled and enabled
(3 measurements each plus an average) are shown, without clutter
subtraction. Since both measurements were done at the same receiver
gain, the difference of power from both responses corresponds to the
average SIC factor (@5, ), which resulted in approximately 27 dB. The
spikes that can be observed in the response with the SIC circuit enabled
were caused by small variations in the calibration algorithm and by
possible external interference signals during measurements.

To compare the reader performance with and without SIC, instead
of measuring the tag at different distances from the reader, the tag was
measured at a fixed distance (20 cm) and the effect on the degradation
of the SNR due to the reading distance was emulated by decreasing the
receiver gain progressively.® For each gain setting, it was verified that
the correspondent receiver noise figure was kept below a certain value
in which this condition was still valid. The equivalent distance at each
gain setting is given by

dg = d(max) \/ PP/ FSPrey, (6.17)

where d(,,45) is the calculated maximum distance, F'SP,..y = 0dBm is
the reference full-scale power level of the ADC, and PiAD ¢ is the input
power reaching the ADC. We used PiADC = 0.5GmPil/Ccp since the
leakage power Pil was assumed to be greater than the power due to the
tag signal. The 0.5 factor accounts for the power combiner loss (comb
in Fig. 6.4(b)), and G, is the value of the receiver gain at each gain

5As it will be shown in the next subsection, it was previewed that the
reader was limited by the transmitter leakage signal.
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setting®.
6.3.2 Reading range calculation

The expressions developed in Section 6.1 were used to estimate
the maximum reading range of the chipless reader. From the technical
specifications and characterization of the SDR and SIC boards, the
following values were used in the calculations: BW = 1MHz, ag. =
27dB, ENOB = 12, SNR,, = —84.5dB, SNR, = 10dB, FOM, =
18.2dB and «;s, = 6.2dB. Considering a central frequency of 2.6 GHz
and that T' = 290K, the results shown in Figs. 6.7(a) and (b) were
obtained.

In Fig. 6.7(a), the sensitivity and the maximum distance are
shown, assuming that the only limitation was caused by the noise (given
by (6.4) and (6.10)) for RC'S = —35 dBsm. Two different receiver noise
figure (NF,,) situations were computed since this parameter varies
according to the receiver gain setting. As noticed from the sensitivity
plot in the left column, there are two different regions according to
the transmitter power. The first occurs at low power levels and the
reader performance is restricted by the noise figure (NF,.,). That is,
the thermal noise imposes a fixed sensitivity. As expected, this result is
true in a reader where no leakage noise is considered. The second region
is located at higher power levels. Here, the sensitivity is limited by the
SIC factor, since Nf" << N!. Consequently, it can be observed from
the plot of maximum achievable distance (in the right column) how the
reading range can be largely increased with the use of the SIC circuit.
Moreover, it is seen that this condition is achieved at lower transmitter
power levels for lower N F}.... Since typically N F,., is reduced at higher
receiver gain values, this would be another advantage of employing a
SIC circuit.

In Fig. 6.7(b), the maximum reading distances as a function
of both RCS and ;. are compared, this time considering both the
leakage noise and the leakage signal from the expressions in (6.11) and
(6.16) respectively. As noticed from the curves, the reading distance of
the reader in study should be limited by the dynamic range rather than
the transmitter noise due to the relatively low ENOB. Accordingly, the
reader should be able to read a tag with a RCS of -35dBsm up to a

SReceiver gain settings differs from real values. These values where char-
acterized by the manufacturer and can be found at https://kb.ettus.com/
B200/B210/B200mini/B205mini.


https://kb.ettus.com/B200/B210/B200mini/B205mini
https://kb.ettus.com/B200/B210/B200mini/B205mini
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distance (d(;qz)) of 0.7m without SIC. This value is low compare to
the approximately 1.4 m when considering only the leakage noise, and
also significantly lower if compared to the almost 5.5 m when no leakage
exists. Conversely, if SIC is enabled, the reader could reach a of 3.3m
distance taking into account the dynamic range restriction.

This last fact evidenced the importance of the SIC. Thus, the
reading range calculated in (6.17) as a function of the normalized input
power at the ADC is shown in Fig. 6.8. The curves show that for the
same input power, the reader should achieve higher distances by enabling
the SIC.

6.3.3 Experimental results

Figures 6.9(a) and 6.9(b) show the measurement results from
the tag without and with SIC, respectively, for some points marked
in Fig. 6.8. The measurement obtained with the VNA is also plotted
as a reference guide (shown in dash lines). It can be seen that the
reading performance on both cases is limited by the receiver gain, which
confirms the limitation due to the reader’s dynamic range.

Regarding the measurements without SIC (Fig. 6.9(a)), it is seen
that the curve corresponding to the first gain setting (D1) clearly showed
the resonance valley of the tag. Other valleys were also present due to
the fact that only the magnitude information could be obtained at the
USRP, which resulted in a non-coherent subtraction of the clutter. This
issue could be tackled with a suitable calibration for the SDR, platform
[127]. Despite that issue, it is possible to observe the degradation on
the information from the tag as the gain is reduced (D2 - D4) and the
theoretical equivalent maximum distance approximates the distance
used in our measurements.

Finally, as observed from the plots in Fig. 6.9(b), enabling the
SIC circuit allowed for better results at similar input powers, obviating
the observable spikes caused by the calibration procedure of the SIC
circuit mentioned earlier. The reader was able to read the tag at an input
power much lower than the minimum allowed when disabling the SIC
(E3). Considering (6.16), this improvement equals to a reading-range
increment of more than four times. When this power was reduced to a
value equivalent to a distance shorter than 20 cm, the readability was
compromised (E4), as expected.
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Figure 6.5: RCS of the open-patch tag obtained with VNA and two reflectors
with different dimensions (in cm X c¢m).
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Figure 6.6: Received signal power at USRP during no-tag measurement w/wo
SIC for extraction of the SIC attenuation factor.
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Figure 6.7: (a) Calculated sensitivity (left) and maximum distance (right)
as a function of the transmitter power level considering only noise and
RCS = —35dBsm. (b) Comparison between achievable reading range limited
by transmitter leakage signal and noise as a function of RC'S (left) and assc
(right).
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Figure 6.8: Equivalent distance due to the input power at the ADC, recreated
with different gain settings at the receiver for each case with and without
SIC.
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Figure 6.9: Tag information retrieved from measurements with SIC (a) disabled
and (b) enabled, at different receiver gains (Fig. 6.8). The RCS obtained with
a VNA appears in dashed lines.
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6.4 CHAPTER CONCLUSIONS

In this chapter, the issue of self-interference in monostatic FSCW
chipless readers was addressed. Previous reading range analysis regard-
ing chipless sensors in literature have neglected this issue. Therefore,
theoretical expressions for the reading range were provided both from the
noise and large-signal perspectives considering the transmitter leakage
as the critical interferer.

A chipless reader based on a SDR platform plus a dedicated SIC
circuit board operating around the ISM 2.4 GHz band was implemented
as a case study. From the developed expressions, the reading range
of this reader was previewed to be limited due to the leakage signal
power. This fact was verified from the measurement of a chipless tag
by varying the receiver gain. The experimental results shown that the
27 dB attenuation factor related to the SIC technique achieved in the
reader prototype showed a reading range enhancement of up to four
times.
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7 CONCLUSIONS AND FUTURE WORK

7.1 CONCLUSIONS AND MAIN CONTRIBUTIONS

Throughout this study, a typical chipless system comprising a
chipless reader and sensor has been analyzed with the intention of
identifying the main issues that degrade the process of interrogation.
More specifically, the contributions of this work has been focused on
the enhancing of the reading range of frequency coded miniaturized
chipless sensors that are aimed to be fabricated in flexible low-cost
substrates and to operate at the ISM band. In this respect, some main
contributions resulted from this work.

The first contribution is the proposal of a novel configuration of
miniaturized chipless sensor whose design allows for optimization for a
determined specification of size and sensitivity. The structure consists
in two magnetically-coupled resonating structures, the scatterer and
the sensitized resonator, each of which are designed to achieve distinct
goals: radiation efficiency and high sensitivity, respectively.

A second contribution is the presented theoretical analysis of the
sensor performance based on its electrical model. Theoretical expressions
for the main figures of merit based on this analysis were obtained. These
expressions depended on the resonance frequency which, in term, was a
function of the parameters of the scatterer and the sensitized resonator.
Therefore, the resonance frequency obtained from the electrical model
was validated through EM simulations. All these theoretical expressions
are useful in the design procedure of the sensor.

The third contribution was the implementation of miniaturized
sensors based on the novel configuration proposed. The main goal was
to accomplish a uniplanar layout compatible with low-cost additive pro-
cesses and flexible substrates. In this regard, a first round of prototypes
of the proposed sensor fabricated in FR-4 substrates showed it can
achieve enough sensitivities, for example, for covering the 2.4 GHz ISM
band. Moreover, compared to other miniaturized proposed sensors based
on capacitive transducers which were also implemented with similar
substrates and fabrication processes, the proposed design can achieve
higher RCS levels, which means it could be read from a larger distance.

Finally, a second round of prototypes of the sensors in flexible
substrates such as paper have demonstrated that it is possible to achieve
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RCS peak levels above -40 dBsm, which means those sensors could be
read with a low-cost reader from more than a 1m distance.! It has
been verified that very few related works have been published showing
a functional miniaturized frequency coded chipless sensor implemented
in flexible substrates, specially printed on paper.

It is also worth mentioning that not only the sensor but the
reader deserves careful attention in a chipless system. Therefore, as an
unfolding of this research, a study on the reader size was also done,
specifically, considering a typical architecture of FSCW chipless reader.
It was concluded that if the reader requires to be low-cost and low-
profile, for which a single-antenna monostatic setup is needed, it is very
probable that its reading range could be limited by self-interference of
its transmitter.

In this way, a theoretical analysis for the determination of the
limits of the reading range considering this issue was carried on. This
analysis led to two equations describing the maximum achievable dis-
tance considering two scenarios. The first one, when the reader is limited
by the high-power leakage signal from the transmitter. The second one,
when the leakage noise is the critical factor. The theoretical estimations
were verified through experimental tests with a customized low-cost
reader based on a SDR platform. It was not only proved that the leakage
noise degrades the readability of a chipless tag, but that self-interference
techniques applied to these readers is a necessary resource for enhancing
the reading range.

7.2 FUTURE WORK

Envisaging future implementations based on the results of this
study is inevitable. Many aspects of this research can be further investi-
gated or combined to continue to contribute to the achieved results.

For instance, regarding the sensor design, a cross-polarized version
of the sensor can be investigated. Cross polarization may reduce in 3 dB
the reflected power from the sensor, however, it is necessary for a
real scenario in which high levels of clutter are expected and dynamic
readings should be performed.? Moreover, more measurements can be
done considering the design modifications in which a higher coupling
factor is achieved.

No transmitter leakage considered.
2That is, calibration with a known scatterer would not be easy to make.
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Another aspect that is very critical is the choice of the sensitive
material. A study solely from the materials point of view is a must
and should complement this study, with the objective of achieving
a sensor with outstanding performance. In this regard, a complete
characterization of the dielectric properties of this material within the
frequency band of frequency should be done. This includes obtaining
an statistical analysis on the variations of these properties for a specific
fabrication process.

Complementary to the previous idea, it must be said that the pro-
posed sensor may also be used for contactless materials characterization
if a complete and robust technique is idealized for the obtention of the
material properties from the measurement of sensitized resonator. This,
certainly, includes a de-embedding process of all the setup measurement
from the results.

Regarding the sensor modeling, a higher order model of the
sensor may be useful to improve the theoretical estimations, for example,
the ones related to the quality factor. This also includes considering
the ohmic losses of the resonator to be a function of the measurand.
Moreover, further analysis on the antenna effect on the results of the
quality factor is needed.

Concerning the reader, further measurements can be carried on
with the already implemented version, this time varying the reading
distance from the tag and also adjusting the non-coherent reading issues.
After this, the implemented reader and sensor can be both proved in
a single system aiming at low-cost chipless monitoring systems. The
design of a specific reader antenna for this system can also be proposed.

Finally, it would be also interesting to investigate the feasibility
of the proposed chipless systems at the 920 MHz ISM band, which
is the same in which UHF RFID readers operate. A customization
of a commercial RFID reader can be used to demonstrate a hybrid
prototype that can be used for both chipped ID tags and chipless
sensors interrogation.

7.3 LIST OF PUBLICATIONS

As a result of this research, some papers were published. Below,
the title of each of these publications is listed together with a summary
explaining each of its contributions.

e Paper I: A Low-Cost Passive Wireless Capacitive Sensing Tag
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Based on Split-Ring Resonator [152].

In: IEEE International Instrumentation and Measurement Tech-
nology Conference (I2MTC), 2015, Pisa.

Summary: In this paper, the authors proposed a wireless capacitive
sensing tag that works around the 940 MHz band based on a small
antenna loaded with a metamaterial in a single-layer design. The
proof-of-concept was shown with two implemented prototypes, one
on FR4 and the other on paper substrates. Both prototypes were
adapted to work as humidity sensors. Simulations and measure-
ments results showed the suitability of the tags for low-cost sensing
applications.

Paper II: Wireless transducer based on split-ring resonator [153].

In: Symposium on Microelectronics Technology and Devices (SB-
MICRO), 2015, Salvador.

Summary: In this paper, the same small antenna structure pre-
sented in Paper I was proposed as part of a wireless sensing tag
working on the UHF RFID band. The transducer works both as an-
tenna for wireless communication to a RFID chip, and as sensing
element.

Paper I1I: Exploiting the SRR for miniaturization and sensitivity
of a humidity chipless sensor [154].

In: MOMAG, 2016, Porto Alegre.

Summary: This paper presented preliminary results of the chipless
sensor proposed in this thesis. A single-layer structure based on an
open-ring resonator coupled to a split-ring resonator working as
a humidity wireless sensor at 2.4 GHz ISM band. An analysis of
the resonance frequency based on the electrical model is presented.
Measurement results proved that the proposed structure achieved a
high level of miniaturization and good sensitivity compared to a
chipless sensor based only on an open-ring resonator.

Paper IV: Miniaturized chipless sensor with magnetically-coupled
transducer for improved RCS [155].
In: IEEE Microwave and Component Letters, 2017.

Summary: In this paper, the main the results presented in Chapter
4, that is, full-wave simulation results and sensitivity measure-
ments of the proposed sensor, wee presented. It was shown that
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the structure was able to addressing miniaturization and sensi-
tivity in uniplanar designs, permitting mazximizing the RCS for a
determined available area and required sensitivity.

Paper V: Self-interference cancellation in chipless RFID readers
for reading range enhancement [156].

In: IEEE International Instrumentation and Measurement Tech-
nology Conference (I2MTC), 2018, Texas.

Summary: In this work, the study of the effect of self-interference
cancellation in single-antenna monostatic chipless RFID readers
on its reading range was presented. This included two theoretical
limits for this range were obtained by taking into account both
the signal and noise leaked from the transmitter. Moreover, a
software-defined radio-based reader implemented was shown. Its
performance was predicted to be restricted by the leakage signal
power rather than the noise power, fact that was verified through
measurements of a chipless tag. The experimental results also
showed an improvement of more than four-times in the reading
range through a 27-dB attenuation of the self-interference signal.
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A DERIVATION OF FORMULAS

A.1 RADIATION RESISTANCE OF AN ORR

Figure A.1: Open ring resonator with (a) s = 0 (b) and s # 0.
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Source: The author.

First, Let us consider the circular ORR with a very small slit
(s = 0) in Fig. A.1(a). Assuming that the slit capacitance is negligible,
the ring resonance frequency can be expressed as

Wy = ’Up/)\o, (Al)
where v, is the phase velocity and Ay is the equivalent wavelength at
resonance, whose approximated value, in this case, is given by

Ao = 47ry. (A.2)

Following a similar procedure than the one described by Zuffanelli
et al. [88, 91], the desired objective is to estimate the radiation resistance
of the ORR with a non-zero slit defined by the aperture angle p;, as
illustrated in Fig. A.1(b).
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For a given combination of r, and ¢, a resonance angular fre-
quency wy for the ORR in Fig A.1(b) can be defined as

Ws = 'Up/>\57 (A?))

where )\ is the equivalent wavelength at resonance, which occurs ap-
proximately at

As & dmrs /(2ks). (A.4)
Here, kg is a correction factor which accounts for the slit angle:

7r
ks = ——. Ab
’ 2(m — ¢s) (4.5)
Due to the standing wave condition at resonance, the current
distribution is assumed to be sinusoidal along the ring. Thus, for ¢ €
[—7 + @5, ™ — @], this current can be written as

i(p,t) = ig cos (ks ) cos (wst) (A.6)

where 7 is the current amplitude.
From the continuity equation, the linear charge density can be
derived from the integral of the gradient of the current density:

A, t) = —2k, sin (pks) sin (wst). (A7)
TsWs
Since the charge distribution is symmetric along the = axis, there
is a pair of infinitesimal charges (dq) of opposite polarities at a specific
@ value ([0, 7 — @;]). This is equivalent to have an infinitesimal dipole
moment given by:

dp = </\(<P, t)""s) (27‘5 sin 90) 9, (AS)

where the first term in parentheses corresponds to dg and the second
one corresponds to the distance between the opposite pair of charges.
To calculate the total electrical dipole moment of the ring (p) in
the ¢ direction, all the individual dipole moments are integrated along
the x axis, thus, by integrating ¢ from 0 to m — 4, one can obtain

| dgrsks [(2cos(m—@5)\ . N
p= o < 21 sin (wst) 9. (A.9)

S

This result is compatible to the one found in [91] for ¢s = 0.
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From the Larmor equation, the radiated power by an electric
dipole moment of amplitude |p] = py can be expressed as

4,2

P, =c? Zok po’
127
where ¢ is the speed of light, Z; is the wave impedance, and k = 27/,
is the wavenumber. Therefore, one can find the total radiation resistance
by substituting the total electrical dipole moment of the ORR in (A.10)
from the result obtained in (A.9), and then dividing this expression by
the current amplitude squared. This procedure results in

470 [ 1s 2 9
= — A1l
R =" (A) o2, (A1)

(A.10)

where o, = ks%.
s

Finally, it can be noticed that this last result can be further
simplified if the resonance frequency value of the ORR is assumed to
happen at the condition given by (A.4). As a result, rs/As = ks/2m,
and one can obtain from (A.11):

R, = 40k%a?. (A.12)

It is observed that the radiation resistance should be a function of ;.
In other words, it is demonstrated that, independently of the resonance
frequency value, the radiation resistance is only dependent on the slit
aperture.
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A.2 PARAMETER EXTRACTION FOR THE CIRCUIT MODEL

For the estimation of the shifted frequency caused by the coupling
of the sensitized resonator with the scatterer, it is necessary to extract
not only the parameters of each of the resonators, but also the coupling
factor. Therefore, a similar procedure for characterizing miniaturized
resonators described in [128] was followed, however, with the scatterer
instead of the closed loop as the exciter resonator. All the parameters are
calculated as described in that work but one change must be considered
for the specific case of the proposed sensor.

Since the self-resonance frequencies of both the resonator and
scatterer are close, the latter equivalent series capacitance can not be
neglected. Therefore, the step in [128] in which the inductance of the
scatterer is estimated, should be modified to:

s(ZA(WT))
o

L, = (A.13)
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B CARESIN MEASUREMENT PROCEDURES OF CHIP-
LESS TAGS

B.1 GENERAL CONSIDERATIONS

Measurement of chipless tags and sensors requires patience, spe-
cially if not special shielded rooms such as anechoic chambers are
available for the tests. All tests used the VNA available at the labora-
tory for the chipless tag interrogation. Also, all measurements presented
in this work were carried on common laboratory rooms, which included
personal computers, other test equipments, nearby classrooms and,
sometimes, people. For the best results, specially with low RCS tags and
larger reading distances, the best scenario was to use these environments
with no people in a 5m perimeter.

All measurements were always averaged, so eventual external
random sources of signals at the same band were attenuated. Moreover,
time-averaging was always used in the VNA as to enhance SNR of the
reading. Most of the reading were also commanded at distance, that is,
from a remote computer that was connected through local network to
the VNA.

Particular care was further required when sensitivity related mea-
surements were performed. For example, when dynamic measurements
were required (gel to water transition), a very extended time the sensor
should remain at the same position. A a slight change in the setup
configuration (undesired cable movement, people walking nearby, en-
vironment conditions) may lead to misinterpreted results and to the
inevitable repetition of the measurement.

B.2 READER ANTENNA AND REFLECTOR SIZE

Tests regarding distance range, reader antenna types and reflector
sizes (for RCS reference) were executed. First, a test of reading distance
was done with two different antennas. The objective was to verify the
maximum achievable distance with the measurement setup available at
the Laboratory. For this purpose, a 10 cm x 10 cm metallic plate was
employed and two antennas were used (shown in Fig. B.1): a quasi-Yagi
antenna and a LPDA antenna.
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Figure B.1: Implemented antennas for chipless measurements.

(a) quasi-Yagi (b) LPDA

Source: The author.

The results regarding each of the mentioned antennas are shown
in Fig. B.2 and B.3. These results showed that larger distance ranges
could be achieved with the LPDA antenna. This was expected since
its simulated directivity was above 6 dBi, in contrast to approximately
3dBi of the quasi-Yagi counterpart.

Figure B.2: Measured (a) [S11| (minus clutter) and (b) RCS of loaded ORR
with copper tape trace and PET substrate using the quasi-yagi antenna at
different distances with 10cm x 10 cm metallic plate.
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It is also observed that, when a successful measurement is achieved,
the tag information is distinguishable directly from the reflection coeffi-
cient (S11) information. Also, as noticed from the results in B.3(b) at
65 cm, slight measurement inaccuracies can turn the RCS results useless.
That is, the result of the measurement showed a good result in S11,
but an indistinguishable peak at the RCS. This issue might have been
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Figure B.3: Measured (a) |S11| (minus clutter) and (b) RCS of loaded ORR
with copper tape trace and Epson paper substrate using the LPDA antenna
at different distances with 10cm x 10 cm metallic plate.
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caused by an artifact during the reflector measurement. This is proved
by comparing the same measurement with other reflectors as seen next.

Figure B.4 compares the RCS of the tag at 65 cm using reflectors
of different sizes as references. Each of the plate sizes are listed in Table.
B.1. Two things can be verified: first, the peak information at such
distance remains very prone to error, due to measurement errors and
the relative small reflected power from the tag compared to the clutter
and metallic plates; second, the absolute value of the RCS of the tag is
not the same for each measurement.

Table B.1: Metallic plates dimensions used as RCS references for chipless
measurements.

plate ID | dimensions [cm X cm)]

1 10 x 10
2 51.8 x 34.2
3 95.8 x 46
4 112.4 x 65.2

For the results calculation shown in Fig. B.4, the theoretical RCS
of the metallic plates was used as the reference (RCSpiate = 4 A% /N2
where A is the plate area). To make sure this is a good approximation,
the RCS obtained from FDTD simulations were compared for two plates
with different areas, as shown in Fig. B.5. The bigger plate presented
simulated RCS results very close to the theoretical predictions. The
smallest plate showed a very close result to the theoretical calculations
within the frequency band of interest. Therefore, these results proved
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Figure B.4: Measured RCS of loaded ORR with copper tape trace and Epson
paper substrate using the LPDA antenna at a 65 cm distance with different
metallic plates.
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that all RCS of the used plates can be approximated to its theoretical
formulas.

Figure B.5: RCS of metallic plates, simulated vs theoretical.
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To find a possible explanation to the results shown in Fig. B.4,
another set of measurements were performed. Fig. B.6 shows the mea-
sured reflection coefficient (with clutter subtracted) from two plates
measured at different distances with two different antennas. It can be
observed that in the case of the smaller plate (plate 1), the magnitude
of the reflection coefficient changes gradually with distance. On the
other hand, the change of the reflected power in the case of the bigger
plate is not as expressive as in the first case, for both antennas. This
means that the reader does was not able to perceive a difference on the
received power.

A possible explanation to this effect is related to the radiation
pattern and the beam-width of the maximum lobe of the reader antenna.



177

It might be the case that when the reflector is considerably big, enough
so its main lobe is almost totally reflected, the antenna is not capable
of perceive any change on the reflected power, causing a misreading of
the RCS. This phenomena is represented in Fig. B.7.

Figure B.6: Measured S11 magnitude of metallic plates vs distance, of (a)
plate 1 vs plate 5 with quasi-Yagi antenna, (b) plate 1 vs plate 2 with LPDA
antenna.
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As a conclusion, it can be stated that for small reading distances,
big metallic plates may lead to erroneous RCS estimation of the tag.
In contrast, an small plate (such as plate 1) would be accurate enough
for the reading distances used in this work. Moreover, its measured
RCS is not expected to be much different than the estimated by theory.
For a more exact determination of the appropriate reading distance for
a metallic reflector, the beamwidth of the reader antenna should be
always considered.



178

Figure B.7: Beamwidth effect on miscalculation of metallic reflector RCS as a
function of distance.
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C CHARACTERIZATION OF MATERIALS USED IN LOW-

COST CHIPLESS SENSORS

C.1 CONDUCTIVE INKS FOR INKJET PRINTED CIRCUITS

Inkjet printers allow to use different solution-based materials,
such as organic semiconductors, dielectrics and conductive inks. These
inks must fulfill a list of requirements in order to be successfully printed
from the inkjet nozzles heads. The Electrical Materials Laboratory (LA-
MATE) at UFSC is equipped with a material deposition printer model
DIMATIX 2831, which is the lowest-cost solution of inkjet printers
from Fujifilm ®, intended for prototyping purposes and research. This
drop-on-demand (DOD) printer uses piezoelectric membranes which
are excited by controlled voltage sources for drop formation. The fluid
requirements and value ranges of the ink specified by vendor are summa-
rized in Table C.1 [129]. Particle size should be at least 100 times less
than cartridge nozzle diameter, and when this is not 100% guaranteed
by ink provider, filters should be used when filling the cartridge.

Table C.1: Fluid requirements for inks used with Dimatix 2831 inkjet printer

Specification ‘ Min Max
Particle size [nm] 2001
Viscosity [cP] 102 12
[Sdlifrrfigicrn] ension 28 42
pH 4 9
Boiling point [° C] 100 -

Besides the fluid characteristics, the printing parameters set
during printing process impact directly on the final quality of the printed
patterns. These parameters include nozzle waveform for drop formation,
cartridge temperature, substrate temperature, printing resolution or
equivalently drop spacing (DS), jetting speed, time between printed
layers, number of printing nozzles, alternative printing strategies, among
others. These parameters does not only depend on the ink type but also
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on the specific substrate used, since the interaction between ink and
substrates varies. Moreover, post-printing processes required to cure inks,
such as thermal sintering, have a tremendous effect on the conductivity
on the final patterns. Therefore, evaluating all these procedures in a
systematic way in order to be reproducible are necessary for guarantying
good performance of the printed circuits.

Commercial nanoparticle silver-inks are commonly used for inkjet
printing of conductive traces in printed electronics. These inks consists
mainly of three components: The solvent, the nanoparticles of metal,
and a plaster made of a polymer which covers the nanoparticles. The
melting temperature of the nanoparticles are related to its size, i.e., lower
particles are expected to be sintered at lower temperatures and at faster
rates. Previous works reported in technical literature were reviewed in
order to confirm the most adequate curing procedure (sintering and
annealing) of the conductive ink. Among all different methods for curing,
this work emphasizes on thermal curing [130]. At room temperature,
when the ink is completely dry, there is not effective contact between
nanoparticles, since the plaster covering them is not melted. Partial
melting is achieved at middle range temperatures, and the trace starts
showing conductive properties. However, a complete annealing only
occurs at higher temperatures.

From the reviewed literature, it can be concluded that there is
no unique recipe for curing inks. Specific parameters such as optimal
temperature, time, and multiple thermal cycles have been employed.
Specific limitations arises when working with polymer-based low-cost
substrates. From one side, temperature must satisfy the solvent evapo-
ration and plaster melting, while from the other side, temperature must
not cause substrate degradation. This degradation can be physically
evident, such as burning, or can cause substrate shrinkage, which may
cause micro-cracking and lead to high losses of conductivity [131].

In the case of the acquired silver ink for our experiments, Polyvinyl-
pyrrolidone (PVP) is the polymer used for the plaster that covers the
nanoparticles of the ink [132, 133], and its melting temperature is
expected to be above 150° C. This temperature threshold was also
verified by Scanning Electron Microscope (SEM) images of sintered
printed structures reported in [131]. At temperatures between 100
and 150° C, conductance resulted by solvent evaporation and slight
melting of polymer coverage. Just at temperatures above 150° C the
nanoparticles grains began to unify and formed bigger ones. Accord-
ing to the ink vendor website [134], the curing temperature of the ink
is between 120 to 150° C. The reviewed studies which have reported
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working with the same nanoparticle ink are summarized in Table C.2,
including printing and post-printing settings and their electrical perfor-
mance results. It is shown that the reported works in [131, 135, 136]
have been capable to cure this ink at relative low temperatures (<
120° C), allowingprintingstructuresonpaper.Inthecaseo f[131], theyclaimedtoha
with 1 hour sintering in a convection oven at 120° C after a pre-drying
2-hour period ad ambient temperature. This resistivity is equivalent to
a conductivity of 9.4e6 S/cm, which is almost seven times less than the
conductivity of bulk silver. Also, in [135], they have achieved a sheet
resistance of 0.06 Q/sqr with 1 hour sintering in a convection oven at
120° C.

After the ink is sintered, the conductivity can be obtained from
the sheet resistance measurement. Sheet resistance is directly obtained
by resistance (voltage over current) measurement of the sample. When
the expected resistance value to be measured is low, such in well-sintered
silver inks, the cables and probe contact resistances may influence the
measurement. In that case, a four-point probe is frequently used [141].
By measuring with this technique, the sheet resistance of any geometrical
structures is obtained, as long as a correspondent correction factor is
applied, which depends on the type of probes arrangement, thickness
of the sample with respect to probes separation, finite dimensions, and
limit/border corrections. When using arbitrary-shape structures that
present a plane of symmetry, the well-known Van-der Pauw theorem
can be applied [144].

The printed structure should result in solid homogeneous almost-
2D sample (very small thickness). Also the probes contact must be an
order of magnitude less than the area of the sample, and much smaller
than the distance between probes. Moreover, all probes and wires should
be made from the same materials, in order to minimize thermoelectric
effects. The sheet resistance is calculated by applying a current through
the two outer probes and measuring the voltage at the two inner probes.
In our case, the structures for characterizing our inkjet printing process
were squares (see Fig. C.6). The four probes were positioned in line at
the middle of the square. Two perpendicular measurements were done,
vertically and horizontally, and with different polarities, so an average
resistance measurement was obtained. Then, the sheet resistance (Rggr)
is calculated from [144]:

(C.1)

where R,, represents the average measured resistance. The resistivity



182
of the material can then be obtained from :

p = Rsut, (C.2)

where ¢ is the thickness of the conductive trace of the sample. Finally,
the conductivity can be also obtained:

o=1/p. (C.3)

Alternatively to the in-line probes, the probes can also be disposed
in a square configuration [141], and the Greek-cross structure [142] can
be used instead of the squares, using less ink for Rgy characterization.
For higher expected resistance measurements, a two-point probe would
be enough, and resistivity can be calculated directly from resistance
measurement divided by cross-section area of the sample and multiplied
by its length. This can be a quick verification procedure for comparing
different printing settings.

At this point it is worth remarking that resistivity and conduc-
tivity are intrinsic material properties, while sheet resistance is a device
parameter and not a material parameter because it depends on the
thickness of the sample. However, since the printing patterns density are
dependent on sintering process, and not complete annealing of nanopar-
ticles are expected at low temperatures, final conductivity will indeed
depend on printing and post-printing settings. The more the sintering
process joins the nanoparticles forming an homogeneous dense structure,
the more the conductivity will approach the Silver bulk conductivity
(~ 6.3e¢7S/m at 20° C).

In this section, the procedure for printing and characterizing a
silver-nanoparticle conductive ink, more specifically, ANP-40L-15C from
Advanced Nano Products [134], is described. Specific tests were done
based on literature review of previous works which have worked with
similar inks and substrates, as well as ink providers specifications. As
a result, electrical parameters, such as sheet resistance and effective
conductivity are extracted from the followed process, and will then be
used within simulation environments for the sensors design.

C.1.0.1 Experimental results

The first step for characterizing the ink interaction with substrate
is to measure the size of one printed drop on the substrate. Each ink
and its interaction with different substrates determine the drop size,
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and consequently, the printing resolution. A squared pattern of 10 x
10 pixels, with enough large DS (100 - 200 pm), is commonly used for
observing the drops individually. The camera included with the inkjet
printer (known as fiducial camera) is used for measuring the drop size,
with an approximated error of + 2 pm.

The drop size will also depend on the substrate temperature.
Higher temperatures are usually related with smaller drops when sub-
strates have a low-surface tension, like some plastics, or do not have any
chemical coating to trap the ink, as photo-quality paper. Therefore, it is
interesting to observe temperature effect on this step. Figure C.1 shows
the drop sizes of the silver ink on different photo-quality papers printed
from a 10 pl cartridge. The average drop sizes are listed in Table C.3.
The drop diameter sizes vary from 40 to 60 um depending on the paper
used. Note that in the paper fabricated by Filipaper the ink was not
naturally adhered, revealing that there is a mismatch between surface
tensions which causes the ink to disperse randomly. Smaller and darker
drops were obtained with papers from Epson, which reveals a higher
substrate surface tension and not easy solvent absorption. The biggest
drops were obtained with Datajet and Techno papers, while a middle
size was obtained with Multilaser paper. In these cases, the solvent was
quickly absorbed by the paper. Another test was done for comparing
the drop size at different substrate temperatures. As seen from Fig. C.2
and C.3, no significant change was observed in drop size, probably due
to the coating over the paper substrate which captures the ink solid
materials and absorb the solvent letting it drown to the bottom part.
Temperature, though, can be efficiently used when more printed layers
are required and for faster printing procedures.

The substrates selected for realizing the electrical parameters
were the high glossy inkjet paper 180g/m? Ad4-size from Multilaser
and the glossy photo paper A6-size from Epson, which did show good
printability without any previous surface treatment. The Multilaser
paper was easily acquired from a local bookstore at a unitary cost of
R$0.60. It is single face and water resistant, and stands up to 145° C. It
presented an average diameter drop size of approximately 52 ym. The
Epson paper is a more expensive paper (R$0.78) due to its enhanced
photo quality, and was purchased at an online bookstore. It is fully
water-resistant, has a bearable exposing temperature of up to 135° C
and the average diameter drop size is 40 um. The exposing temperatures
of each paper were determined from tests with the papers over glass

3Samples of this paper came with the printer when acquired. No further
technical details where given.
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Figure C.1: Drop size in different paper substrates: a) Datajet, b) Techno, c)
Filipaper, d) Epson, e) Epson (A6), f) Multilaser.

Source: The author.

Figure C.2: Drop size in Multilaser paper calculated from fiducial camera at
different substrate temperatures (35, 50 and 60° C).

Source: The author.

Figure C.3: Drop size in Epson A6-size paper calculated from fiducial camera
at different substrate temperatures (35, 50 and 60° C).

Source: The author.

and metal plates inside a convection oven acquired from QuincyLab.
These tests were done with small-size pieces of paper and comparing the
results with and without adhesive tapes that fixed them to the plates.
Best results were achieved without any fixing or metal plates.
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For printing continuous homogeneous patterns, usually, half of
the diameter drop size value is a good start-point reference for testing.
Figure C.4 shows horizontal and vertical lines printed on Multilaser
paper with DS of 26 yum and a substrate temperature of 35° C. These
line patterns were made with a single nozzle. Stable and well defined
patterns can be observed for one, three and five lines. The so-called coffee
ring effect is somehow noticed at the beginning of the horizontal lines
[143]. Figure C.5 shows the same printed patterns on Epson paper, this
time with a DS of 18 um, since the drop size at this paper was smaller.
Two different tests with one and six simultaneous nozzles were done.
The verification of printing performance with multiple nozzles becomes
crucial if faster fabrication is desirable, specially for large-area patterns
4, The results presented in Fig. C.5 show that homogeneous patterns
are also achieved. A little bulging exists on some of the horizontal
lines when using of 6 nozzles. This bulging appears since the drops
simultaneously falls over the substrate, and their interaction could be
slightly stronger than the interaction with the substrate [143]. This,
in fact, was already observed from the drop size tests where it was
verified that the diameter in Epson paper where smaller due to the
fact of presenting less absorption and evaporation rate of the solvent.
From these line test it can also be expected than less layers might be
used in Epson paper in comparison to Multilaser for achieving the same
thickness.

Figure C.4: Horizontal and vertical lines printed on Multilaser paper, respec-
tively, printed with drop spacing of 26 um (1, 3 and 5 lines respectively). The
cartridge temperature was of 37° C and substrate was set at 35° C.

L B S T S A A

First sintering tests and conductivity measurements were carried
on Multilaser paper substrates. Squared structures (see Fig. C.6 ) were
printed for measuring conductivity with the 4-probe method. Two
different DS values were used, 26 um and 22 pm, and also different
number of layers (1, 3, and 5). The squares were sintered in an convection

4Dimatix 2831 inkjet printer has a maximum of 16 nozzles.
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oven at 130° C average (£ 2° C), and varying the sintering time from
one to two hours °Total time of sintering was considered when oven
was turn-off, but it was left closed. Internal temperature decayed in
2° C/min average rate (from 130 to 110° C in 10 min, to 80C in 20
min, to 60° C in 30 min, 55° C 40 min).. Photographs taken with the
fiducial camera of the pre-sintered and sintered squares are shown in Fig.
C.7. Evident differences can be seen in the structures after sintering. It
can be also observed that a two-hour sintering step (at 130° C) caused
visible micro-cracks on printed squares, both at DS of 26 and 22 pum.

Further analysis of the printed squares were done by measuring its
thickness (and roughness) at the Detak profilometer. The curve results
are illustrated in Fig. C.8. These curves show the transition of paper
and the border of the squares, and the profilometer sweep was made
opposite to the direction of the printed lines of the printer, since here
we can observe better the junctures of printed lines. Spacial resolution
of 0.1 um/px was set by selecting sweep time at the profilometer. All
curves were processed by software with a two-point linear fit in order
to eliminated the bends or little curvatures on paper, which was easier
to realized for three and five-layer squares.

The curve extracted from one printed layer revealed that the
existence of many valleys- which was not visibly noticeable from previous
inspection with fiducial camera from the inkjet printer. This may suggest

Figure C.5: Horizontal and vertical lines printed on Epson A6-size paper,
respectively, printed with drop spacing of 18 um (1, 3 and 5 lines respectively).
The cartridge temperature was of 35° C and substrate was set at 35° C.

8
6 nozzles

Source: The author.
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Figure C.6: Printed squares with different number of layers and drop spacing
to verify conductivity by 4-probe measurement.

Source: The author.

the presence of micro-cracks. Some valleys are also observable in the
three and one-layer squares. Although not visible at the naked eye or
with the fiducial camera, the one-hour sintered structures presented
signals of microcracks as well. Therefore, a closer inspection of Multilaser
paper was done in an optical microscope with up to 1000x magnification.
The observations revealed that cracks were present at the paper itself,
before printing and even before sintering.

In Figure C.9, printed squares as well as line patterns in Multilaser
paper are shown. The micro-cracks are present in all printed structures,
following the paper surface defects. Even a seven-layer printed structure
could not fill in the spaces continuously in some cases, causing an
electrical discontinuity.

The final obtained values of DC conductivity and sheet resis-
tances from 4-probe conductivity measurement of the printed squares
are presented in the same figure. An average of 400 pm thickness for
each printed layer was considered for the calculations, even though the
presence of big valleys extracted from profilometer curves. For DS of
26 pm and 1 hr sintering, the results were the highest achieved. Nonethe-
less, the results are still lower than other reported for the same ink and
other silver inks at similar sintering time and temperature. These poor
performance are related to the presence of the micro-cracks. The results
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Figure C.7: Photographs taken with the inkjet printer fiducial camera of
printed squares a) with DS = 26 um not sintered, b) with DS = 26 pm 1hr
sintering at 130° C, ¢) with DS = 26 um 2hr sintering at 130° C, d) with DS =
22 pm 2hr sintering at 130° C. Sintered structures in c) and d) clearly shows
micro-cracking.

Source: The author.

for two-hour sintering were worse, which reveals that the cracks effect
is higher at larger sintering times. From these tests, it can be concluded
that Multilaser paper is not suitable for inkjet printing due to the poor
conductivity achieved and lack of performance control, even for several
printed layers.

Another set of printability tests were carried with Epson paper.
First, the a single-layer line pattern for intended for two-probe conduc-
tivity measurement was observed with the optical microscope with 20x,
50x, 200x, and 1000x magnification, as shown in figure C.10. There is
an obvious difference from these results compared to the one obtained
with Multilaser paper, since no cracks are present and an homogeneous
surface is achieved even after sintering.

The thickness of these printed lines were also obtained by pro-
filometer measurement. The spacial resolution of the profilometer tip
was set to 0.18 pm/px, 100 times less than the DS. The results for one
and two layers are shown in Fig. C.11. No pronounced valleys were
detected, confirming the absence of cracks. An average thickness of
1.2 pm per layer was measured.

The conductivity for the printed lines on Epson A6-size paper was
obtained from 2-probe measurements with a digital multimeter. These

results of sheet resistance and calculated conductance are summarized
in Table. C.4.



189

Figure C.8: Profile curves obtained with Detak profilometer, for printed
squares with 1, 3 and 5 layers on Multilaser paper.
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Figure C.9: Images of printing structures on Multilaser paper taken from
optical microscope showing evidence of microcracks. Below, the conductivity
results for this paper obtained from 4-probe measurements.

(Conductivity (sim) 43TEW2 1SBE0S 1426405 107E05 163E+05  320E+03 200508 1236005
[Thickness (um) 04 o 08 13) 04 13 04 13|
‘Sheet Resistance (Ohms / square) 577575 12732 885 072, 1660 26124] 15881 34.26|

Source: The author.
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Table C.2: Reported works using DGP-40L-15C silver jet ink on different substrates

Reference Substrate Tsubs bs # of Curing Tsint Time Electrical per-
°c [pm] layers eqp. °cj [hr] formance

[131] WM—MMMWWE& Laser 28 20 1 air/ Oven wwﬂgm:o\ 2/ 1 %o.ﬂ O om =
[135] Photo paper n.r n.r 2 Oven 120 1 %mmb\mﬁ =
[137] p-type Silicon - 3-5 WMM@:\ fur-— 100/ 250 w\m n.r.

[138] LCP 60 20 3 Oven 60/ 150 W\m o =4e6S/m
[132]% Silicon - 1 Oven 150/ 200 mhw\ n.r.

[136] Photo paper n.r n.r 1-2 Oven 110 0.4 %mw Q/sar =
[139] M:m_wg Polyimide, 5 10 Hot plate 150 m.aa. Mo w—cm =
[140] Glass n.r n.r n.r Oven 180 1 MM wO—om =

“Ink applied with spin coater.
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Table C.3: Average drop size of silver ink in different paper substrates

Drop average Substrate

Paper brand diameter  size Temperature
(range) [pim] C]

Datajet 60 (56-64) 35

Techno 52 (48-56) 35

Filipaper - 35

Epson A43 44 (41-48) 35

Epson A6 40 (36-43) 35, 50, 60

Multilaser 52 (51-53) 35, 50, 60

Figure C.10: Images from optical microscope of printed structures with DS
18 um and a single layer on Epson A6-size paper sintered at 128° C for 1.5 hr.
Magnification factors of 20x, 50x, 200x, and 1000x are shown.

Table C.4: Electrical performance of printed structures with silver ink on
Epson A6-size paper. (DS = 18 um, Sintered at 128° C for 1.5 hr.)

Layers Rsg [Q/sqr] Thickness [pm] [(é(;rrﬁucmvmy
1 0,94 1.2 8.9¢5

2 0,46 2.4 9.1€5
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Figure C.11: Profile curves obtained with Detak profilometer, for 1 mm-wide
printed lines with 1 and 2 layers on Epson A6-size paper with DS 18 pym,
sintered at 128° C for for 1.5 hr.
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C.2 DIELECTRIC PROPERTIES CHARACTERIZATION

A dielectric properties characterization of the materials used as
substrates for the printed structures is mandatory, since permittivity and
loss factor are two necessary parameters for inclusion into the models
for electromagnetic simulations at the design stage of the chipless tag.
There are plenty of methods for characterizing the dielectric properties
of the substrates . Within the most reported for flexible substrates at
RF frequencies we can cite the method based on the microstrip ring
resonator [145], the T-resonator [146], and two transmission lines [147].
In this work, since rectangular shapes were preferred to circular due to
fabrication simplicity, the two last methods were investigated.

In the T-resonator method, an opened parallel stub of a quarter
of wavelength of the frequency of interest is added to a microstrip line.
At this length, the stub behaves as grounded LC-series resonator. There-
fore, from resonance frequency detected at a transmission coefficient
measurement (measured with the aid of a VNA) | the approximated
dielectric constant is obtained from the following relation:

Ao
VEeff

where Lg;,p is the stub length, A and Ag are the wavelength at resonance
of the medium and vacuum, respectively, and e.fs is the effective
permittivity, which embeds the permittivity of air and of the material
of interest (the substrate) .

The total loss of the microstrip T-resonator is also obtained from
the quality factor at the resonance frequencies by the following formula:

(b
o= (gin-)” (©5)

4(Lspup) = A = (C.4)

where fy is the resonance frequency, BW3,p is the 3dB-bandwidth
of the valley resonance observed at the transmission coefficient (S21)
measurement and Fj is the loading factor, which should be applied
in order to unload the desired quality factor from the measurement
(F, =1/v1 —10521a5/20 ), Since QQ; embeds all losses on the microstrip
(radiation, conductors and dielectric loss), losses due to dielectric should
be isolated. If the microstrips lines are smaller than 10 times the wave-
length , the radiation losses are negligible. The conductor losses can be
estimated by the ohmic losses caused by the non-ideal conductivity of
the lines, which is also frequency dependent due to the skin effect.
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The second method, referred here as the two-transmission lines (2-
TL) method, has the advantage of obtaining the dielectric characteristics
in a wide range of frequencies, compared to the previous method in
which just the information was only available at the resonance (or odd
multiples) frequency. Moreover, its differential measurement facilitates
the measurement setup because it dispenses with complex calibrations
procedures. Both the permittivity and loss factor can be found from
the following equations [147]:

A6
Eeff - 27TfAL7 (C6)

In(]S521,|/]5214)
=— .7
& AL (C.7)
where o is the total loss factor, Af is the difference of phase of both lines
in rads, AL is the difference of length, and [521,(,)| is the magnitude of

the transmission coefficient of the long (short) line.

C.2.0.1 Experimental results

The methods described previously were used to characterize
photo-quality paper from Multilaser. Even though, this paper was not
suitable for printing structures, it is cheap and also sensitive to humidity
of the environment, so it can be used for some sensing applications
without requiring any extra materials. The methods were validated
though the design of a patch antenna and compared simulation results
using the dielectric parameters extracted. Since Epson paper is the
paper selected for printing, their dielectric properties are also presented,
however, an specialized probe kit for dielectric characterization was
used in combination with a VNA.

After several tests, it was decided to fabricate the conductive
traces of the microstrip structures with adhesive copper foil tape from
3M, since it was simpler, cheaper and faster than jetting or evaporating
some metal over the paper. The prototypes for both extraction methods
were build using 6 layers of photo-paper from Multilaser (180 g/m2)
glued at the borders and at some points near the middle, avoiding to be
right below of the conductive traces. The measurements were carried
on a ROHDE&SCHWARYZ ZVB VNA.

In the case of the T-resonator, no Thru-Reflect-Line (TRL) cal-
ibration kit was performed for this prototype because no important
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differences were detected when measuring a previous prototype in FR4
substrate, therefore usual SOLT calibration was done. A photograph
of the resonator is seen in Figure C.12. The measurements were done
at a VNA, with previous Short-Open-Load-Thru (SOLT) calibration.
Measurement setup and transmission coefficient are shown in Fig. C.12.

Figure C.12: T-resonator prototype, transmission coefficient (S21) measure-
ment setup and plot.

Chl Starr 50 MHz Pwr 0dBm Stop 5 GHz

Source: The author.

For the second method, three transmission lines were build with
4, 6 and 8cm of length. For the measurement, SOLT calibration was
also previously applied. The transmission coefficient magnitude and
phase were measured for each line, as shown in Figure C.13. Plots of the
processed measurements are also shown, obtained from calculations in
ADS software from Keysight ©. Since the dimensions of the structures
are less than 10cm long, too much noisy results were obtained at
low frequencies (< 1 GHz). Also, not trusty results were obtained at
frequencies higher than 3 GHz, since SMA connectors and connector-
to-substrate transition EM response begin to show up. The extracted
parameters from both methods are summarized in Table C.5.

An experimental validation of the extracted values was done
through the design of a patch antenna Multilaser paper substrate and
copper tape, as shown in Fig. C.14. It was designed to resonate around
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Figure C.13: Two-transmission-lines structures, transmission coeflicient (S21)
measurement setup and plots obtained from ADS.

Source: The author.

2.4 GHz. The antenna was simulated in ADS with the Finite-Element
Method (FEM) simulator, assuming an uniform substrate thickness of
t = 220 pm and a relative dielectric constant ¢, = 2.636 at 2.4 GHz.
The simulated vs measured results of the reflection coefficient are also
shown in Fig. C.14. There values of resonance frequencies obtained
from simulation and measurement are well correlated, indicating a good
dielectric constant extraction. Differences, on the absolute value of the
S11 are possibly due to calibration errors during measurement, the SMA
connector and the effect of the adhesive layer of the cooper tape, which
is somehow significant compared to the thickness of the paper substrate
[102].

The Epson paper was also characterized, since it is suitable
for printing electronics, differently from Multilaser paper. Dielectric
properties of Epson A6-size paper were extracted by using the dielectric

Table C.5: Extracted dielectric parameters of Multilaser paper from T-
resonator and 2-TL methods

Method T-res 2-TL
Eval. freq. [GHz] 1.09 2.4

€ 24 2.64
tan § 0.77 0.66
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Figure C.14: Patch antenna on paper for validating the dielectric parame-
ters extracted from Multilaser paper. Simulated vs measured results of the
normalized magnitude of the reflection coefficient to compare the resonance
frequency. Dimensions of patch are L = 40.3 mm, W = 48 mm, of feed line are
[ =21.7mm,w = 2mm, and of total antenna are L, = 80 mm, W, = 90 mm.

2 21 22 2.3 24 25
Frequency [GHz]

Source: The author.

kit probe N1501A from Keysight Technologies. This kit contains several
open-coaxial probes of different sizes and shapes, which can estimate
the dielectric permittivity and loss factor from reflection coefficient
measurement with the aid of a VNA. The high-temperature probe has
been used, from which its relation of dielectric properties and measured
reflection coefficient depends on its specific physical dimensions [148].
For the measurement of the Epson paper, a handheld VNA Fieldfox
from Keysight was used together with a commercial software from the
same company which performs the reflection coefficient to dielectric
parameters conversion. Measurement setup and results are depicted in
Fig. C.15.
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Figure C.15: Dielectric probe kit measurement setup and dielectric properties
results of Epson A6-size paper.
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Source: The author.
C.3 FINAL DISCUSSION AND CONCLUSIONS

The materials characterization for realizing chipless tags on flexi-
ble and low cost substrates were performed. Specifically, different paper
substrates were tested and its suitability for printed electronics was
studied.

Particularly, conductivity measurements for silver-nanoparticle
inks reported in this section was intended to summarized the theory,
methodology, infrastructure and instrumentation needed for this type
of characterization. Some specific conclusions can be stated from the
obtained conductivity measurements:

e Drop spacing have to be carefully selected in order to make sure
of obtaining homogeneous continuous patterns.

« Sintering process by heating needs to be evaluated both versus
time and temperature, in order to detect the best achievable
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scenario of conductivity for the selected substrate.

o Excess of temperature time can be prejudicial, rather than advan-
tageous, so obtaining this maximum time is really important for
the optimization of the printing process.

e Previous high magnification with optical microscope proved useful
to examine the suitability of paper substrates for inkjet printing
conductive traces.

e Scanning electron microscope (SEM) images can be useful to
observe the sintering level on the silver nanoparticles at the worked
temperatures with the convection oven.

Regarding dielectric measurements, it can be deduced that it
is very important that each type of paper is correctly characterized,
because they have different dielectric properties that will have direct
influence on the chipless tag design. The two type of papers from different
vendors that were studied showed different performances, which are
summarized in Table C.6. It is concluded that Multilaser paper can be
attractive as a low-cost green RF substrate alternative to traditional
substrates used for electronic circuits. It can be also used as substrate
for chipless tags or passive electronics in which the conductive traces
are not printed, but other type of material such as copper tape is used
instead [149]. Epson paper is the most indicated for printed chipless
tags, although it stands lower temperatures, which impacts on the final
conductivity, and would require an additional coating for humidity
sensing purposes. Both papers can be also used as sensors due to its
responsivity to humidity.

In addition, some specific conclusions can be stated from our
results of dielectric characterization:

Table C.6: Performance comparison between different paper types studied

Brand Size  Qualit Price Good for i\;[;X. Sensitive to
ren z Y [R$]  printing? ° C]p " humidity?
Multilaser | A4 .Phc.)to ~ 0.60 no 145 yes
inkjet
Photo -
Epson A6 inkjet 0.78  yes 130 yes
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e The T-resonator method is a simple method to evaluate the dielec-
tric characteristics on flexible substrate, although information only
appears at a single resonating frequency and many structures may
be constructed of a curve of dielectric parameters vs frequency is
desirable.

e The two-transmission line method is attractive because it requires
no calibration since it depends on the length difference of the lines.
Similar results with the T-resonator method were accomplished,
however not with enough precision.

e The patch antenna experimental verification of both methods
revealed good accuracy on the extraction methods.

e Copper tape works well enough as conductor for methods realized,
being a fast and cheaper solution than using silver ink for the
dielectric measurement.

e T-resonator and Two transmission line methods both required a
thick (> 1mm) layer of dielectric in order to attain wide enough
lines for a 50 Q2 characteristic impedance. This is a drawback in
terms of time a manageability of the device under test. Other
methods, such as some based on CPW, can be considered.

There is one more consideration that must be stated at this point.
In RF and microwave circuits, the ohmic losses cause performance
degradation since part of the EM energy is dissipated as thermal energy.
In the case of radiating elements, such as antennas and chipless tags,
ohmic losses reduce the effective gain, so less power is radiated, impacting
directly on interrogating distances. The sheet resistance characterized
from the measurements of the printed structures in Epson A6-size paper
just provides DC (low frequency) information. At higher frequencies,
the current circulating through a conductor tends to flow only near the
surface. This means that the effective cross-area section through which
the current passes is effectively decreased, which causes an equivalent
higher resistivity, or less conductivity. In order to account with this
effect, a common parameter known as skin depth is usually employed in
microwave and RF devices The skin depth is the effective RF thickness
that determines the final cross-area section for the circulating current.
In metals, the skin depth (d5) can be calculated approximately as the
inverse of the real part of the complex wave propagation constant, which
results in the expression:
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[ 2
(SS = m, (08)

where w is the angular frequency, p is the effective permeability, and o
is the material conductivity.

From this concept, the sheet resistance for RF frequencies is
calculated by introducing the skin effect [150]:

1
0d,(1 — e~ t/8s)’

where ¢ is the thickness of the conductor.

This previous equation is valid only when ¢t > §, since at lower
values wave reflections at the metal-substrate interfaces become signifi-
cant. In printed chipless tags operating at RF, it is often the case that
the printed layers thickness are on the order of some um, so specific
characterization procedures for obtaining the sheet resistance must be
employed [151]. For example, at 0.92 GHz, the skin depth for an equiva-
lent conductivity of 1e6 S/m (Rgy = 0.8 /sqr,t = 1.2 ym) is 16.3 pm,
and at 2.5 GHz, is 9.9 ym, which in both cases is much more than the
thickness of printed layers with conductive inks, at least with by inkjet
printing processes. This fact should be taken into consideration on the
final performance of a printed chipless sensing tag.

REE — (C.9)
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