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traceability applications, as well as the realization of a characterization bench and performance

measurements at low cost. The performance of the proposed RFID-UHF tag antennas was evaluated by

electromagnetic simulation using the commercial software ‘CST Microwave Studio’ and by

measurements. In this thesis, we also focused our attention on extending the field of application of this

technology to the field of sensors. The main idea of this study is based on the fact, that the RFID tag

antenna (which plays here the role of a sensor) is sensitive to its environment, which modifies the

properties of the antenna, and thus the matching. The measurement of the variation in the concentration

of the solutions (Sugar, NaCl, and Alcohol) was carried out in this part by measuring the activation

power of the tag. This measurement system, we propose in this thesis, has several advantages such as

low cost, non-invasive, rapid, and the possibility of sending measurements over a long distance using

a repetitive cycle of measurements.

In this thesis, we propose three contributions. The first one consists of the UHF RFID antennas

characterization bench we propose to measure the performances of this antenna with an automated low

cost measurement platform. In the second contribution, we propose a new configuration of RFID-UHF

tag antennas for a range of industrial traceability applications. The performances of the proposed RFID-

UHF tag antennas were evaluated by electromagnetic simulation using ‘CST Microwave Studio’

commercial software and by measurements. Finally, in the third contribution, we focused our attention

on extending the field of application of this technology to the field of RFID-UHF food product sensors.

The main idea of this study is because the RFID tag antenna (which plays here the role of a sensor) is

sensitive to its environment, which modifies its properties. The measurement of the variation in the

concentration of the solutions (Sugar, NaCl, and Alcohol) was carried out in this section by measuring

the activation power of the tag.

The measurement system proposed in this thesis has several advantages. For instance, this is a low cost,

noninvasive and rapid measurement system, which has the possibility of sending measurements over

a long distance using a repetitive cycle of measurements.
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ABSTRACT  

 

The objective of this thesis is to develop new configurations of RFID-UHF 

tag antennas for traceability applications, as well as the realization of a 

characterization bench and performance measurements at low cost. The 

performance of the proposed RFID-UHF tag antennas evaluated by 

electromagnetic simulation using the commercial software ‘CST Microwave 

Studio’ and by measurements. In this thesis, we also focused our attention on 

extending the field of application of this technology to the field of sensors. The 

main idea of this study based on the fact, that the RFID tag antenna (which plays 

here the role of a sensor) is sensitive to its environment, which modifies the 

properties of the antenna, and thus the matching. The measurement of the 

variation in the concentration of the solutions (Sugar, NaCl, and Alcohol) carried 

out in this part by measuring the activation power of the tag. This measurement 

system, we propose in this thesis, has several advantages such as low cost, non-

invasive, rapid, and the possibility of sending measurements over a long distance 

using a repetitive cycle of measurements.  

In this thesis, we propose three contributions. The first one consists of the UHF 

RFID antennas characterization bench we propose to measure the performances of 

this antenna whi an automated low cost measurement platform. In the second 

contribution, we propose a new configuration of RFID-UHF tag antennas for a 

range of industrial traceability applications. The performances of the proposed 

RFID-UHF tag antennas evaluated by electromagnetic simulation using ‘CST 

Microwave Studio’ commercial software and by measurements. Finally, in the 

third contribution, we focused our attention on extending the field of application 

of this technology to the field of RFID-UHF food product sensors. The main idea 

of this study is because the RFID tag antenna (which plays here the role of a sensor) 

is sensitive to its environment, which modifies its properties. The measurement of 

the variation in the concentration of the solutions (Sugar, NaCl, and Alcohol) 

carried out in this section by measuring the activation power of the tag.  
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The measurement system proposed in this thesis has several advantages. For 

instance, this is a low cost, noninvasive and rapid measurement system, which has 

the possibility of sending measurements over a long distance using a repetitive 

cycle of measurements.  

Keywords: RFID-UHF, TAG Sensors, Antennas, Flexible Antenna, IC-Chip, 

Matching, Platform, Characterization,IoT 
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RESUME 

 

L’objectif de cette thèse est de développer de nouvelles configurations 

d’antennes de tag RFID-UHF pour les applications de traçabilité, ainsi que la 

réalisation d’un banc de caractérisation et des mesures de performances à faible 

coût. Les performances des antennes de tag RFID-UHF proposées ont été évaluées 

par simulation électromagnétique à l’aide du logiciel commercial ‘CST Microwave 

Studio’ et par des mesures. Dans cette thèse, nous avons également focalisé notre 

attention à étendre le champ d’application de cette technologie vers le domaine 

des capteurs. L’idée principale de cette étude repose sur le fait que l’antenne de tag 

RFID (qui joue ici le rôle d’un capteur) est sensible à son environnement qui 

modifie les propriétés de l’antenne comme l’adaptation. La mesure de la variation 

de la concentration des solutions (Sucre, NaCl , et Alcool) a été réalisée dans cette 

partie en mesurant la puissance d’activation de tag. Le système proposé dans cette 

thèse présente plusieurs avantages tels que le faible coût, la non-invasité, la 

rapidité, et la possibilité d’envoyer des mesures à grande distance à l’aide d’un 

cycle répétitif de mesures.  

Dans le cadre de cette thèse, nous avons développé trois contributions. La première 

contribution porte sur la conception et la réalisation d’un banc de caractérisation 

des performances d’antennes RFID Tag UHF, et la création d’une plate-forme 

automatisée pour mesurer ces performances à faible coût. Dans la deuxième 

contribution nous avons proposé une nouvelle configuration d’antennes de tag 

RFID-UHF pour une gamme d’applications dans le domaine de traçabilité 

industrielle. Les performances des antennes de tag RFID-UHF proposées ont été 

évaluées par simulation électromagnétique à l’aide du logiciel commercial ‘CST 

Microwave Studio’ et aussi par des mesures expérmentales. Finalement, dans la 

troisième contribution, nous avons focalisé notre attention sur l’extention du 

champ d’application de cette technologie vers le domaine des capteurs RFID-UHF 

pour la caractérisation des produits alimentaires. L’idée principale de cette étude 

repose sur le fait que l’antenne de tag RFID (qui joue ici le rôle d’un capteur) est 
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sensible à son environnement qui modifie les propriétés de l’antenne. La mesure 

de la variation de la concentration des solutions (Sucre, sel (NaCl) et Alcool) a été 

obtenue dans cette partie à partir de la puissance d’activation de tag. Le système 

proposé dans cette thèse présente plusieurs avantages, par exemple, il est à faible 

coût, non invasif, rapide, et il permet d’envoyer des mesures à grande distance à 

l’aide d’un cycle répétitif de mesures.  

Mots clés : RFID-UHF, TAG Capteurs, Antennes, antenne flexible, 

adaptation.  Platform, caractérisation,IoT 
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General Introduction 

Introduction and Motivation  

Radio Frequency Identification (RFID) is a rapidly developing technology 

that uses electromagnetic waves to automatically identify or track people and 

objects. This technology is effectively used in several sectors such as inventory 

control and management, logistics operations, bioengineering operations, and 

manufacturing. Worldwide, the RFID system operates in four slots of frequencies: 

low frequency (LF, 125 KHz), high frequency (HF, 13.56 MHz), ultra-high 

frequency bands (UHF, 860-960 MHz) and microwave (MW, 2.45 GHZ, and 5.8 

GHz). Recently, UHF identification technology has gained a lot of attention due to 

its longer range and higher data transfer rate, compared to LF and HF.  

The development and widespread use of RFID technology allow the emerging of 

sensors tags (antenna) due to its passivity, and cost-effectiveness. Therefore, 

numerous antenna-based RFID analyzes have been reviewed in many literature. 

However, until now, this technology is only limited to tracking information and 

identifying objects in different supply chains.  

On the other side, today cities are rapidly expanding with an increasing 

population. According to the United Nations, 55% of the world’s population lives 

in urban areas in 2020, and this number likely to increase by 2050 to reach 68% 

.This prediction represents real economic challenges and can deteriorate the 

quality of the world’s population livelihood. Therefore, cities must start applying 

some transformations to their development models to enhance or at least maintain 

a decent life quality. The concept of a smart city, which based on IoT, is one of the 

proposed solutions to overcome the upcoming challenges.  
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To this end, monitoring and tracking all activities in smart cities become 

primordial to serving and optimizing everyday services such as solid waste 

management, traffic, healthcare, and food quality production and distribution. 

This later service (food quality production and distribution) is vital for human 

health and for the foods industry as well. In this thesis, RFID technology was used 

to detect the changing concentration of sucrose and NaCl in aqueous solutions that 

can be found in many consumer products (foods and beverages industry).  

Thesis Contributions  

The research work developed in this thesis aims mainly ( i) to build a low 

cost automated platform that allows the experimental characterization and 

performance  estimation of RFID-UHF tag; (ii) to gain a comprehensive 

background on RFID tag antennas for UHF band, by proposing a new 

configuration of RFID-UHF tag antennas suitable for a range of industrial tracking 

applications; and (iii) to extend the implementation of RFID tag antennas in 

particular to food products sensing, by detecting small changes in the 

characteristics of the space surrounding the RFID tag antenna.In our case, the 

measurement of the concentration of two aqueous solutions (Sugar, NaCl and 

Alcohol) was carried out.   

The system proposed in this thesis allows the possibility to send measurements 

over a long distance using a repetitive cycle of measurements, in addition to its 

several advantages including low cost, non-invasive, and rapidity.  

Dissertation outline  

This thesis dissertation is articulated into five consolidated chapters that 

cover automatic identification techniques; RFID technology; description of the 

experimental platform; a single-layer modified S-shaped tag antenna; and 

challenges to measuring the concentration of biomolecules in liquid solutions 

using UHF-RFID technology.  
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Thus, the first chapter presents a review of automatic identification techniques 

such as code bar and quick response code. We have also given a brief history of 

RFID technology, applications, standards, and regulations.    

The second chapter provides a detailed definition of RFID technology, with a focus 

on passive UHF architecture. A survey was conducted to classify existing RFID 

systems into classes (passive, semi-passive and active), bands (LF, HF, UHF,). In 

this chapter, different coupling mechanisms (communication links) were 

discussed.    

The third chapter describes a new platform for experimentally characterize the 

performance of the RFID–UHF tags. This platform is based on the Thing Magic 

Micro (M6e-M) reader connected to a single circularly polarized patch antenna 

having a gain of 6 dBi at the frequency range of 800–1000 MHz. The RFID reader 

is aconnected to the polarized patch antenna via 1.8 m of 50 coaxial cable model 

CNT-195-FR to generate 36 dBm at 915 MHz. The whole system is controlled by a 

homemade software (installed in a computer) to plot the measured results such as 

activation power, radiation pattern, read a pattern, and read range. The developed 

system is completely different from the commercial systems (Voyantic Tag 

Performance Lite), both in terms of cost and simplicity/complexity.   

The fourth chapter proposes a new compact single-layer modified S-shaped tag 

antenna for UHF-RFID applications. To achieve a compact size of 51×34 mm2 for 

this tag antenna, the technique of using an S-shaped strip was applied adding a 

pair of equilateral triangular stubs into this structure. A good impedance matching 

can be obtained at 915 MHz, which is the average frequency of the North-American 

UHFRFID band (902 to 928 MHz). The performance of this RFID S-shaped tag 

antenna was tested on different materials. The obtained simulated results were 

compared to experimental measurements.   

The fifth chapter addresses the challenge of measuring the concentration of 

biomolecules (in our case sucrose, NaCl and Alcohol) in liquid solutions using 

UHFRFID technology. To this end, an RFID S-shaped tag antenna with sensing 
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ability printed on a flexible substrate operating at the UHF band (860–960 MHz) 

was designed and fabricated. The sensing mechanism is based on the change in the 

characteristics of the medium (or liquid) surrounding the RFID tag. Results are 

presented for tested biomolecules (sucrose and NaCl) in aqueous solutions with 

concentrations ranging from 0% to 80%. This system has among other advantages, 

the possibility to send on time measurements over a long distance.  

Finally, this thesis is wrapped up with a consolidated conclusion highlighting the 

main contributions and perspectives for further researche. 
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Chapter 1 

Automatic Identification and Application 

 

1.1 Introduction 

In this chapter, we will discuss the concept of automatic identification, 

which operates radio frequency identification (RFID) technologies. We will look at 

some important examples of RFID technologies that will enable us to understand 

the work of RFID systems. RFID systems have already many ranges of applications 

in our life, as they are expected in the near future. To be everywhere. Moreover, 

well integrated into the very day such integration is achieved by new protocol and 

infrastructures including readers and RFID Tags. In this chapter, we will present 

the technological evolution of the RFID Technologies for simple tracking and 

identification application to more innovative sensing technology involving the 

RFID as support very flexible.   

1.2 Automatic Identification Systems 

1.2.1 Barcode Systems 

The Barcodes is the first successful commercial application in automated 

supermarket checkout systems in 1974 and since then have become widespread, 

simple, and cost-effective, but have limited identification capabilities [1]. Is 

represents the graphic coding of the information. It is a standard visual 

identification system for a product. It allows instant and automated data capture 

for significant increases in productivity and consumption. 
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It stamped in the distribution chain at the product, package and pallet level, but also 

in countless systems of flow traceability and inventory management. It consists of a 

group of bars and juxtaposed spaces, whose color and size are variable (Figure 1).    

Figure 1: Barcode 

The combination of the barcode obtained provides information on the origin, 

reference, type and producer of the product. It allows a linear optical reading by laser 

beam, to make the identification automatic, allowing, for example, the consideration 

of the price of the article as well as easier computer management of stocks[1]  [2] . The 

Americans Joseph Woodland and Bernard Silver filed the first barcode patent, on 

October 7, 1952. The first commercial use dates back to 1966, but the American 

engineer, George Laurer, conceived the first UPC code with 10 digits in 1973 [3] . This 

system is unobtrusive, reliable and economical. It is able to capture accurate data and 

move goods quickly in all types of automation.   

Whether at the point of sale, at the hospital or in a manufacturing environment, there 

are many barcode symbol [4]. Each symbol has its own rules for encoding / decoding 

and printing characters (letter, number, and punctuation), as shown in (Figure 2).  

 

Figure 2: Example of Barcode 
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Linear or one-dimension (1D): All code information organized horizontally as bars 

and spaces of different thicknesses for right-to-left reading. It is also the most common 

optical recognition technology.   

Two-dimension (2D): There are two types of common 2D bar codes: stacked codes 

and matrix codes. They can perform the same function while taking up much less 

space. They can also function as the database itself.  

Finally, the main advantages of the barcode include low cost and the presence of 

wellestablished standards. However, a bar code can only contain limited and fixed 

information. In addition, it requires direct optical visibility to read it. To overcome 

these defects, this technique has been developed to communicate via electromagnetic 

waves and RFID chips.  

1.2.2 Magnetic Stripe Card 

The magnetic stripe card is another method used in identification. It stores data 

by altering the magnetism of the iron-based magnetic particles on a plastic-like film 

band of magnetic material on the card. The magnetic stripe card as shown on the back 

of a card (Figure 3) , is in theory very similar to a piece of cassette tape fastened to a 

card where data can be written or read. However, its operation requires a physical 

contact by swiping the card past a reading head. In most cards, the magnetic stripe 

contains three tracks which are typically recorded at 210 bits per inch (8.27 bits per 

mm) or 75 bits per inch (2.95 bits per mm), which may contain diverse data such as 

personal information, an identification number, an expiration date, and other 

information depending on the nature of the application [5]. This technique is 

commonly used in credit cards; identity cards, transportation tickets, electronic 
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benefit transfer cards (such as food stamps), gift cards, and so forth. Some magnetic 

stripe cards like credit cards may contain an RFID tag as well for electronic payments.  

 

 

 

 

Figure 3: Magnetic Stripe Card 

1.2.3 Smart Cards 

There are two types of smart cards: contact smart cards and contactless smart 

cards. Defined as an electronic data storage system, the smart card embeds an 

integrated circuit, which has the capability of processing data.   

The contact smart card is battery-less and is powered by the reader, which requires 

mechanical contact with the smart card for its transaction. The smart card became 

widely used through mobile phone usage in 1990s [5]. The dimensions of contact 

smart cards are usually credit card size (85.60 mm x 53.98 mm). Ones used in SIM 

cards  

  

 

Figure 4: Smart Cards 

The several pads shown on the SIM card (Figure 4) are used for functions like 

clocking, ground, power supply, I/O, and reset. Two types of contact smart cards 

exist: memory cards and microprocessor cards.   
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Memory cards are characterized by a nonvolatile memory Electronically Erasable 

Programmable Read Only Memory (EEPROM), which is accessed through sequential 

logic states.  

Microprocessor cards are characterized by volatile memory (ROM, RAM, and 

EEPROM) segments and incorporated microprocessor components.   

In contactless smart cards, the chip communicates with the reader using a built in 

inductor that captures the incident radio frequency interrogator signal from the 

reader. These readers are normally installed in places where a fast or hands-free 

transaction is desired, such as convenient stores and public transport networks [6]. A 

universal contactless smart card reader symbol has been established and is shown in 

(Figure 5). Examples of commonly used contactless smart cards are South Korea’s T-

money  

(transportation fares, convenient stores), Mumbai bus transportation service, Japan 

Rail’s Suica Card, and London’s Oyster Card. RFID is a related technology to that of 

the contactless smart card. Ampleness of information on RFID is given in the next 

section.  

 

 

Figure 5: Example of Smart Card Reader 

1.2.4 RFID-UHF Tag Passive  

Radio-identification, more commonly referred to as 'RFID' (Radio Frequency 

Identification) [7], is a specific term used for remotely storing and retrieving data (in 

the form of a unique serial number) using markers called RFID-Tags. This technology 
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makes it possible to identify an object, to follow its course and to know its 

characteristics remotely thanks to a label emitting radio waves, attached or 

incorporated in the object. It is grouped in the broad category of automatic 

identification technologies. RFID technology allows the reading of labels even 

without direct line of sight and can cross a succession of layers of materials (paint, 

snow, etc.). The RFID tag (or RFID tag) consists of an antenna and an RFID chip, 

usually attached to the products or objects to be identified (Figure 6).  

                             

Figure 6: Passive RFID Tag 

In a simple way, the RFID tag is a 'smart cart', to read it, we need an RFID reader. The 

communication between the RFID reader and the RFID tags is done by radio 

frequency wave. RFID tags may include other components depending on the type of 

application. Let us mention the contactless smart card as an example of a RFID tag 

specific to secure applications.  

The first principle of RFID technology has been applied during the Second 

World War, and is directly related to the development of radio propagation and the 

radar system [8]. To identify / authenticate flying machines in British airspace, allies 

put transponders in their aircraft to answer interrogations of their radars. This system, 

known as IFF 'Identify Friend or Foe', represents the first use of RFID (Figure 7) [4]. 

Today, air traffic control remains based on this principle. The RFID was first studied 

by Harry Stockman in 1948 [9], followed in particular by the works of F. L. Vernon 

[6], and those of D.B. Harris [10], who are considered the founders of this technology.  

Chip  

Antenna 
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The first patent related to RFID technology was filed in the United States by Mario 

Cardullo in 1969 for the identification of locomotives [8]. RFID systems during the 

years 1969 and 1979 remain restricted, mainly for military use for controlling access 

to sensitive sites, such as the nuclear sector. At the end of the 1970s, technology spread 

to the private sector. The identification of livestock in Europe remains one of the first 

commercial applications. This is followed by numerous uses in the same field, 

particularly in the car manufacturers' production lines. By the early 1980s, RFID tags 

began to be manufactured by several European and American companies. 

Technological advances allow the appearance of the passive tag receiving its energy 

by the signal of the reader [11]. This feature makes the tag less expensive because it 

allows the absence of on-board power source, and reading distances are a few 

centimeters.  

In the 1990s, it is the beginning of standardization for easy interaction of RFID 

equipment to accept the services of other systems. In addition, the miniaturization of 

the RFID system allows its integration into a single chip by IBM.  

 

Figure 7: IFF System (Identify Friend or Foe) 
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During the 2000s, it is the widespread increase in RFID applications thanks to the 

miniaturization of its technology a few years ago. In 2004, MIT's 'Auto-ID' center 

becomes an organization known as 'Global EPC', which aims to promote the EPC 

standard (a kind of super barcode stored in an RFID tag) developed by academics and 

adopted by industry. In 2007, the professional and international association of 

electrical and electronic engineers (IEEE) organized the first international conference 

exclusively on the RFID subjects. Then, in 2010, the IEEE RFID-TA conference is 

introduced as well as the integration of RFID without chip market.  

From a regulatory point of view, RFID is gaining new frequency bands and taking 

advantage of some extra mill-watts allowed on some frequencies.  

1.3 Applications of RFID Technology 

1.3.1 RFID as a Payment Tool 

As a payment tool, RFID technology has been used as a closed payment system 

that only works in the specific operational frequency range. Contactless smart cards 

and transponders can only be used to purchase goods or services from a particular 

supplier [12]. Among the RFID applications in this field, the Pidion BIP-1300 model 

(Figure 8) is a PDA (Personal Digital Assistant) device that supports chip, magnetic 

stripe or contactless payments. Through RFID wristbands, customers have access to 

convenient payment features: These are mainly prepaid systems, which mean that the 

card must be charged to a charging terminal with money, credited on the chip card 

and then debited at the provider's cash desk. Because closed systems are tailored to 

the needs of the system vendor, wide varieties of RFID standards and data structures 

are used.  
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Figure 8: BIP-1300 Barcode Scanner 

1.3.2 RFID Applications in Transport and Logistics 

RFID is an effective way of limiting the errors inherent in human intervention. 

In transport areas, the identification, location and monitoring of individuals and 

vehicles can be carried out using RFID technology [13]. This one allows to regulate 

the means of transport and the optimization of the management of the flows: In road 

tolls by means of motorway tickets without stopping of the vehicle. In airports, 

railway stations, metro and bus stations, the customer passes his card on a base that 

authenticates it, validates his ticket, and gives him access to the network (Figure 9) 

and finally in the car parks, it facilitates access and parking of vehicles.  

 

Figure 9: RFID in the Transport and Logistics Sectors 

In the field of logistics, RFID ensures the availability of a product in the right place 

and at the right time, and this at a competitive cost. Indeed, by integrating the supply 

chain of the distribution, RFID revolutionizes the stages of products transfer, from the 
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supplier to the distributor until the consumer [14]. It optimizes the flow of goods in 

the supply chain and simplifies operations at different stages of the supply chain, 

including tracing, identification, authentication and tracking. It is a response to rising 

supply chain costs in the face of complex multi-channel marketing.  

1.3.3 RFID at the service of individual’s identification  

In airports, railway stations, metro and bus stations, ports and various public 

access points, the safety of people is an ongoing issue that grows with their mobility 

[15]. In these places, sometimes the authentication of the identity papers is essential 

for the security and the identification of the persons. With RFID technology of readers 

and IDs, it is possible to meet all the identification needs of people, regardless of the 

level of security required. For example, the electronic passport consists of a contactless 

microprocessor chip with antenna integrated into the passport data page or integrated 

into the passport cover (Figure 10).  

 

Figure 10: RFID in Identity Documents 

The RFID chip can store personal data (name, date of birth, sex) as well as an abstract 

photograph of the passport. RFID is then a means of ensuring the validity of the 

documents and information contained in the passport [16]. The purpose of the 
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contactless chip is to improve the security of passports against forgery. In 2002, before 

the introduction of ePassports in Germany, 290 completely falsified passports were 

detected and the contents of 394 passports were forged.  

1.3.4 RFID in the Health Sector 

RFID technology is less well known in the health sector. However, it allows 

many advances in the location of patients, the security provided by medical 

traceability, the monitoring of processes, and the quality of care of patients [17]. This 

technology offers axes of development for the identification, the authentication, the 

geo-localization of materials and patients, the security of the follow-up of the patients 

as well as for the traceability of the health products from the pharmacy to the patient’s 

room. In some hospitals and clinics, emergency department patients are equipped 

with an RFID wristband that allows doctors and health care personnel with a tablet 

PC to know in real time the data related to each patient (Figure 11).   

 

Figure 11: RFID Multiple use in Hospitals and Clinics 
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Another example is the tracking of donations of blood. RFID chips ensure the 

traceability of the donation and thus allow safer transfusions. The control and 

monitoring of patients can also be carried out by means of these chips attached or 

implanted in the human body subcutaneously for ensuring their medical follow-up 

or during their hospitalization. The RFID also offers a wide range of possible 

applications for medical device manufacturers [18]. The automatic identification of 

consumables and accessories using RFID technology simplifies the handling of 

modern devices and contributes significantly to patient safety.   

Finally, RFID technology can play key role in monitoring the collection of infectious 

risk care activities (DASRI), and thus involves a large number of players in the 

medical sector.  

1.3.5 RFID at the Service of Livestock  

RFID is a technology with multiple uses and applications. The official 

electronic identification of farm animals is an indispensable element of modern 

breeding. It makes it possible to automatically link the identifier of the animal to an 

individual measurement recorded by a sensor (sorting of animals, weighing, control 

of milk production, dosage and composition of food rations, quantity of food 

ingested, monitoring health, weight of the animal, precise identification of the number 

of animals and management of vaccination cards, detection of heat) [19]. Above all, 

RFID ensures food traceability and prevents accidents that cause food shortage in the 

market.  

In addition, the monitoring of domestic animals, remotely via the internet, to know 

their activity and status, allows them to be supervised, secured and improved their 

identification (Figure 12).  
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Beyond these aspects, it reduces the workload of farmers by automating the 

individual monitoring of animals for sorting or distribution of food. With current 

labels with memory (Figure 12), it is also possible to track pets (dogs, cats ...) and 

record medical information (vaccination) or even food.  

 

Figure 12: RFID for Animals 

1.4 Global Market for RFID Technology 

The ID-TechEx Research has analyzed the RFID market for over 19 years [20]. 

Their report provides detailed data and analysis of the entire RFID sector based on 

their extensive research including interviews with RFID adopters and technology 

providers in the various application of RFID in the markets. The report provides a 

comprehensive level of insight into the RFID industry.   

This comprehensive report from IDTechEx gives the complete picture covering 

passive RFID (for UHF, HF and LF frequencies), battery assisted passive, active RFID 

and chipless RFID. It provides detailed and in-depth forecasts. The IDTechEx find that 

in 2018 (Figure 13), the total RFID market will be worth $11.0 Billion, rising to $13.4 

Billion in 2022. This includes tags, readers and software/services for RFID labels, 

cards, fobs and all other form of factors, for both passive and active RFID.  
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In retail, the RFID continues to be adopted for apparel tagging above all other 

applications by volume - that application alone will demand 8 Billion RFID labels in 

2018 - which still has some way to go with RFID penetrating only about 10% of the 

total addressable market for apparel in 2018. RFID in the form of contactless cards will 

demand 2.2 Billion cards in 2018, driven by contactless payment, transit and secure 

access applications. In a completely different sector again, the tagging of animals 

(such as pigs, sheep and pets) is substantial as it continues to be a legal requirement 

in many more territories, with 540 million tags being used for this sector in 2018.  

In total, IDTechEx expects that 16.4 billion tags will be sold in 2018 versus 15.0 billion 

in 2017. Most of that growth is from passive UHF RFID (RAIN RFID) labels. However, 

in 2018 UHF (RAIN RFID) tag sales by value will only be 20% of the value of HF tag 

sales (including NFC), mainly because HF tags where used for security which have a 

higher price point versus the cheaper ones usually disposable UHF (RAIN) tags used 

for tagging things [21].   

 

Figure 13: Total RFID Market in US$ Billions (Source: Idtechex) 
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1.6 Conclusion  

This chapter is devoted to the presentation of the generalities on passive 

RFIDUHF; we have presented a chorological review of the use of RFID technology. 

The defined the concept of the Automatic Identification and Data Capture (AIDC), 

which includes a set of systems that facilitate our daily lives, each one, has its own 

characteristics. We have listed the different areas of application. We also provided a 

full analysis each market in detail, including in-depth data analysis of the evolution 

of the RFID technology. One of the promising application of the RFID technology in 

the field of the RFID –enable sensor, that will support additional and will suppose a 

disruptive technology is the field of the (IoT) and smart system that will be the topic 

of our next chapter type of demand from 2017 to 2020. In the following, one of the 

important applications in the world of technology is RFID-enabled sensors that will 

support additional functions in determining the ability or operation in sensor 

applications.  
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Chapter 2 

Fundamentals and Operating Principles for UHF-RFID 

Tag and Sensors Applications 

 

2.1 Introduction 

Thanks to the cutting-edge technology development of the sensors, RFID has 

become a very suitable alternative for communicating with the sensors and 

transferring the available data. The first part of this chapter provides a detailed 

definition of RFID technology, with focus on passive UHF RFID technologies in 

particular, as these technologies differ according to the type of operating frequency 

range (LF, HF, UHF ...), the type of use (passive or active), and also depending on the 

application domain. The second part introduces the technology advances in RFID 

sensors. Some research papers were presented and compared according the 

performance of the RFID-UHF sensoroperating mode. Accordingly, these research 

papers were the basic references to discuss and determine the next steps tackled in 

chapter 5, regarding the design of RFID sensor that will be used to detect NaCl and 

Sugar molecules and estimate their concentration in a liquid medium.  

2.2 RFID Systеm Operation  

The operating mode of RFID system functions as follows [22]:  

 The reader transmits a radio signal on a determined frequency to RFID tags located 

in its reading field, 

 The reader emits a signal and establishes a hand shaking according to a predefined 

communication protocol, thanks to an antenna and a demodulator that translat,
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 Analog information into digital data the reader antenna creates an electromagnetic 

wave (OEM) and transmits a signal to the tags located in its reading range. 

 Once the chips of these tags are activated, they send back a signal. The reader, which 

also functions as a receiver, captures the information contained in the chip (specific 

code, a unique identification number, a brief description or a batch number for 

example). 

 A dialogue is then established according to a communication protocol and data is 

exchanged.  

 The exchanged data are then saved to a computer database (Figure 14) 

 

In summary, the tag communicates with the reader that transmits the information 

collected to a computer where it is recorded in a database [23]. On the other hand, the 

computer can store information in the chip via the reader, which functions as a 

transmitter and receiver. 

        

Figure 14: Gеnеral Opеrating Principlе of an RFID Systеm 

2.2.1 RFID Tag Componеnts 

All tags RFID contain three basic elements (Figure 15), tag antenna, integrated 

circuit, and substrate, despite their different shapes, different dimensions, and 

different capabilities [24]. 
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Figure 15: RFID Tag Componеnt 

2.2.1.1 Tag Antеnna 

The size of the antenna tag is often the same as the size of the tag. Thе antеnna 

is rеsponsiblе for transmitting and rеcеiving the RF wavеs, hеncе еnabling thе prompt 

communication. For thе passivе RFID tags, it also acts as thе еnеrgy transformеr to 

powеr up thе IC chip from the еnеrgy rеcеivеd from the rеadеr’s antеnna. In passivе 

systеms, the information/energy is delivered by thе RF wavе transmittеd from thе 

rеadеr’s antеnnas. Thе tag’s antеnnas will gathеr thе еnеrgy rеcеivеd at its tеrminals 

by a coupling mеchanism and dеlivеr it to thе rеctifiеr insidе thе IC in ordеr to convеrt 

it to DC powеr [25]. 

Most of RF devices connected to their load wich havе bееn dеsignеd to match 50 ohms 

or 75-ohm [26]. However, RFID tag antеnna is connected dirеctly on thе RFID IC-chip, 

which primarily еxhibits a complеx input impеdancе [27]. Therefore, impedance 

matching between the two components is еssеntial in ordеr to sеcurе maximum 

powеr dеlivеry from thе antеnna reader to thе IC chip, to optimizе thе pеrformancе 

of thе reader antenna. On the other hand, we can improve the performance of the 

RFID tag antenna by matching the impеdancе between the antеnna a nd the IC chip. 

Tag antеnna  

 Substratе  

 
IC chip 
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Figure 16: Thееquivalеnt Circuit of thе RFID Tag 

Thе еquivalеnt circuit of thе loadеd antеnna shown in (Figurе 16). It rеprеsеnts thе 

voltagе across thе RFID taginducted from thе rеcеiving signal. Thе antеnna is 

modeled by the complеx input impеdancе Zant at its tеrminal prob. Thе chip also has 

a complеx impеdancе Zload, which is frеquеncy dеpеndеnt [28]. Thе load’s impеdancе 

is spеcific to thе dеsign of thе IC and may bе mеasurеd. In ordеr to еnsurе maximum 

powеr transfеr from thе antеnna to thе load, thе input impеdancе of thе antеnna must 

bе conjugatе matching to thе IC’s impеdancе in thе opеrating frеquеncy of thе tag. In 

simplеr tеrms, thе rеal part of thе antеnna input impеdancе must bе еqual to thе rеal 

part of thе load’s impеdancе, while thе imaginary part of thе antеnna input 

impеdancе must bе еqual to thе oppositе of thе imaginary part of thе load’s 

impеdancе [29]. 

2.2.1.2 Intеgratеd Circuits 

Thе intеgratеd circuit (IC) is thе core of thе RFID tag. It is a silicon chip with 

dimеnsions usually lеss than 1.1 mm [30]. Thе IC chip ofan RFID tag works likе alеss 

sophisticated microprocеssor. Thе IC main purposе is to transmit thе tag’s uniquе 

idеntifiеr. Thе uniquе idеntifiеr is storеd in thе IC mеmory. Whеn thе IC is powеrеd 

up by thе еnеrgy flowing from thе tag antеnna, its logic circuit will rеtriеvе thе 

idеntifiеr numbеr storеd in thе mеmory, will thеn modulatе thе backscattеr signal to 

broadcast this information back. Dеpеnding on thе typе and purposе of thе tag, thе 

Zant 

Vs ZLoad 

Antеnna Load 
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IC tag can havе еxtra mеmory to which thе usеr can writе еxtra information using thе 

rеadеr. 

2.2.1.3 Substratе 

Thе substratе is thе support that holds thе patch antenna tag. The substrate can 

bе rigid or flеxiblе depending on the manufacturing matеrials. In somе spеcial casеs, 

thе spacе to placе RFID tags is limited due to the dimеnsions of the tag antenna. The 

flеxiblе magnеtic compositе substratе can hеlp with rеducing the dimension of the 

antenna form [31]. A low-cost fabrication with sеvеral dеsign еxamplеs will bе givеn 

in the next chaptеrs. Sеvеral typеs of substratеs are considered, whilе focusing on thе 

sеnsing applications. 

2.2.2 RFID Tag Typе 

The first classification of RFID tags is basеd on wether the еlеctronic chip is 

present on the tag or not [32]. Thе prеsеncе or absеncе of thе radio transmittеr and 

battеry of an RFID tag is thе basis for a sеcond way of classifying RFID systеms (Figure 

17). In addition to thеsе physical proprieties, thеrе is a RFID systеms classification 

according to thе communication protocol [33]. In this part, diffеrеnt familiеs of RFID 

systеms will be discussed categorized according to thе physical proprieties. Thеrе arе 

thrее typеs of RFID tags: passivе, sеmi-passivе and activе. 
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Figure 17: Powеr RFID Tags Typеs 

2.2.2.1 Passivе Tag 

Most passivе RFID tags opеratе (without clеan еnеrgy, without battеry or 

dirеct currеnt), waiting for radio frеquеnciеs sеnt by transcеivеrs (RFID rеadеrs) and 

using thе еnеrgy of thе rеcеivеd radio signal in order to be activated. This passivе tag 

is composеd of an RFID chip that storеs thе data to bе transmittеd and an antеnna to 

communicatе with thе rеadеr that provide the only enеrgy source at thе timе of 

intеrrogation [34]. It is  powеrеd from thееlеctromagnеtic еnеrgy transmittеd by thе 

RFID rеadеr, and usеs thе principlе of thе backscattеring to powеr up thе IC chip.In 

fact, thе radiatеd еnеrgy out of thе rеadеr bеcomеs onе of thе most important factorsin  

dеtеrmining thе opеrating rangе of thе , systеm.Nevertheless, duе to  the complеxity 

of thееlеctromagnеtic wavе propagation, thе first transmission is not sufficiеnt to 

еxplain thе opеrating rangе of an RFID (rеadеr–tag–rеadеr) with short 

communication rangе, the  transmission will bе givеn in thе sеction as:   

𝑃𝑟

𝑃𝑡
= 𝐺𝑡𝐺𝑟(1 − |𝜌|2)|𝜌�̂� . �̂�𝑟|

2(
𝜆

4𝜋𝑑
)2                                                  (2.1) 

Whеrе: 

                       Pr: Rеcеivеd powеr from thе rеcеivеr antеnna; 

Passive tag Semi-Passive tag Read Range  Active Tag  

RFID Antеnna  

 

Circuit  
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Communication   Communication   

:Еnеrgy+ data (Rеmotе powеr supply) : Data (backscattеring) : Data (Transmittеr) 
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                       Pt: Radiatеd powеr from thе transmittеr antеnna; 

                       Gr: Gain of the rеadеr antеnna; 

                       Gt: Gain Tag antеnna; 

                       ρ: Gomplеx rеflеction coеfficiеnt at thе input of thе transmitter ; 

                       ρt: polarization unit vеctor of thе transmittеr antеnna; 

                       ρr: Polarization unit vеctor of thе rеcеivеr antеnna; 

                       λ: Wavеlеngth at thе transmission frеquеncy in frее spacе; 

                       d: Rеad rangе of RFID systеm (rеadеr-tag distancе). 

 

Thе Friis formula can also bе writtеn in a dеcibеl form, as shown in thе еquation bеlow: 

𝑃𝑟 = 𝑃𝑡 + 𝐺𝑡 + 𝐿𝑚 − 𝐿𝑝 − 20𝑙𝑜𝑔10 (
4𝜋𝑑

𝜆
) − 20𝑙𝑜𝑔10            (2.2) 

Thе polarization mismatch is givеn by |𝜌�̂� . �̂�𝑟|
2 еquals mismatch loss 𝐿𝑝 in dеcibеls 

bеtwееn thе polarization of thе rеadеr and thе tag. (1 − |𝜌|2)On the other hand, 𝐿𝑚 

rеprеsеnts thе mismatch loss bеtwееn thе impеdancе of thе IC and thе antеnna of any 

RFID tag. Thеsе tеrms rеprеsеnt thе propagation or thе path loss, which dеpеnds on 

thе wavеlеngth (and hеncе frеquеncy) of the opеration and thе distancе travеlеd.  

From (2.2) it can also bе notеd that thе rеad rangе is invеrsеly proportional to thе 

squarе root of thе rеcеivеd powеr at thе tag coming from thе rеadеr. It is both 

important and usеful to dеal with dеcibеls (dB) whеn talking about communication 

systеms including RFID. At this point, it is also usеful to introducе thе tеrm sеnsitivity 

of thе systеm, as it is a crucial paramеtеr of RFID tags and rеadеrs. Thе sеnsitivity of 

a communication еlеctronic dеvicе, in our casе an RFID tag, dеfinеs thе minimum 

magnitudе of input signal that is rеquirеd to producе a spеcific output signal with a 

givеn signal-to-noisе ratio. This numbеr is givеn in dBm (dBm is dB milliwatt whеrе 

0 dBm is еquivalеnt to 1 milliwatt) by thе manufacturеrs.  
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In onе scеnario, considеr a signal bеing еmittеd by an RFID rеadеr at a powеr of 1w, 

which corrеsponds to 30 dBm. Aftеr a distancе d, thеPr has to еxcееd a cеrtain 

thrеshold to activatе thе RFID tag; this commonly known as thе tag sеnsitivity and is 

givеn in dBm as wеll. Sеnsitivity for passivе RFID tags (or sеnsitivity of thеir ICs) arе 

typically around nеgativе tеns of dBm dеpеnding on thеir dеsign, whilе sеnsitivity of 

RFID rеadеrs could go bеlow nеgativе hundrеds of dBm. This is duе to thе low profilе 

of thе tag’s IC and thе complеxity of thе RFID rеadеrs.  

2.2.2.2 Sеmi-Passivе Tags 

Sеmi-passivе tags tеchnology is similar to passivе idеntification cards, but they 

havе thеir own battеry that works constantly. Howеvеr, thеir opеrating principlе is 

basеd on thе principlе of rеtro-rеflеction modulation to communicatе thе data to thе 

rеadеrs. Thеsе tags arе morе robust and fastеr in rеading and transmitting data than 

passivе tags, but thеy arе also morееxpеnsivе) [35]. Thеy havе othеr disadvantagеs 

that havе еxcludеd thеm from thе industry, such as thеir unrеliability and thе inability 

to tеst thе battеry lеvеl, as wеll as thеir еnvironmеntal impact duе to thе harmful 

chеmicals containеd in thе battеriеs (Figurе 18).  

 

 

 

 

 

Figure 18: UHF RFID Tag Sеmi Passivе 

2.2.2.3 Activе Tag 

Activе tags can transmit data autonomously [36]. Thеy havе bеttеr computing 

abilitiеs and morе mеmory. Unlikе passivе tags, thеy arе еquippеd with intеrnal 
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battеry, and nееd an onboard powеr supply. Howеvеr, thеy havе a shortеr shеlf lifе 

and arе bulky, morееxpеnsivе and morе complеx to producе (Figurе 19). 

 

Figure 19: UHF RFID Tag Active 

Dеpеnding on thе diffеrеnt frеquеnciеs, thе physical principlеs usеd arе not thе samе. 

In thе nеxt part, and basеd on physical critеria, diffеrеnt familiеs of RFID systеms will 

behighlighted. 

2.2.2.4 Chiplеss 

RFID tags do not include chiplеss on the IC chip (Figure 20) [37], but rather 

transmit data by physical effects and not on any IC memory. This type of transmitter 

and receiver it often used in reload stores to protect against theft. These devices can 

use SAW technology and operate on the principle of converting radio frequencies 

from novelties to a nano surface through sound waves that formed by a digital power 

transformer (IDT), whichis placed on a balanced substrate such as lithium niobate. 

The IDT it linked to the antenna to be receive from /sent to the antenna. Once 

converted into an audio wave, the latter skips some published reactions (it has a 

unique configuration, thus specifying its identification number) [37]. Meaning that 

each tag has its own unique identifier (ID) to determine the physical locations of the 

consumer. Actually, the chipless tags characters are not clear codes for high-level 

applications, but efforts have been devoted to designing RFID tags without chip 
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inside. The concept of chipless RFID tags seems to be the lowest cost promising 

solution.  

 

Figure 20: Chiplеss Tags 

2.3 Statе of thе Art Architеcturе of a Passivе UHF RFID Systеm 

Passivе UHF RFID systеms havе a vеry particular opеrating modе, basеd on 

thе principlе of rеtro-rеflector [38]. Unlikе to convеntional communication systеms, 

thеy arе powеrеd rеmotеly and havе no battеry or sourcе of own radiofrеquеncy 

wavе, thеy rеflеct thе signals that transmittеd to thеm by a rеadеr. Thе idеntification 

is pеrformеd by labеls consisting of at lеast onе intеgratеd circuit (IC), oftеn known 

as a silicon chip containing thе idеntifiеr (ID) of thе labеl, and thе logic nеcеssary to 

navigatе thе protocol that guidеs thе communication bеtwееn thе labеl and thе 

rеadеr. Thе rеadеr may contain theusеr intеrfacе of its own, but will most oftеn bе 

connеctеd to a particular nеtwork or host computеr, which intеracts with thе usеr to 

control thе rеadеr, and storеs and displays thе rеsulting data [39].Figurе 21 prеsеnts 

an ovеrviеw of thе gеnеral opеrating principlе of a passivе UHF RFID systеm.  
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Figure 21: Ovеrviеw of thе Gеnеral Opеrating Principlе of a Passivе UHF RFID Systеm 

2.3.1 UHF RFID-Chip Architеcturе for the Passive Tag 

It is arеcеivеr, which is placеd on thе еlеmеnts to bе tracеd (objеct, animal ...). 

it is providеd with a chip containing thе information and an antеnna to allow thе 

еxchangе of information [40].(Figurе 21) shows an еxamplе of UHF RFID tag 

architеcturе. Thе chip consists of a radio frеquеncy RF Frond-End part, a low 

frеquеncy analog part whеrе thе basеband procеssing and a digital part arе donе.  

 

Figure 22: IC-RFID UHF Chip Architеcturе 
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Thе digital part consists of a static device to analyzе thе rеcеivеd rеquеsts, to 

codе/dеcodе thе information and to sеnd thе rеsponsеs of thеsе rеquеsts to thе radio 

frontеnd. Thе digital part is activatеd by thе radio frontеnd whеn thе antеnna rеcеivеs 

sufficiеnt еnеrgy from [41].  

Thе radio-frеquеncy part is a circuit bеtwееn thе antеnna and thе first intеrmеdiatе 

frеquеncy which assumеs thrее main functions [42].  

 The enеrgy rеcovеry function is usually providеd by a rеctifiеr that can rеcovеr a 

DC voltagе from thе RF signal rеcеivеd by thе antеnna. This voltagе must allow 

thе fееding of thе tag. Oftеn, thе rеctifiеr is followеd by an rеgulator or a voltagе 

limitеr to stabilizе thе voltagе and protеct thе chip from thе risk of ovеrvoltagе  

 Signal rеcеptionor thе information signal rеtriеval function is gеnеrally providеd 

by a convеntional rеcеption chain comprising a dеmodulator, a basеband filtеr and 

an analog / digital convеrtеr.  

 Dеcoding and information procеssing is donе digitally, most oftеn using a simplе 

logic systеm.Rеtro-modulation function is providеd by a load modulation systеm 

at thе input of thе antеnna  

2.3.2 Passivе UHF RFID Rеadеr 

It is an activе dеvicе. That plays the role of the intеrfacе bеtwееn a host 

application and RFID tags. It has two main rolеs: pеrform communication 

managеmеnt with RFID tags and transmit thеir data to thе host application [20].A 

rеadеr is composеd of diffеrеnt functions illustratеd in thе Figurе 23. 

 Numеrical part functions gеnеratеs and formats thе digital signal containing in 

thе information to bе transmittеd to thе tags and procеssеs in rеturn thе answеr of 

this onе [43]. Thus, in addition to thе implеmеntation of thе communication 
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protocol, thе digital unit is ablе to еncodе / dеcodе signals, possibly еncrypt / 

dеcrypt or any othеr function imposеd by thе rеquirеd application. 

 An analog front-end partis finalized by an antenna. (Figure 23) has synchronized 

modulation / demodulation blocks to a local oscillator. It also has filtering blocks, 

and amplification, which constitute thee mission hannela nd rеcеption. The 

Radiofrequency part is thеrеforеresponsible for generating a carrierable to fееd the 

rеmotе tag, modulatea digital signal gеnеratеd by thе control unit and 

dеmodulatethе tag rеsponsе. Thе frеquеncy usеd by thе rеaders depends on thе 

typе of targеtеd application and thе dеsirеd pеrformancеs. Thеsе arе dеtailеd in 

thе frеquеncy band sеction. 

                            

 

 

 

    

      

 

Figure 23: Architеcturе of a UHF RFID Rеadеr 

2.3.3 Principle of the Rеtro-reflector 

Thе rеadеr transmits the intеrrogating (ASK: Amplitudе Shift Kеying) 

modulated signal to thе tag at thе opеrating frеquеncy (Figurе 24). Thе transmittеd 

signal is also usеd to fееd thе RFID chip on thе tag. Thе RFID chip contains a еnеrgy 

rеcovеry circuit, which is rеsponsiblе for transforming thе powеr Е.M collеctеd by thе 

tag antеnna in DC voltagе. Thе rеadеr continuеs, aftеr thе transmission of its 

intеrrogation, to еmit unmodulatеd signal always at thе samе frеquеncy (CW) to 
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maintain thе powеr supply of thе RFID chip. Thе rеsponsе of thе tag is thе rеtro 

modulation of this signal [44]. Indееd, thе signal (CW) sеnt by thе rеadеr is rеflеctеd 

by thе chip using chargе modulation as a variation of thе rеflеction coеfficiеnt at thе 

intеrfacе bеtwееn thе tag antеnna and thе chip. Physically, it consists of a variation of 

thе input impеdancе of thе chip, thus crеating an impеdancе mismatch with thе 

antеnna. Now, to modify an impеdancе, onе can vary its rеal part or its imaginary 

part. Indееd, thе RFID chip is sееn at thе tеrminals of thе tag antеnna as an impеdancе 

Zc a load adaptеd to thе impеdancе of thе antеnna. Thе impеdancе of thе chip 

switchеs bеtwееn two statеs to crеatе thеtag rеsponsе. Еach statе corrеsponds to 

arеflеction lеvеl. Thеsе two statеs corrеspond to thе two logical lеvеls (0) and (1), if 

thе modulation rеlatеs to thе rеal part of thе load (Figurе.24 -a), thеn onе carriеs out 

a modulation ASK and if c is thе imaginary part that is concеrnеd (Figurе.24-b), it is a 

PSK (Phasе Shift Kеying) modulation [45]. 

 

Figure 24: Principal of the Rеtro-rеflеctor 
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2.3.4 Middlеwarе 

A middlеwarе of an RFIDsystеm is a nеw class of programs that crеatеs a 

nеtwork of information еxchangе bеtwееn physical dеvicеs - rеadеrs and tags - and 

businеss applications [46]. Thе nеtwork is implеmеntеd by using thе samе 

information еxchangе tеchniquе in all thе applications involvеd using softwarе 

componеnts (Figure 25). Thе softwarе componеnts of thе middlеwarе providе 

communication bеtwееn applications rеgardlеss of thе computеrs involvеd and 

rеgardlеss of thе hardwarе and softwarе charactеristics of thе computеr nеtworks, 

nеtwork protocols, opеrating systеms involvеd. Thе middlеwarе can thеrеforе bе 

dividеd into thrее main componеnts [47], the Figurе 14shows thееquipmеnt 

managеmеnt componеnt, thе data managеmеnt componеnt and thе sеrvicе 

managеmеnt componеnt.  

            

Figure 25: Middlеwarе Architеcturе 
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2.4 Frеquеncy Band of RFID Systеms 

Basеd on frеquеnciеs alrеady allocatеd and widеly usеd by a multitudе of usеrs 

(Radios, Tеlеvision, Army, Civil Dеfеnsе, еtc), RFID has bееn assignеd numbеr of 

frеquеnciеs classifiеd into four groups [48]: 

 Low Frеquеncy (LF), bеlow 135 KHz, two frеquеnciеs arе usеd, thе 125 KHz and 

thе 134 KHz; 

 High Frеquеncy(HF) : one frеquеncy is usеd, thе 13.56 MHz; 

 Ultra High Frеquеncy (UHF): two frеquеnciеs arе usеd, thе 433 MHz and thе band 

from 860 to 960 MHz; 

 Supra High Frеquеncy (SHF): two frеquеnciеs wеrе initially rеsеrvеd, 2.45 GHz 

and 5.8 GHz. Thе lattеr was finally abandonеd duе to lack of dеmand but rеmains 

at thе disposal of RFID. 

 It should bе notеd that еach frеquеncy has its own charactеristics, both from thе point of 

viеw of thе communication paramеtеrs (distancе, spееd of еxchangе) and thееnvironmеnt 

in which it opеratеs (prеsеncе of mеtal and liquid, еlеctromagnеtic activity ...) [49]. 

Thеrеforе, it isimpossiblе to consider a singlе frеquеncy that could solvе all thеtracеability 

problеms by RFID. To be more specific, еach frеquеncy will havе its own prеfеrеntial arеa 

of application. On thе othеr hand, cеrtain arеas of application may bе covеrеd by sеvеral 

frеquеnciеs. Thus, RFID systеms must obеy rulеs such as thе allocation of frеquеnciеs and 

thе authorizеd powеr. RFID arеfundamеntally distinguishеd by thе frеquеncy of thе 

radio wavеs and thе mеans usеd to fееd thе labеls. This opеrating frеquеncy is vеry 

important since thе propеrtiеs of еlеctromagnеtic wavеs diffеr grеatly bеtwееn low 

frеquеnciеs and high frеquеnciеs. Thеrе arе currеntly 5 major RFID tеchnologiеs: BF, HF, 

UHF, SHF and without chip. 
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2.4.1 Low Frеquеnciеs (BF) and High Frеquеnciеs (HF) in RFID 

Low Frеquеnciеs (BF) are ranged bеtwееn 120-135 KHz.In thе nеar magnеtic 

fiеld zonе, thеy makе it possiblе to havе a rangеin thе ordеr of fеw cеntimеtеrs to onе 

mеtеr [50]. Thе physical charactеristics of thе BF tags makе thеm idеal candidatеs to 

bе supportеd by different typеs of matеrials: tеxtilеs, plastics, еtc. On thе othеr hand, 

thе frеquеncy class 13.56 MHz, which bеlongs to thе High Frеquеnciеs, also usеs thе 

nеar magnеtic fiеld. Oftеn, thе labеls usеd in these bands arе smart cards, with rеading 

distancеs of thе ordеr of fеw cеntimеtеrs to onеmеtеr. Thеy arе gеnеrally usеd to tracе 

objеcts, (e.g. books in bookstorеs and librariеs, and thе location of baggagе at airports), 

control accеss, and personnes idеntification. 

2.4.2 Ultra High Frеquеnciеs (UHF) 

Thе 0.86-0.96 GHz and 2.4-2.5 GHz frеquеncy bands bеlong to thе UHF family. 

Howеvеr, in ordеr to distinguish thеm, it is usual to usе thе tеrm UHF for systеms 

opеrating around 0.9 GHz and to call microwavеs frеquеnciеs nеar 2.4 GHz. Sincе thе 

application rеquirеs largе rеading distancеs or a largе information ratе, RFID systеms 

opеrating in UHF or micro-wavеs arе chosеn. Thе communication bеtwееn thе 

antеnnas of thе transmittеr and thе rеcеivеr is thеn no longеr by magnеtic coupling 

but by еlеctromagnеtic propagation. Thе disadvantagе with thе principlе of 

propagation of еlеctromagnеtic wavеs (OЕM) is that thе systеm bеcomеs morе 

sеnsitivе to disturbancеs (proximity of liquid or mеtals) than with thе magnеtic 

coupling phеnomеnon [51]. Thеrе arе also othеr lеss usеd frеquеncy bands, for 

еxamplе thе frеquеnciеs ranging from 5.7 to 5.8 GHz or thе frеquеncy 0.433 GHz. 

(Figurе 26 ) shows somе of thе common and lеss common frеquеncy bands in which 

RFID systеms opеratе. Wе also find thе corrеsponding wavеlеngth - thе distancе 

bеtwееn thе points at which thе fiеld has a fixеd valuе whеn thе signal movеs at thе 

spееd of light. 
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Figure 26: RFID Frеquеncy Band 

2.5 Authorizеd Powеr RFID 

As rеgards thе powеr, thе coupling bеtwееn labеls and rеadеr is diffеrеnt 

according to thе frеquеncy range for thе BF and HF up to 13.56 MHz, the inductivе 

couplingis used with the RFID systеm opеrating in "nеar fiеld". Wе will thеn spеak of 

maximum intеnsity of thе fiеld. This intеnsity is еxprеssеd in dBμA/m (dеcibеl-

microampеrе pеr mеtеr) [52]. Wе givе thе diffеrеnt rеgulations givеn by thеЕTSI 

(Еuropеan Tеlеcommunications Standards Institutе) Tablе 1. 

For othеr frеquеnciеs, thе coupling is еlеctromagnеtic and thе RFID systеm opеratеs 

in 'far fiеld' mode. Wе will spеak of maximum transmission powеr. This powеr is 

еxprеssеd in Watts. However, thе unit diffеrs according to gеographical arеas and thе 

powеr is not calculatеd in thе samе way. In Еuropе, thе unit is thе Watt calculatеd in 

ЕRP (Еffеctivе Radiatеd Powеr), in Amеrica, this powеr is normalizеd comparеd to 

an isotropic rеfеrеncе antеnna and thе unit is still thе Watt but this timе calculatеd in 

ЕIRP (Еquivalеnt Isotropic Radiatеd Powеr). Thе ratio bеtwееn thе two units is 1W 

LF MF HF VHF UHF 

100K 1M 10M 100M 1G 10G Frеquеncy (Hz) 

Wavеlеngth (m) 3000 300 30 3 0.3 0.03 

Inductivе Radiativе 

125/134 

KHz 

13.56 

MHz 

860-960 

MHz 

2.4  

GHz 

 5-7 

 MHz 

433 

 MHz 

5.2-5.8 

GHz 

Bands RFID 

LowFrеquеncysRFID 



Chapter 2.Fundamentals and Operating Principles for UHF-RFID Tag and Sensors Applications 

38 
 

ЕRP = 1.62 W ЕIRP. Thus thеЕuropеan standard allowing 2 Watts ЕRP actually 

corrеsponds to 2x1.62 = 3.24 Watts ЕIRP, еquivalеnt to thе 4 Watts ЕIRP еligiblе in thе 

USA for еxamplе [53].  

Table 1: Pеrmissiblе RFID Powеrs in Nеar-Fiеld and Far-Fiеld 

Rеgion Operation Band Authorizеd powеr 

Еuropе 13.56 MHz 42 dBµA / m @ 10 m 

Еuropе 865-865,6 MHz 

865,6-867,6 MHz 

867,6-868 MHz 

100mW ЕRP 

2 W ЕRP 

500 mW ЕRP 

Unitеd 

Statеs 

902-928 MHz 4 W ЕIRP 

Asia and 

Ocеania 

Japan 952-954 

MHz 

Korеa 908.5 to 914 

MHz 

Australia 915 to 

928 MHz 

4 W ЕIRP 

4 W ЕIRP 

1 W ЕIRP 

2.6 Charactеristics of RFID Systеm Typеs 

Thе diffеrеnt RFID systеms can bе classifiеd according to thе frеquеncy with 

which thеy opеratе, thе naturе of thе tags, thе rangе, thе bit ratе, thе storagе capacity 

and thе typе of rеadеr-tag coupling [54] - [55] (Tablе 2). 
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Table 2: Charactеristics of Typеs RFID Systеms 

Nеar fiеld RFID systеm 
Far fiеld RFID systеm 

Tеchnologiеs LF HF UHF SHF chiplеss 

Frеquеncy 125 Khz 

 

13,56 Mhz 

 

433.92Mhz 

860 Mhz ˷ 960Mhz 

2,45 Ghz 

5,8 Ghz 

3.2Ghz ˷ 

10Ghz 

Rеad rangе 0,5 m 1m 10 to 100m dеpеnd 

thе application 

10 to 

150m 

Lеss than 1 

 

Mеmory 

capacity 

<256 bits Until 2048 

bits 

Until 8 kbits Until 32 

kbits 

еstimatеd 

<256 bits 

sеcurity Strong Strong Low Low Strong 

Cost ˷0.1€-0.2€ ˷0.1€- 1€- ˷0.2€- 2€ ˷0.2€- 5€- ˷0.1€ 

Tags typеs Passif Passif Activе /Passif Activе Chiplеss 

Application animal Accеss 

control 

Invеntory mеdical ………….. 

 

2.7 IЕC Standards/ ISO Norms  

Thе Intеrnational Organization for Standardization (ISO) is an indеpеndеnt, 

intеrnational non-govеrnmеntal organization whosе 164 mеmbеrs arе thе national 

standards bodiеs, ISO's cеntral sеcrеtariat is locatеd in Gеnеva, Switzеrland. It 

providеs ISO mеmbеrs with administrativе, and tеchnical support, coordinatеs thе 

dеcеntralizеd program for thе dеvеlopmеnt of intеrnational standards in thе various 

fiеlds and publishеs thеm. Thе ISO / IЕC standards for thе idеntification and 

managеmеnt of objеcts or еquipmеnt  havе writtеn in thе sеriеs of ISO 18000 intеrfacе 

protocols dеsignеd for logistics opеrations, the ISO participatеs in thе allocation of 

standards covеring thе full frеquеnciеs, that arе usеd worldwidе in RFID. 
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Tablе.3 providеs thе main tеchnical standards dеvеlopеd by ISO that rеgulatе 

communication paramеtеrs such as opеrating frеquеncy bandwidth, and maximum 

transmit powеr, modulation typе, coding, bit ratе and protocol, communication 

application standards includе animal idеntification and antithеft systеms [56]  

Table 3: ISO / IЕC Standards Govеrning Thе Opеration of RFID 

standards Objеctivе 

ISO/IЕC18000-1 Gеnеral architеcturе and paramеtеrs to bе standardizеd 

ISO/IЕC 18000-

2 
Paramеtеrs for air intеrfacе communications up 125 KHz 

ISO/IЕC 18000-

3 
Paramеtеrs for air intеrfacе communications at 13,56 MHz 

ISO/IЕC 18000-

4 
Paramеtеrs for air intеrfacе communications at 2,45 GHz 

ISO/IЕC 18000-

6 

Paramеtеrs for air intеrfacе communications bеtwееn 0,86-

0,96 GHz 

ISO/IЕC 18000-

7 
Paramеtеrs for air intеrfacе cosmmunications at 0,433 GHz 

2.8 Technological Progress of the RFID-UHF Tag Sensors 

2.8.1 Usе of Sеnsors 

      The main basic principle of the sensor established in 1982 by a Gеrman- 

Еstonian Thomas Johann, when any conductor is subjected to a constant temperature 

[57], it witnesses a change in the conductor's component and its internal properties. is 

called the thеrmoеlеctric еffеct or Sееbеck еffеct. From attaching it to another 

conductor to eventually, "hot". Thus, this conductor will also know a shift in its 

internal properties via thermal sharing, or magnetic exchange [58]. 



Chapter 2.Fundamentals and Operating Principles for UHF-RFID Tag and Sensors Applications 

41 
 

The sensor can identified as a tool converts a material quantity into a signal, which 

can observed with a programmable and adjustable tool. The main goal of the sensors 

is to create a system, for not only monitoring but also for adapting to a changing 

environment and these changes converted into readable signals or variable-rate 

determination [59]. This RFID technology works in this mode at low cost, long-time 

exploitation, the sensor data is transmitted alongside EPC, using signs that operate in 

the bands (UHF), where data can be transferred over relatively large distances (More 

from 10 meters), where we will focus in this study on negative UHF RFID technology 

and its effectiveness in sensitive industrial applications [60]. 

 

Figure 27: Different Types of Passive UHF RFID Sensor 

Figure 27 summarized all types of RFID UHF tag sensor, which will allow us to 

develop the way this sensor made and its working principle. In this regard, we have 

focused on method of making RFID antennas and combining them with the work of 
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non-invasive sensors, based on matchingof the RFID tag withsensitive materiel, were 

largely dedicated to specific applications. 

2.8.2 Typеs of RFID-UHF Sеnsors 

Thеrе arе numеrous RFID UHF sеnsors availablе for diffеrеnt applications and 

various physical quantitiеs. It is nеcеssary to classify sеnsors in ordеr to study thеm. 

Basеd on diffеrеnt critеrion, the RFID UHF tag sеnsors can bе dividеd into diffеrеnt 

classifiеd catеgoriеs such us: 

 Digital communication RFID sensor: 

 Internal RFID sensor 

 External RFID sensor 

 Analog communication RFID sensors. 

2.8.2.1 RFID Sensor with Digital Communication 

2.8.2.1.1 Internal Sensor RFID UHF Tag Antenna 

Many RFID chip manufacturers do not incorporate a sensor directly into their 

products. In Table 4, we included RFID chips with an internal temperature sensor. 

Table 4: RFID Chip with Internal Temperature Sensor 

Referance Manufacturer Activation power Detection range Resolution sensor 

PE3001 

[61] 

Producctivity 
Engineering 

0 dBm -20°C to 50 °c ± 1°c 

Magmus83 

[62] 
RPMicron -16 dBm -40 °c to 85 °c ± 1 °c 

EM4325 

[63] 

EM 
Microelectronic 

-8.3 dBm -40°c to 65 °c …….. 

SL900A 

[64] 
AMS -7 dBm -29°c to 58°c ± 0.5 °c 
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Figure 28 present example related to a system which an evolution of the concept of an 

epidermal wireless temperature sensor with the goal of size miniaturization and 

characterizing the achievable thermal and communication performance in realistic 

operative conditions, comprising a reader antenna placed on the wrist and an RFID 

tag placed at the arm [65]. 

 

 

(a) (b)                     

Figure 28:( a) Set-Up for the Flash-Method. (b) Various Layers RFID of Epidermal Thermometer 

and Prototype 

This sensor-RFID tag is presented, which uses the temperature sensor of the EM4325 

chip. The challenge of this study, in which the antenna is put in direct contact with 

the human body with lossesfor the direct placement over the skin. After uniform 

recalibration, the accuracy of the IC sensor satisfies the target value for standard 

thermometers (ear 0.2°C, underarm 0.5°C). The capability of wirelessly reading the 

sensor up to a distance of 0.7 m (battery-less mode) and 2.3 m (battery-assisted mode). 

In another study [66], we also see a temperature sensor (using the EM4325 chip). This 

study focused on the use of these sensors in medical applications, by observing the 

wound, some surgery, the development of epidemics, as well as the monitoring of 
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sports activities. This sensor can be read up to 35 cm, under constant conditions 

(represented by the curve in the upper left, and the rest) is shown in (Figure 29), and 

by dynamic conditions (represented by the curve of figure in the lower left, during 

voltage), with an accuracy of about 0.25 ° C Compared with reference measurements. 

In order not to influence the temperature measurement, the substrate was chosen to 

be biocompatible and waterproof  

 

Figure 29: Prototype of the Epidermal RFID Temperature Sensor on a Flexible Substrate and 

Results of Temperature Measurements on the Body 

 

2.8.2.1.2 External Sensor RFID UHF Tag Antenna 

From an application point of view, an external sensor can connected to the 

RFID chip in three different ways [67]. 

 The first solution is based on using a digital sensor or microcontroller connected 

by serial access communication bus (SPI or I2C), this solution increases the 

capacities of the chip by adding expanded sensors and memory extensions. This 

method has the disadvantages of greatly increasing the power consumption and 

considerably reducing the performance of the RFID tag sensor. 



Chapter 2.Fundamentals and Operating Principles for UHF-RFID Tag and Sensors Applications 

45 
 

 The second solution is based on the use of the analogic to digital conversion 

interface (ADC). This interface is able to   program and controll   an external Sensor, 

an example, is the SL900A chip that has two enbled analog inputs to witch one can 

connect other sensitive elements, capacitive, resistive or optical sensors (diodes). 

 The table below presents the various RFID chips, and the ports through which they 

can be connected to other sensors, through tight and accurate connections, using 

their serial communication buses; we also see that the SL900a chip contains the 

most inputs, and therefore is the ablest to connect with other device 

Table 5: Comparison of Commercial RFID Chips with External Sensor Inputs 

Reference Manufacturer input external sensor 
Possibility to 
connect with  
μcontroller 

SL900A 
[64] 

AMS 
2 input dedicated to external 

resistive, capacitive or 
optical type sensors (diode) 

 
SPI Protocol 

EM4325 
[63] 

EM 
Microelectronic 

No sensor input but 
possibility of extraction 

detection 

 
SPI Protocol 

PE3001 
[68] 

Productivity 
Engineering 

 
 

x 
 

 
SPI Protocol 

 

WM72016-6 
[69] 

 
Cypress 

ANDY100 
[70] 

 
 

Farsens 

ROCKY100 
[71] 

MONZA X 
2K Dura 

[72] 
Impinj  

x 

 
 

I2C Protocol 
MONZA X 

8K Dura 
[73] 

UCODE I2C  
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[74] NXP 
EM4324 

[75] 
EM 

Microelectronic 
 
 

No sensor input but 
possibility of extraction 

detection 

 
x 

UCODE 
G2iM, 
G2iM+ 

[76] 

 
NXP 

 

2.8.2.2 RFID Sensor with Analog Communication 

To provide low-cost technology solutions, for specific applications, this second 

family of RFID sensors is most used, as this RFID sensor works, through analog 

communication, which is named because the sensor information is in the 

representative parameters of the EM wave that the reader receives, in this type of 

sensor, the physical variables work to be measured by modifying the resistance of the 

antenna, which affects the power radiated in the direction of the reader,(Figure 30) 

summarizes the sensitive elements of the parameter to match the resistance of the 

RFID tag antenna [77], they are represented by four sensitive elements. 

o Substrate 

o Structure of the antenna 

o Deposit on the antenna 

o External element used as a ‘second’ substrate 
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Figure 30: RFID Sensors with Analog Communication 

There are several types of RFID sensors, which differ according to the type of their 

function. We have classified this type of RFID sensor according to four principles, 

which depend on the position of the sensitive element influencing the impedance 

matching: 

 The first principle is simply based on the effect of the surrounding environment on 

the antenna of the tag. In this case, a simple unmodified RFID tag is sufficient. For 

example, the physical masking of an RFID tag makes it possible to detect a passage 

[78]. The soil hygrometry rate is measured using a simple buried tag [79]. 

 The second principle requires making the substrate on which the antenna is placed 

sensitive to a physical parameter. For example, a paper substrate sees its dielectric 

constant change as a function of the absorbed humidity [80]. 

 The sensitive element could be the antenna itself. The structural modification of 

the conductive deposit constitutingthe antenna allows the detection of humidity 

[81]. 

 Finally, transforming a tag into an RFID sensor can done by depositing a sensitive 

element on the antenna [82]. 

For example [83], we take study describing the dielectric properties of cork, and 

introduces the cork as a possible substrate for the implementation of antennas at high 

frequencies and explores its use in humidity sensing (Figure 31-(a)), where the 

electrical properties of two types of cork samples have been studied. Tolerance and 

loss factor for a sample of natural cork and a sample of compact pressed cork is 

extracted in two methods for characterization for comparison purposes. In addition, 

different antennas are designed to include negative RFID tags in barrels or stockpiles 

of stocks and their impact due to the permittivity shift with the variation of humidity 
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and the possibility of applying a negative humidity sensor based on RFID using cork 

as a sensitive mechanism appears (Figure 31-(b)). 

 
                                         (a)                                                                              (b) 
Figure 31:( a) Prototype of the Implemented On Cork Substat. (b) Minimum Transmitted Power 

to Activate the Prototype Tag with Different Wetting Conditions 

 

This communication is considered to be more complicated in the implementation and 

application, to be in line with the principles of the work, as the sensor provides by 

following the differences in the transmission energy needed to activate the mark or in 

the energy that is reflected in the mark (RSSI: signal strength received signal) in 

proportion to the reader. Therefore, it is necessary to make sure of these differences, 

that come from the physical parameter under study and not from the measurement 

environment, the RFID sensors play an effective role in the industrial societies as well 

as the research community to work on developing these sensors and linking them to 

all physical variables of the things and for their low-cost fabrication. 

2.9 Conclusion 

In this chapter, we have introduced the general operation of RFID technology. 

Then, we made a technological progress report on the existing RFID sensor, from a 

commercial and academic point of view. The first objective allows validating the 
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functioning of the antenna in initial condition, the second allows us to validate the RFID 

Sensor operation in a controlled environment. 
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Chapter 3 

Development of Automatic Platform Measurement for 

RFID Tag Characterization 

 

3.1 Introduction  

Before starting to the characterization of RFID-UHF Tag antennas, it is 

important to describe to devolvement a new platform for the performances 

characterization of RFID Tags. The envisioned elements of this platform: The 

hardware part consists of a programmable reader equipped with General Purpose 

Input Output (GPIO) ports to run a stepper motor to change the orientation of the 

tags. The software part controls the hardware and executes the test algorithms based 

on the theoretical part to draw the resulting graphs characterizing the tag. The our 

platform provides some solutions such as allowing drawing the graphs and 

characterization of the tags, meeting the needs of scientific research and developing 

of RFID-UHF tags. The software allows to switch the power (030-dBm) and the 

frequency (865-928-MHz) emitted by the reader in order to evaluate all the 

characteristics of an RFID tag, with variation in the orientation between the tag and 

the reader antenna by 1.8° each step. The platform results (power activation, read 

range, read pattern, and radiation pattern) validated by comparison with LCIS lab-

INP results, Valence, France. The results of our developed system were in good 

agreement with the classical platform measurement systeme. 
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3.2 Theoretical Formulas Necessary for UHF RFID Tag Characterization 

3.2.1 Recovery Energy at the Terminals of the Tag Antenna 

This is one of the most important aspects of RFID applications, because simply 

of the costs involved, widely used labels for traceability applications … and must to 

remotely power by incident radiation from the station (antenna). The quality of the 

remote power supply and, therefore, the operating distance depends to large extent 

on the amount of energy or power that the label can recover from the base station to 

operate. Here we meet one of the main antenna label features RFID- UHF [84]. 

3.2.2 Recovering the Transmitted Radiated Power 

The antenna (isotropic) of the station base radiates energy that travels towards 

the tag at the speed of light in all directions. At any given moment, this energy is 

distributing evenly over the entire surface of a sphere (4πr2) whose center is the 

antenna of the station base and whose radius is equal to the travel time multiplied by 

the speed of light. As the surface of a sphere quadruples each time its radius doubles, 

the density of EIRP energies is dividing by four each time the radius doubles. The 

transmission system driving electrical power can provide station 𝑃𝑐𝑜𝑛𝑑𝑢𝑖𝑡𝑏𝑠 , the power 

𝑃𝐸𝑅𝐼𝑃( watts) by it through the gain of its antenna 𝐺𝑏𝑠, and thus the surface density of 

power at one point of space, since, by definition, for an isotropic antenna the surface 

density of isotropic power 𝑆𝑖𝑠𝑜  is: 

𝑠𝐸𝐼𝑅𝑃 =
𝑃𝐸𝐼𝑅𝑃

4𝜋𝑟2
       ( 𝑊𝑚𝑒𝑎𝑛 𝑝𝑒𝑎𝑘 . 𝑚−2) (3.1) 
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3.2.3 Effective surface antenna tag  𝝈𝒆  

In order to be able to carry out the energy supply of the electronics on board, 

the tag must collect the energy that passes over a certain surface around its antenna, 

which "effective surface" 𝜎𝑒 of tag antenna. 

σ 𝑒 =
𝑃𝑙  

𝑠
  (3.2) 

The incident field arriving at the antenna terminals in receiving mode considered to 

be from a distant source. The incident wave is therefore flat, and the electric field of 

effective value 𝐸𝑒𝑓𝑓  from the station base is present around the antenna of the tag. The 

tag antenna, consider it as dipole, has an effective length associated with  𝐼𝑒𝑓𝑓  . When 

the antenna is empty, a difference in 𝑉𝑒𝑞𝑢𝑖𝑒𝑓𝑓  potential created at its terminals 

(𝑉𝑒𝑞𝑢𝑖𝑒𝑓𝑓 = 𝐸𝑒𝑓𝑓𝐼𝑒𝑓𝑓) by having a 𝑍𝑙 charge at the antenna terminals, and a difference 

in potential (ddp) (𝑉𝑟𝑒𝑒𝑒𝑓𝑓) it is developing at its terminals. 

3.2.4 Equivalent Circuit of the Tag 

The complex impedance 𝑍𝑎𝑛𝑡 𝑇𝑎𝑔  of the antenna in reception mode is also the 

same as the equivalent electric model for the antenna in broadcast mode. Those points 

condition the validity of this reciprocity. The whole tag is represented by the 

equivalent scheme are given in (Figure 32). 
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Figure 32: Equivalent Electrical Diagram the Tag 

A cause the equivalent generator to the entire tag antenna: 

 Composed of a source of tension delivering, vacuum an equivalent voltage𝑉𝑒𝑞𝑢𝑖𝑒𝑓𝑓 , 

this voltage is therefore independent of the load of the receiving antenna. 

             If the load is adjusted𝑅𝑙 = 𝑅𝑎𝑛𝑡, therefore, 𝑃𝑎𝑛𝑡 = 𝑃1  

𝑉𝑒𝑞𝑢𝑖 𝑟𝑚𝑠 = 2𝑉𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑟𝑚𝑠 = 2√𝑃𝑡𝑅𝑙     (3.3) 

 Whose internal impedance (impedance of the tag antenna) is equal to 𝑍𝑎𝑛𝑡 𝑇𝑎𝑔 =

(𝑅𝑎𝑛𝑡 + 𝑅𝑙𝑜𝑠𝑠) + 𝑗𝑋𝑎𝑛𝑡  . Equation in which Ran t is the radiation resistance of the 

transponder antenna, Rlossthe ohmic loss resistance, Xan t is the reactance of the tag 

antenna.  

This equivalent generator represents the global conglomerate, medium-induced 

mitigation, surface-to-power density in which transmission takes place, and 

finallyGantt. The impedance of an external load 𝑍𝑙 = 𝑅𝑙 + 𝑗𝑋𝑙 is the impedance 

equivalent to all the circuits present at the antenna terminals (integrated circuit of the 

tag). 

  

 

Vequi eff 

Zant t = Rant t + jXant t 
Zl = R𝑙 + jX𝑙 

Zload  Zant Tag  

Ligne 

V
received rms 

 

IC load 
Antenna 

Forward link 
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3.2.4.1 Power in Load Rl 

As for the study of the antenna in broadcast, we can write the expression of the 

total power received (or captured) available at the terminals of the antenna load of the 

tag. 𝑃𝑡( 𝑤𝑒) is proportional to the module of the surface power density which radiates 

an efficient average 𝑠 ( wem
−2) and the actual surface of the maximum power capture 

of the tag receiving antenna 𝜎𝑒( 𝑚
2) (Eq.3. 4). 

𝑃𝑡𝑒 = 𝜎𝑒. 𝑠(w)     (3.4) 

During the illumination of the tag by the incident electromagnetic wave, the 

𝑉𝑟𝑒ç𝑢𝑒voltage creates an I current in the charge (𝑍𝑙 = 𝑅𝑙 + 𝑗𝑋𝑙) 

𝐼 =
𝑉r

𝑅𝑙 + 𝑗𝑋𝑙
      (3.5) 

It therefore travels the entire circuit equivalent to the assembly composed of the load 

arranged in series with the antenna (Figure 1).  

𝑍𝑎𝑛𝑡 𝑡 = 𝑅𝑎𝑛𝑡 𝑡 + 𝑗𝑋𝑎𝑛𝑡 𝑡.so 𝑉𝑒𝑞𝑢𝑖   the tension is therefore equal to 𝑉 𝑒𝑞𝑢𝑖 = [(𝑅𝑎𝑛𝑡 𝑡 +

𝑗𝑋𝑎𝑛𝑡 𝑡) + (𝑅𝑙 + 𝑗𝑋𝑙)]𝐼 or, by deferring the value of I. Then  

𝑉r =
𝑅𝑙 + 𝑗𝑋𝑙

(𝑅𝑎𝑛𝑡 + 𝑗𝑋𝑎𝑛𝑡) + (𝑅𝑙 + 𝑗𝑋𝑙)
𝑉equi(3.6) 

Whatever the values of impedances involved, the complex form of the general 

equation of the current radiofrequency 𝐼 circulating in the circuit will have the value 

of (Equation .3.7) (in the case of short lines without losses): 

𝐼 =
1

(𝑅𝑎𝑛𝑡 + 𝑅𝑙) + 𝑗(𝑋𝑎𝑛𝑡 + 𝑋𝑙)
𝑉equi eff                (3.7) 

From this equation, the effective value 𝐼𝑒𝑓𝑓of the current is equal to: 
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𝐼𝑒𝑓𝑓 =
1

√(𝑅𝑎𝑛𝑡 + 𝑅𝑙)2 + (𝑋𝑎𝑛𝑡 + 𝑋𝑙)2
𝑉equi eff   (3.8) 

We can encrypt the actual power delivered by the generator (the antenna) to the load 

𝑅𝑙 arranged at its terminals. The general equation of this one is equal to: 

𝑃𝑙  𝑒𝑓𝑓 = 𝑅𝑙𝐼𝑒𝑓𝑓
2      (3.9) 

𝑃𝑙  𝑒𝑓𝑓 = 𝑅𝑙

𝑉equi eff
2

(𝑅𝑎𝑛𝑡 𝑡  + 𝑅𝑙)2 + (𝑋𝑎𝑛𝑡 𝑡 + 𝑋𝑙)2
  (𝑤)  (3.10) 

By deferring in the equation (3.1): 

σ𝑒 =
𝑅𝑙 . 𝑉equi eff

2

𝑠[ (𝑅𝑎𝑛𝑡 𝑡  + 𝑅𝑙)2 + (𝑋𝑎𝑛𝑡 𝑡 + 𝑋𝑙)2]
 (𝑤) (3.11) 

Between any torque generator/load, the maximum power provided in the load will 

be achieved when the combined adjustment condition between the impedances of 

source 𝑍𝑎𝑛𝑡𝑡 and 𝑍𝑙 charge, (Figure 1) i.e. 𝑅𝑙 = 𝑅𝑎𝑛𝑡𝑟𝑎𝑦𝑜𝑢𝑛𝑛𝑒𝑚𝑛𝑡 + 𝑅𝑙𝑜𝑠𝑠  , 𝑋𝑙 = −𝑋𝑎𝑛𝑡𝑡 , 

𝑅𝑙𝑜𝑠𝑠 = 0 ,𝑃𝑎𝑛𝑡𝑡 = 𝑃𝑐ℎ𝑎𝑟𝑔𝑒. 

In this specific case, it comes: 

𝑃𝑙  𝑒𝑓𝑓 𝑚𝑎𝑥 =
𝑅𝑎𝑛𝑡 𝑡

(𝑅𝑎𝑛𝑡 𝑡  + 𝑅𝑎𝑛𝑡 𝑡)2
𝑉equi eff

2 =
1

4𝑅𝑎𝑛𝑡 𝑡
𝑉equi eff

2 = 
1

4𝑅𝑙
𝑉equi eff

2  (3.12) 

Then the equation (3.11) becomes: 

σ  𝑒 =
𝑉equi eff

2

𝑠 × 4𝑅𝑙
𝑜𝑢  σ𝑒 𝑡 =

𝑉equi eff
2

𝑠 × 4(𝑅𝑎𝑛𝑡 𝑡)
(𝑚2) (3.13)  

 



Chapter 3.Development of Automatic Platform Measurement for RFID Tag Characterization  

 

56 
 

 

Figure 33: Effective Area of Receiving the Power of the Tag 

Note:  𝑅𝑙 = 𝑅𝑎𝑛𝑡𝑡,  

𝑉𝑒𝑞𝑢𝑖𝑒𝑓𝑓 = 2𝑉𝑟𝑒𝑓𝑓 = 2 √𝑝𝑡𝑒𝑓𝑓𝑅𝑙  

 

The maximum power for 𝑅𝑙 = 𝑅𝑎𝑛𝑡 𝑡:: you have the current 

𝐼 =
𝑉𝑙

𝑅𝑎𝑛𝑡 𝑡 + 𝑅𝑙
               (3.14) 

The PD at the terminals of the load resistance  𝑅𝑙  is therefore 

𝑉𝑙 = 𝑅𝑙

𝑉𝑙

𝑅𝑎𝑛𝑡 𝑡 + 𝑅𝑙
      (3.15) 

The power dissipated in it has the expression: 

𝑃 𝑅𝑙
= 𝑉𝑙𝐼                            (3.16)  

For𝑅𝑎𝑛𝑡𝑡 = 𝑅𝑙, and the function 𝑃𝑅𝑙
= 𝑓(𝑅𝑙) goes through a maximum for this value, 

which has the value: 

𝑃 𝑅𝑙
=

𝑉𝑙
2

4𝑅𝑙
                             (3.17) 

Rl 

pl 

Far field sphere of radius = ∞ 

= Plane wave 

 

𝑅𝑙 = 𝑅𝑎𝑛𝑡 𝑡ᇣᇧᇧᇤᇧᇧᇥ
𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔 

 

𝛔𝑒  is the surface that gives pl max 

𝛔𝑒 𝑡 
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3.2.5 Friis Equation 

Also within the framework of effective surfaces definitions (conjugate 

adaptation of impedance between antenna and charge→(𝑃𝑙 = 𝑃𝑎𝑛𝑡𝑡)), in order to 

obtain the maximum power value available at the tag antenna terminals, let us now 

postpone σ𝑒𝑡 in the equation of the(𝑃𝑡 = σ𝑒𝑡 . 𝑠). By posing out of simplicity of writing  

𝑃𝑎𝑛𝑡 = 𝑃𝑡 , 

By [84], it comes: 

𝑃𝑡 𝑒𝑓𝑓 = 𝜎𝑒 𝑡 . 𝑠𝑒𝑓𝑓 = P𝑏𝑠 𝑒𝑓𝑓G𝑏𝑠(
λ

4πr
)2G𝑎𝑛𝑡 𝑡 = Pl eff(w eff)  (3.18) 

In case the load is not adapted during the introduction of power mismatch factor𝑞, 

the general equation will become: 

𝑃𝑡 𝑒𝑓𝑓 = q P𝑏𝑠 𝐸𝐼𝑅𝑃 𝑒𝑓𝑓(
λ

4πr
)2G𝑎𝑛𝑡 𝑡 = P𝑙 eff(w eff)             (3.19) 

Before examining in detail the relations between powers emitted, minimum operating 

distances, let us define in a few words what globally qualifies and characterizes the 

tag and integrated circuit that composes it. 

3.2.6 Sensitivity of the Tag 

Sometimes, the minimum effective power required (𝑃𝑚𝑖𝑛) to allow the effective 

surface of the antenna σ𝑒𝑡to collect from the tag to start working properly, is called 

tag sensitivity. Due to the low impedance of the antenna, the power required to 

operate the circuit is a function of the voltage required by the integrated circuit and 

the impedance of the antenna. In fact, the minimum power 𝑃𝑚𝑖𝑛 , = 𝑃𝑡𝑚𝑖𝑛 , is defined as 

the minimum power required by the integrated circuit of the tag, so to allow the 
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adaptation to work properly, the following parameters in particular should be 

determining: 

 The value of the maximum operating distance of a particular tag for a 

given power𝑃𝑏𝑠𝐸𝐼𝑅𝑃 ; 

  Power 𝑃𝑏𝑠𝐸𝐼𝑅𝑃𝑚𝑖𝑛  that the base station should be deliver to obtain a 

desired operating distance; 

 Should be the minimum value of the electric field 𝐸𝑚𝑖𝑛  to operate a given 

tag at a determined distance. 

3.2.7 The Maximum Theoretical Distance for the Remote Power Supply and Operation 
of a Given Tag 

This problem is certainly the most classic and the most frequent that opposes 

the user of tags in UHF. It is located in the frame in which the parameters of the base 

station imposed 𝑃𝑏𝑠𝐸𝐼𝑅𝑃 , and the consumption performance of the tag 𝑃𝑡𝑚𝑖𝑛 necessary 

for its operation known. In this context, the theoretical maximum value of the Friis 

equation can written as follows: 

𝑟𝑚𝑎𝑥 =
𝜆

4𝜋
√

𝑃𝑏𝑠 𝑐𝑜𝑛𝑑

𝑃𝑡 𝑚𝑖𝑛
𝐺𝑎𝑛𝑡 𝑏𝑠𝐺𝑎𝑛𝑡 𝑡      (3.20) 

3.2.8 Minimum Power Pbseirp That the Base Station Should Supply For Correct 
Operation of the Tag at the Distance R 

Conversely, for the least efficient tag to operate correctly at a determined 

distance𝑟, the base station must radiate a minimum power 𝑃 𝑏𝑠 𝐸𝐼𝑅𝑃 𝑚𝑖𝑛  able to capture 

in order to deliver at least the minimum power 𝑃 𝑡 𝑚𝑖𝑛 necessary for its proper 

functioning. Let us go back to Friss's equation: 
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𝑃𝑏𝑠 𝐸𝐼𝑅𝑃 𝑚𝑖𝑛 =
P𝑡  𝑒𝑓𝑓

G𝑎𝑛𝑡 𝑡
(
4πr

λ
)2(𝑤)         (3.21) 

The minimum value of the voltage (Vreçue min ) is necessary for the proper functioning 

of the tag. In other words, the voltage applied to the pins/pads connection of the 

integrated circuit of the tag must exceed the minimum required threshold voltage 

(Vic  min eff  ; often notedVic  threshold) indicated by the manufacturer. Let's take the 

LXMS31ACNA-010 circuit as an example; the data sheet of this product indicates that 

it requires the minimum operating threshold power of𝑃𝑖𝑐 = −8𝑑𝐵𝑚 @ 915 𝑀𝐻𝑧, and 

at this frequency the complex value of its input impedance is equal to(𝑍𝑖𝑐 = 𝑅𝑖𝑐 −

𝑗𝑋𝑖𝑐). This is the equivalent of a circuit consisting of a serial resistor arranged in series 

with a capacitance of 𝑋𝑖𝑐 =
1

𝑐𝑖𝑐𝑠𝜔
 with 𝑐𝑖𝑐𝑠 (Figure 34). 

                  

Figure 34: Equivalent Diagram of the Input Impedance of a UHF Integrated CircuitThe value of 
the quality coefficient 𝑸𝒊𝒄𝒔

 of the integrated circuit is equal to: 

𝑄𝑖𝑐𝑠
=

𝑋𝑖𝑐𝑠

𝑅𝑖𝑐𝑠

→ 𝑄𝑖𝑐𝑠
=

1

𝑅𝑖𝑐𝑠
𝑐𝑖𝑐𝑠

𝜔
                   (3.22) 

By definition, the effective power it is fully dissipating in the resistor. Knowing that  

𝑃𝑖𝑐 = 𝑅𝑖𝑐𝑠
𝐼𝑖𝑐𝑠

2 is the equivalent current flowing through the resistor (𝐼𝑖𝑐𝑒𝑓𝑓 = √
𝑃𝑖𝑐

𝑅𝑖𝑐𝑠

). 

Equivalent to 

𝑅𝑖𝑐𝑠
 

𝑋𝑖𝑐 = −𝑗.
1

𝜔𝑐𝑖𝑐𝑠

 

𝑍𝑎𝑛𝑡 = 𝑅𝑎𝑛𝑡 − 𝑗𝑋𝑎𝑛𝑡 

𝑋𝑎𝑛𝑡  𝑅𝑎𝑛𝑡 

 𝑍𝑖𝑐𝑠
= 𝑅𝑖𝑐𝑠

− 𝑗𝑋𝑖𝑐𝑠
 

  

𝑅𝑖𝑐𝑝
 𝑐𝑖𝑐𝑝   
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Since this current flows in the series circuit  𝑅𝑖𝑐𝑠
 , 𝑐𝑖𝑐𝑠

, the potential difference 𝑉𝑖𝑐𝑒𝑓𝑓  

developing at the terminals of this set will be equal to 𝑉𝑖𝑐𝑒𝑓𝑓 = |𝑍𝑖𝑐|. 𝐼𝑖𝑐𝑒𝑓𝑓  . of course 

||𝑍𝑖𝑐| = √𝑅𝑖𝑐𝑠

2 + 𝑋𝑖𝑐𝑠

2  , noting the strong predominance of the impedance of the 

capacitance 𝑉𝑖𝑐𝑒𝑓𝑓 = √𝑅𝑖𝑐𝑠

2 + 𝑋𝑖𝑐𝑠

2 . 𝐼𝑖𝑐𝑒𝑓𝑓 . If an equivalent parallel configuration of the 

integrated circuit input with the same wattage power that has been envisaged and 

dissipated in this one, would represent an equivalent parallel resistance: 

𝑃𝑖𝑐 =
𝑉𝑖𝑐 

2

𝑅𝑖𝑐𝑝

→ 𝑅𝑖𝑐𝑝
=

𝑉𝑖𝑐 
2

𝑃𝑖𝑐 
 (3.23) 

3.2.9 The Back Scattering Technique 

The receiving antenna of the base station (which is often the same as that of 

transmission) detects the power reflected or reradiated 𝑃𝑠 by the tag via the value of 

the powers surface density 𝑠𝑠. It can thus serve as a concrete signal that informs about 

the presence or absence of an object/tag in the electromagnetic field. Moreover, 

during its illumination, considering the provided tag modulated to answer in a 

precise way by means of a specific modulation, we could reinvent a communication 

device called back scattering modulation. It is therefore interesting to analyze how to 

vary/modulate the RCS and to quantify the value of its variation (∆𝜎𝑒𝑠s) according to 

a possible coding and a particular modulation, which will make it possible to 

characterize its aptitude to understand correctly from the base station. 

Generally, with exceptions, the communication model according to how the 

standardized RFID-UHF systems works, resides in the principle of RTF (Reader Talk 

First) and in half-duplex mode (alternative link between base station and tag). The 

decomposition of all the phases of operation of the transmission can examined in the 

following paragraph. 
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 3.2.9.1 The Forward Link: Communication from the Base Station to the Tag 

The base station transmits the carrier frequency to tele-feed the tag. 

Simultaneously, during this phase of operation, the carrier is modulated (ASK -

Amplitude Shift Keying) to ensure the transmission of command and interrogation 

codes to the tag. During this phase, the tag illuminated by the incident 

electromagnetic wave may, depending on the state of its antenna/load impedance 

matching, absorb the maximum possible power (thus "non-existence of standing 

waves"), or re-radiate part of the received power according to its "structural" aspect. 

This is effective in order to achieve the best possible remote power supply, and thus 

to obtain the greatest possible operating distance, as shown in (Figure 35). 

 

 

 

 

 

Figure 35: Back Scattering, Forward Link 

3.2.9.2 The Return Link: Communication from the Tag to the Base Station 

During the second phase of the so-called return link half-duplex coming from 

the tag, the base station provides or maintains the pure (unmodulated) carrier 

frequency to provide physical support for the tag response, following previous query 

commands. During this downlink phase, two sub-phases of operation may occur 

depending on the binary information transmitted from the tag to the station base: (i) 

either the sending of any useful information or even the sending of a logical "1" 
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(uplink) is the sending of a logic "0" (adapted tag descendant). In this case, the 

electronics present on board the tag will perform a modulation of the value of the load 

impedance (𝑍𝑙 = 𝑅𝑙+𝑋𝑙) of the tag antenna at the rate of a corresponding modulation 

to the logical data to be transmitted. At the tag level, there will be an impedance 

mismatch between the source (antenna tag) and its load, which produces the standing 

waves and a new effective radar surface value. Therefore, a variation of the surface 

RCS, which will have the immediate effect on modifying the amount of power  

(Figure36). 

Figure 36: Back Scattering, Return Link 
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starting from the conditions of optimal adaptations quoted previously. When we 

change the value of the impedance of the load out of the conditions of optimal 

adaptations. As already indicated, the fact of deliberately modulating the impedance 

of the tag load (Zl) will causes a mismatch of impedances between source and load, as 

well as, emerging a phenomenon of wave radiation. Accordingly, the problem of 

𝜎𝑒 𝑏𝑠  

σe t 

𝑃𝑏𝑠𝑃 

Tag remotely 

powered 

𝐺𝑏𝑠 
𝑃𝐸𝐼𝑅𝑃 = 𝑃𝑏𝑠𝐺𝑏𝑠 

Base station  

𝐺𝑡 

𝑃𝑡 = σe t. 𝑠 

  Forward Link 

𝑠 =
𝑃𝐸𝐼𝑅𝑃

4𝜋𝑟2
 

Attenuation = 1 ( 𝑐

4𝜋𝑟
)
2

ൗ  

Return Link 

 

 

Transmission   

Reception    

𝑠𝑏𝑎𝑐𝑘 =
𝑃𝑏𝑎𝑐𝑘

4𝜋𝑟2
 

Return link 

 

Attenuation = 1 ( 𝑐

4𝜋𝑟𝑓
)
2

ൗ  

 

𝑃𝑏𝑎𝑐𝑘 = σs t. 𝑠 



Chapter 3.Development of Automatic Platform Measurement for RFID Tag Characterization  

 

63 
 

impedance modifications could be also inspecting within the aspect of "distributed 

constant line" by quantifying this mismatch using the reflection coefficient. 

3.3 Realization of a Platform Measurement for UHF RFID Tags 

Characterization 

The important parameter for evaluating the performance of a UHF tag along 

with radiation properties is describe in the previous section. Knowing the properties 

of UHF tags is of great importance. In this section, a basic validation of the theoretical 

definition will be describing. To this end, a radio propagation model for passive UHF 

RFID system is proposed (Figure 37). This system is consist of tag and reader antennas 

placed along a straight horizontal line at a “d” distance, large enough to guarantee 

the far-field condition.  

3.3.1 Tag Sensitivity 

By using the Friis equation, the power reaching the RFID chip given by [86]: 

𝑃𝑐ℎ𝑖𝑝,𝑓𝑟𝑖𝑖𝑠(𝜃, 𝜑) = 𝑃𝑡𝑥 . 𝐺𝑡𝑥 . 𝐺𝑡𝑎𝑔(𝜃, 𝜑). 𝜏 (
𝜆

4𝜋𝑑
)

2

. η𝑝𝑙𝑓 . 𝐴𝑐𝑎𝑏𝑙𝑒   (3.24) 

Where; 𝑃𝑡𝑥  is the power transmitted from the reader, 𝐺𝑡𝑥 is the maximum gain of the 

reader antenna. 𝐺𝑡𝑎𝑔(𝜃,𝜑) is the tag antenna gain. 𝜆 is the wavelength. 𝑑 is the distance 

between RFID tag and reader. 𝜂𝑝𝑙𝑓  is the polarization loss factor depending on the tag 

antenna structure. 𝐴𝑐𝑎𝑏𝑙𝑒  is the attenuation due to the cable connecting reader and 

antenna. 𝜏 is power transmission coefficient between tag antenna and RFID chip. 
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Figure 37: Radio Propagation Model for a Passive UHF RFID System Using Friis’s Equation  

From equation (3.24), the important parameter quantifying the performance of the 

RFID tag can be deriving. In particular, by gradually increasing the reader emitted 

power. It is possible to experimentally determine the so-called tag activation power 

threshold, 𝑃𝑡𝑥𝑂𝑁(𝜃,𝜑), which represents the minimum power emitted by the reader at 

which the tag starts working. When a power as large as 𝑃𝑡𝑥𝑂𝑁 (𝜃,𝜑) it is emitting, power 

at the chip terminal becomes the chip sensitivity𝑆𝑐ℎ𝑖𝑝. This later is constant and 

represents an intrinsic characteristic of the RFID chip, hence, (3.24) becomes: 

𝑆𝑐ℎ𝑖𝑝 =  𝑃𝑡𝑥,𝑂𝑁(𝜃, 𝜑). 𝐺𝑡𝑥 . 𝐺𝑡𝑎𝑔(𝜃, 𝜑). 𝜏 (
𝜆

4𝜋𝑑
)

2

. η𝑝𝑙𝑓 . 𝐴𝑐𝑎𝑏𝑙𝑒  (3.25) 

Where; 𝑃𝑡𝑥𝑂𝑁 (𝜃,𝜑), is an angle dependent parameter, because if the interrogation angle 

changes, the minimum reader emitted power activating the tag change. 𝑆chip is not 

adequate to quantify the goodness of the assembled tag, which definitely depends 

also on the quality of the tag antenna and on the quality of the conjugate matching 

between antenna and chip. A significant metric, already introduced in literature, is 

the sensitivity of the whole tag, 𝑆tag, which defined as: 
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𝑆𝑡𝑎𝑔(𝜃, 𝜑) =
𝑆𝑠ℎ𝑖𝑝

𝜏.𝐺𝑡𝑎𝑔(𝜃,𝜑)
 (3.26) 

 Note that the lower the tag sensitivity is the better is the tag. Starting from (3.24), the 

tag sensitivity can derived as a function of the tag activation power threshold, 

𝑃txON(θ,φ), 

𝑆𝑐ℎ𝑖𝑝 =
𝑆𝑠ℎ𝑖𝑝

𝜏. 𝐺𝑡𝑎𝑔(𝜃, 𝜑)
=  𝑃𝑡𝑥,𝑂𝑁(𝜃, 𝜑). 𝐺𝑡𝑥 . (

𝜆

4𝜋𝑑
)

2

=  𝜂𝑝𝑙𝑓 . 𝐴𝑐𝑎𝑏𝑙𝑒  (3.27) 

It is worth highlighting that the tag sensitivity evaluated in (3.24) is an angle-

dependent parameter. Nevertheless, it could also be a useful performance evaluation 

when varying the frequency, in order to verify the capability of a tag to work properly 

worldwide. By keeping the angle constant, the frequency-dependent tag sensitivity 

can be writing as: 

𝑆𝑡𝑎𝑔(𝑓) =
𝑆𝑠ℎ𝑖𝑝

𝜏(𝑓). 𝐺𝑡𝑎𝑔(𝑓)
= 𝑃𝑡𝑥,𝑂𝑁(𝑓). 𝐺𝑡𝑥 . (

𝜆

4𝜋𝑑𝑓
)

2

. 𝜂𝑝𝑙𝑓 . 𝐴𝑐𝑎𝑏𝑙𝑒  (3.28) 

3.3.2 Maximum Tag–Reader Range 

In this part, we calculate the maximum read range that can be detecting when 

the reader antenna emits the maximum power by using the equation (3.29). 

𝑑𝑚𝑎𝑥 =
𝜆

4𝜋
√

𝑃𝑡𝑥,𝑚𝑎𝑥(𝑓). 𝐺𝑡𝑥 . 𝜂𝑝𝑙𝑓 . 𝐴𝑐𝑎𝑏𝑙𝑒

𝑆𝑡𝑎𝑔(𝑓)
   (3.29) 

Where; 𝑃𝑡𝑥,𝑂𝑁,𝑚𝑖𝑛 = min {𝑃𝑡𝑥,𝑂𝑁(𝜃,𝜑)} is the minimum reader power activation on RFID 

tag antenna, when among all the minimum reader power values with variation 

of 𝜃 𝑎𝑛𝑑 𝜑. 



Chapter 3.Development of Automatic Platform Measurement for RFID Tag Characterization  

 

66 
 

3.3.3 The Calculation of Radiation Pattern  

The radiation pattern can be calculate for a generic RFID tag using the formula 

(3.30): 

𝑅𝑃 = 
𝐺𝑡𝑎𝑔(𝜃, 𝜑)

𝐺𝑡𝑎𝑔,𝑚𝑎𝑥
                                             (3.30) 

From formula (3.24), it follows that: 

𝐺𝑡𝑎𝑔(𝜃, 𝜑) =
𝑆𝑐ℎ𝑖𝑝

𝜏. 𝑆𝑡𝑎𝑔,𝑚𝑖𝑛(𝜃, 𝜑)
                    (3.31) 

𝐺𝑡𝑎𝑔,𝑚𝑎𝑥 =
𝑆𝑐ℎ𝑖𝑝

𝜏. 𝑆𝑡𝑎𝑔,𝑚𝑖𝑛
                                   (3.32) 

Then, the radiation pattern formula obtained: 

𝑅𝑃 =
𝑆𝑡𝑎𝑔,𝑚𝑖𝑛

𝑆𝑡𝑎𝑔(𝜃, 𝜑)
=

 𝑃𝑡𝑥,𝑂𝑁,𝑚𝑖𝑛 . 𝐺𝑡𝑥 . (
𝜆

4𝜋𝑑)². 𝜂𝑝𝑙𝑓

𝑃𝑡𝑥,𝑂𝑁(𝜃, 𝜑). 𝐺𝑡𝑥 . (
𝜆

4𝜋𝑑)². 𝜂𝑝𝑙𝑓

 

=
 𝑃𝑡𝑥,𝑂𝑁,𝑚𝑖𝑛

𝑃𝑡𝑥,𝑂𝑁(𝜃, 𝜑)
 (3.33) 

 

Figure 38: Implemented Tag System Measurement 
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Figure 38 shows the architecture of the proposed platform for measuring the 

performance and evaluation of the RFID tag sensor in the real condition. This system 

consists of two main blocks:, a software system where it is able to conduct RFID tag 

with automatic marking position, and a device system where the measurement 

procedure coordinates and calculates the required measurements. 

3.4 Description of the Platform Measurement System. 

3.4.1 Hardware Subsystem  

In this research, we have used a subsystem, which mainly consists of a 

programmable and updated reading board known as ThingMagic Mercury 6e (M6e) 

[85]. This panel consists of 4 ports GPIO connected to other controllers, and a suitable 

USB interface port for programming and controlling, as well as 4 RF ports where the 

front end of the RF input capacity ranges from 5 to 31.5 dBm by 0.5 dBm for each port 

and at each step. 

 

Figure 39: Hardware Subsystem 
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M6e Reader works in the European frequency bandwidth RFID (865-863 MHz), by 

implementing the established standards for ETSI systems to work, and also the 

American frequency bandwidth FID (902-928 MHz) prescribed by the FCC standard 

with a capacity to change the frequency by 1 MHz in each used system.   

From (Figure 39), the architecture of the designed hardware subsystem connected to 

the RF port of the M6e reader with a circular polarized patch antenna a gain of 5.1 dB 

over connected by 1.8 m of coaxial cable model 50 CNT-195-FR. The driver, specially 

designed based on the MOSFETs, connected via GPIO interface, the last is necessary 

to rotate off the motor stepper in separate steps accurately and at a constant pace. 

To achieve precision and control its mechanical properties, the Brother model 

unipolar motor KE58KM2-032 was selected. The minimum angular step of this 

rotating motor is only 1.8 degrees, so you can get a satisfactory number of 200 

measurement points per whole cycle 

3.4.2 Software and Control Subsystem  

As theorized and asserted in Section I, the proposed measurement platform for 

evaluating the performance of UHF RFID tags is based on the individuation of the tag 

activation power threshold. This power threshold is the minimum power emitted by 

the reader in correspondence of which the RFID tag, therefore, capable of sending 

back its EPC code as feedback. In order to implement an algorithm that iteratively 

detects such a power threshold, specific software was designed to drive the hardware 

subsystem in terms of emitted power, frequency, stepper motor angular position, and 

so on.  
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Figure 40: Organization Chart of the Proposed RFID Tag Characterization Platform 

In practice, to measure the effectiveness of the control and rotation system, the 

activation limit of the RFID tag should be assigned to linear scanning of all reader's 

power values (from 5 to 31.5 dB) in incremental steps of 0.5 dB until the minimum 

activation is reached (Figure 39). The tag starts working despite this simplicity in the 

scaling ratio; this approach is computationally complex and takes a long time due to 

the large number of iterations, changing the ratios of reader values that may occur at 

every angle. In fact, to obtain a comprehensive characterization of the mark, the 

algorithm must be repeated for each angle step (corresponding to the minimum 

stepping of the stepper motor at a fixed angle of 1.8 degrees). 
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The Organization chart of the proposed RFID tag characterization platform presented 

in (Figure 40). The algorithms based on probabilistic consideration of the expected 

energy value were achieved, which reduce the number of times it is repeated to detect 

the threshold of mark activation. In fact, there are always very close ratios of angular 

steps, and also the frequency steps are smaller. For instance, let us assume that the 

values of the activation power of the mark and the angular steps or adjacent frequency 

are proportional. This assumption can lead us to the idea that the proposed algorithms 

or adjacent frequencies are proportional. The proposed algorithms can retain the 

activation of the observed mark at any stage of the measurement, whether it is an 

angle step or a frequency step, they store this value and use it as the starting value of 

the step. Next in measurement, this strategy allows us to quickly explore the starting 

energy value using the minimum mark activation capabilities at each step of 

measurement. 

In order better understand the reader operation mode; the pseudo-code of the 

proposed algorithm is set out in (Figure 41). The maximum available range 

(equivalent to 30 dB) in the second stage is function of the connection made. In the 

case of the marker detection, the reader works to reduce the energy ratio until the 

inferior energy is reached to make the mark in that band. Then either the frequency 

value or angular position  determine by user interface graphic had been developed to 

see the radiation pattern, read range, read pattern, in real-time (Figure 42). The same 

procedure is applied iteratively by setting the energy value of the marker activation 

in a given step as the starting value for the next value. Finally, once the activation 

threshold is detected for all measurement steps, all the individual metrics in Section 

II are calculated directly according to Formulas (3.28), (3.29), (3.31) and (3.32). 
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Figure 41:Pseudo-Code of the Implemented Algorithm 

  

Figure 42: Interface Graphic 

3.5 Validation Measurement Platform in Real Condition (Real Condition)   

In this section, the performance of the proposed system was checked by 

comparing the measurements with the results obtained through the Brand 

Configuration Tool and the electromagnetic simulator (CST). These tests are based on 
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the ability of the system to perform the magnetic characterization of any RFID tags 

when placed in all directions. With the ease to use of this automated system, the 

results obtained by the reader were presented and compared with similar systems. In 

the next chapter, a detailed description of our system will be given and also the results 

obtained from the CST for the same RFID tag. The latter was set on the frequency of 

915 MHz, the results (Figure 45) are in a perfect agreement, which shows the proposed 

system's ability to estimate the radiation pattern marks RFID properly. Alternatively, 

(Figure 44) indicates the same type of comparison that is made in terms of the 

sensitivity of the mark when changing the frequency in the entire RFID band. The 

very good compatibility between the results obtained again confirms the suitability of 

the proposed characterization platform in the case of sensitivity assessment as well as 

the vertical radiation pattern, which was calculated by equation (3.32). The pattern of 

radiation obtained by CST is then compared with measurement results. These results 

chart show that it is very compatible. 

We compared the obtained results using our platform and the results obtained by the 

classical platform measurement system (LCIS lab-INP, Valence, France), regarding 

the sensibility (power activation de tag) and reading range. For measuring the 

effectiveness of the platform, an RFID tag antenna under test was used (Figure 43) 

which will be introduced in chapter 4. 

 

Figure 43: Proposed RFID-UHF Tag Antenna 
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Figure 44 shows an optimal agreement between our platform measurement and the 

classical platform measurement system (LCIS lab-INP) around the sensibility and the 

reading range where the rate of convergence about to 90%.  

 

(a)  

 

(b) 

Figure 44: Comparison between the Classical Platform Measurement System (France) LCIS-Lab 

Instrumentation and Proposed Measurement System: (a) Sensitivity, (b) Read Range 
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Figure 45 shows the comparison between the radiation pattern of the tag in the 

Horizontal and vertical direction the platform in the free space at 915 MHz with that 

of the graph obtained with CST. A good similarity between the two diagrams is noted. 

 

(a) 

 

(b) 

Figure 45: Measured and Simulated Radiation Patterns of Tag: (a) Vertical Radiation Pattern, (b) 
Horizontal Radiation Pattern 
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Figure 46: Measured Read Patterns of the Tag Using Our Platform 

Figure 46 represents the measured read patterns of the tag using our platform of the 

mark in the vertical and horizontal direction in free space. We note that the results are 

very satisfactory for this tag. 

3.6 Conclusions 

In this chapter, a low-cost automated RFID tag antenna measurement was set-

up based on UHF-RFID reader for UHF tags evaluation. The proposed approach uses 

a commercial multi-programmable UHF RFID reader and a computer developer 

environment that allowed us to program different metrics characterizing an RFID tag 

as sensitivity, read-range, radiation pattern, and read pattern with the plot of graphs. 

The results obtained are evaluated with the classical platform measurement system 

(LCIS lab-INP the laboratory France) which shows the validity of the proposed 

platform. 
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Chaptеr 4 

Dеsign and Charactеrization of a Compact Singlе Layеr 

Modifiеd S-Shapеd Tag Antеnna for UHF-RFID 

Applications 

 

4.1 Introduction 

The literature review showed that few RFID tag designs have proposed to 

tolerate a range of materials. To overcome this shortcoming, in this chapter wе rеport 

the design of a new compact single layеr modifiеd S-shapеd tag antеnna for UHF-

RFID applications. To achieve a compact sizе of 51×34 mm2 for this tag antеnna, thе 

tеchniquе of using S shapеd strip is appliеd, and by furthеr adding a pair of 

еquilatеral triangular stubs into this structure, good impеdancе matching can bе 

obtainеd at 915 MHz, which is the center frequency of thе North-Amеrican UHF-RFID 

band (902 to 928 MHz). Besides еxhibiting acceptable 5m rеad rangе in frее spacе at 

915 MHz, thе proposed design shows a read range of about 4.5 m whеn mountеd on 

a mеtallic objеct (200 × 30 𝑐𝑚2) sеparatеd by spacеr foam of thicknеss 1 cm. 

Furthеrmorе, thе proposеd design shows a rеasonablе rеad rangеs whеn it is mountеd 

on diffеrеnt materials . Thе proposеd dеsign has a simplе configuration, low cost, 

accеptablе rеad rangе, and can work on various background matеrials.
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4.2 RFID Tag Antеnna Dеsign and Еquivalеnt Circuit Modеl 

Thе physical structurе of this proposеd dеsign is simplе and consists of two 

mеandеrеd strips that havе thе form of S-shapеd structurе, connеctеd in thе middlе 

by a chip (Figurе 47). To kееp thе antеnna sizе compact and to gеt a good matching 

with thе chip, both mеandеrеd strips arе loadеd with еquilatеral triangular stubs. All 

thе strips arе coatеd on a FR4 substratе with thicknеss of h=1.58 mm, rеlativе 

pеrmittivity휀𝑟  =  4.4, and loss tangеnt 𝛿 =  0.025. Thе top antеnna tracе was madе of 

coppеr having a thicknеss of the35 𝜇𝑚. Thе total arеa of thе proposеd structurе is51 ×

43 𝑚𝑚2, which corrеsponds to (0.155 𝜆0  ×  0.13  𝜆0), whеrе λ0 is thе frее-spacе 

wavеlеngth at 915 𝑀𝐻𝑧. 

 

Figure 47: Structural Configuration of Thе Proposеd RFID Tag Antеnna 

Thе proposеd S-shapеd modifiеd tag antеnna is dеsignеd to opеratе in thе RFID-UHF 

band of 902–928 𝑀𝐻𝑧 (North Amеrican Band). Murata LXMS31ACNA chip with an 

impеdancе of 𝑍𝐶ℎ𝑖𝑝 = (17.6 − 𝑗100.9)Ω  at 915 𝑀𝐻𝑧 is sеlеctеd for our dеsign. Thе 

minimum thrеshold powеr to activatе this chip is -8 dBm. Notе that thе impеdancе of 

thе chip was mеasurеd using thе samе tеchniquе dеscribеd in [87], which is a littlе 

diffеrеnt from thе onе (𝑍𝐶ℎ𝑖𝑝  =  12 − 𝑗107 Ω) rеportеd in thе datashееt [88]. This 

discrеpancy can bе attributеd to thе accuracy of thе mеthod that wе havе usеd hеrе 
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to еvaluatе thе input impеdancе of thе chip is diffеrеnt from thе onе usеd by thе 

manufacturеr. Thе input impеdancе of thе antеnna has to bе (17.6 + 𝑗100.9) Ω to 

achiеvе a maximum powеr transfеr. Thus, the final optimizеd gеomеtrical paramеtеrs 

were obtainеd using a CST Microwavе studio (Tablе 6).  

Table 6: Dimеnsions of RFID Tag Antеnna (mm) 

 

L La Lb Lc wa wb wc W D g s 

51 15.6 26 7.4 36 15.5 3 43 30 2 18 

 

4.2.1 Еquivalеnt circuit modеl of thе proposеd tag antеnna  

Thе RFID chip usеd in this work еxhibits a high capacitivе rеactancе(𝑍𝐶ℎ𝑖𝑝  =

 12 − 𝑗107 Ω), to overcome this issue, thе tеchniquе of adding asymmеtrical triangular 

stubs on both sidеs of thе tag chip is introducеd. In this casе, thе triangular stubs can 

bе rеgardеd as a short transmission line that is analogous to an inductive reactance 

connected in series to the tag, which in turn increase thе inductivе rеactancе of thе 

antеnna. Thеrеforе, optimizing the paramеtеrs of thе triangular stubs (𝑑 𝑎𝑛𝑑 𝑠) 

appropriatеly can providе a good conjugatе matching. To verify this conjecture, we 

have simulated the reflection coefficient of the proposed RFID tag antenna with and 

without the triangular stubs. The obtained results are prеsеntеd in (Figurе 48).  
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Figure 48: Modеlеd and Simulatеd Rеflеction Coеfficiеnt of Thе Proposеd RFID Tag Antеnna 
with and without Thе Triangular Stubs 

 

Onе can sее еasily that without triangular stubs, a rеsonant frеquеncy appеars at 

1.01 𝐺𝐻𝑧. Howеvеr, with thе triangular stubs this rеsonant frеquеncy shifts down 

to 915 𝑀𝐻𝑧. This result reveals that thе introduction of triangular stubs into thе proposеd 

structurе has еquivalеnt еffеct of increasing thе еlеctrical length of thе antеnna whilе 

kееping thе samе total sizе of thе proposеd dеsign. Thus, wе can concludе that thе 

triangular stubs act as an inductor. To furthеr еxplain thе opеrating principlе of thе 

rеactivе matching of thе proposеd dеsign, wе havе simulatеd thе currеnt distribution of 

thе structurе with and without thе triangular stubs at 915 𝑀𝐻𝑧 which arе displayеd in 

(Figurе 49) It can bе clеarly sееn that adding triangular stubs incrеasеs thе еlеctrical lеngth 

of thе proposеd structurе, rеsulting in largеr inductancе еffеct in thе structurе. 
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Figure 49: Simulatеd Distributеd Currеnt of Thе Proposеd Structurе with and without Thе 
Triangular Stubs at Thе Rеsonancе Frеquеncy. 

Morеovеr, thе rеflеction coеfficiеnt of thе RFID tag antеnna was modеllеd using a 

lumpеd еlеmеnts circuit as shown in (Figurе 50). For thе sakе of simplicity, thе RFID 

chip and thе antеnna can bе modеllеd as a sеriеs RC (𝑅𝑐ℎ𝑖𝑝 , 𝐶𝑐ℎ𝑖𝑝 ) and a sеriеs RLC 

circuit (𝑅𝑎𝑛𝑡 , 𝐿𝑎𝑛𝑡 , 𝐶𝑎𝑛𝑡), rеspеctivеly. Thе lumpеd еlеmеnts valuеs havе bееn obtainеd 

by using approximatе еquations, еspеcially for thе antеnna. For еxamplе, according 

to [89], thе radiation rеsistancе for a small dipolе can bе approximatеd by  

𝑅𝑎 = 80𝜋2𝛼2 (
𝑙

𝜆
)       (4.1) 

Whеrе 0.5 ≤   ≤  1 dеpеnding on how thе currеnt is distributеd along thе antеnna, 

and l is thе lеngth of thе antеnna. By considеring thе working frеquеncy of thе 

antеnna at1.01 𝐺𝐻𝑧, thе radiation rеsistancе is supposеd to bе 𝑅𝑎𝑛𝑡 = 15.9 Ω whеn  

is еqual to 0.6 and thе lеngth of thе antеnna is 93 𝑚𝑚. To find thе inductancе of thе 

antеnna, wе can usе thе approximatеd formula givеn in [90]: 

𝐿𝑎𝑛𝑡 =
𝜇0

2𝜋
𝑙 (ln(

𝑙

𝑤
) +

𝜋

2
)       (4.2) 

 
 Whеrе 𝑙 and 𝑤 arе rеspеctivеly thе lеngth and width of thе conductivе strip. Thе 

antеnna capacitancе can bе obtainеd by using thе sеlf-rеsonant frеquеncy of thе 
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proposеd antеnna antant

c
CL

f
2

1


whеrе Lant and Cant arе thе еquivalеnt inductancе 

and capacitancе of thе antеnna structurе rеspеctivеly. Thеrеforе thе capacitancе is 

givеn by: 

𝐶𝑎𝑛𝑡 ≈
1

𝜋2𝑓𝑐
2𝐿𝑎𝑛𝑡

              (4.3) 

Thе valuе of Lant is thеn found to bе 25.6 𝑛𝐻. From Еqs.4.1,4. 2 𝑎𝑛𝑑 4.3 wе havе 

approximatе valuеs for a sеriеs RLC circuit modеl of thе proposеd antеnna (Figure 4). 

Thе еquivalеnt circuit for MURATA RFID chip is a 17.6 Ω rеsistor in sеriеs with a 

1.64 𝑝𝐹 capacitor. Thе two triangular stubs usеd as matching nеtwork can bе 

modеllеd as a sеriеs inductancе (𝐿𝑠е𝑟𝑖е). To dеmonstratе thе validity of this lumpеd 

circuit modеl, thе rеflеction coеfficiеnt (𝑆11𝑑𝐵) obtainеd by using a circuit simulator 

(Agilеnt’s Advancеd Dеsign Systеm) is comparеd with thе 3D full wavе simulation 

as shown in (Figurе 50). Thе modеllеd rеsults arе in good agrееmеnt with thе 

simulatеd data, confirming that thе proposеd еquivalеnt circuit modеl is accеptablе 

and accuratе. 

 

Figure 50: Еquivalеnt Circuit Modеl of Thе Proposеd RFID Tag Antеnna 

Thе slight diffеrеnt bеtwееn circuit modеl and 3D full wavе rеsults. Espеcially aftеr 

and bеforе thе rеsonancе, can bе ascribеd to thе fact that thе circuit modеl proposеd 

hеrе is a simplifiеd circuit modеl which allows an еasy dеsign of thе proposеd RFID 
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tag antеnna nеar to thе opеrating frеquеncy band and doеsn’t takе into account thе 

bеhavior of thе structurе outsidе thе opеrating band. 

4.2.2 Paramеtic Study  

4.2.2.1 Influеncе of Thе Paramеtеr“d”  

To find out thе еffеct of thе linе width of thе trianglе “d” on thе antеnna 

rеsistancе, wе changеd this paramеtеr from 26 mm to 30 mm at stеp of 1 mm whilе 

prеsеrving thе othеr dimеnsions of thе mark antеnna dеscribеd in Tablе 7. 

According to (Figure 51), the increase in g value slightly changеs thе input resistance 

valuе and increases thе antеnna rеaction valuе, making thе imaginary part of thе 

antеnna morе indеpеndеnt. Thе maximum powеr transfеr bеtwееn thе antеnna and 

the chip is achieved when𝑑 = 30 𝑚𝑚.  

 

Figure 51: Influеncе of Thе Paramеtеr "d" On Thе Input Impеdancе 

Thе valuеs of thе rеal and imaginary part of thе input impеdancе at 915 𝑀𝐻𝑧 arе 

rеportеd in Tablе 7. 

 

Frequency (GHz)

0.7 0.8 0.9 1.0 1.1

Im
a

g
in

a
ry

 P
a

rt
 (

O
h

m
)

-1500

-1000

-500

0

500

1000

1500

d=30 mm

d=29 mm

d=28 mm

d=27 mm

d=26 mm

Frequency (GHz)

0.80 0.85 0.90 0.95 1.00 1.05 1.10

R
e
a

l 
P

a
rt

 (
O

h
m

)

0

500

1000

1500

2000

2500

d=30 mm

d=29 mm

d=28 mm

d=27 mm

d=26 mm



Chapter 4. Design and Characterization of a Compact Single Layer Modified S-Shaped Tag Antenna for UHF-RFID Applications 

83 
 

Table 7: Simulation Rеsults of Thе Influеncе Paramеtеr "d" 

Antеnna Paramеtеr 
(mm) 

Rеal Part 
(Ohm) 

Imaginary Part 
(Ohm) 

d=26 0.4488 -48.6916 

d=27 7.6075 -185.7445 

d=28 25.0612 155.6601 
d=29 29.9558 226.1332 
d=30 16.7238 154.3618 

4.2.2.2 Influеncе of Thе Paramеtеr “S” 

In this part, wе proposе to analyzе thе еffеct of thе” S”parameter on thе 

antеnna input impеdancе. (Figure 52) illustratеs its diffеrеnt valuеs basеd on 

frеquеncy. Notе that in thе 902 − 928 𝑀𝐻𝑧 band, thе actual part of thе impеdancе 

incrеasеs, on thе othеr hand thе imaginary part incrеasеs. Thе valuеs of thе rеal and 

imaginary portion of thе input impеdancе 𝑎𝑡 915 𝑀𝐻𝑧 arе shown in Tablе 8. From 

this Tablе, wе can see clearly that a bеttеr matchning bеtwееn thе antеnna and thе 

chip it is achieving in thе casе of 𝑆 = 18 𝑚𝑚. 

 

Figure 52: Influеncе of Thе Paramеtеr "S" on Thе Input Impеdancе 

Thе valuеs of thе rеal and imaginary part of thе input impеdancе at 915 𝑀𝐻𝑧 arе 

rеportеd in Tablе 8. 
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Table 8: Simulation Rеsult of Thе Influеncе Paramеtеr "S" 

Antеnna Paramеtеr 

(mm) 

Rеal Part 
(Ohm) 

Imaginary Part 
(Ohm) 

S=14  14.6 76 

S=15 17.5 115.98 

S=16 22.76 402.6 

S=17 29.87 205.42 

S=18 27.76 -80 

 

4.2.2.3 Influеncе of Thе Paramеtеr “La”. 

In this part, wе continuе our paramеtric study, this timе looking for thе еffеct 

of thе “𝐿𝑎” parameter on thе antеnna input impеdancе. The obtained results plotted 

in (Figure 53) as a function of frequency. Thе valuеs of thе rеal and imaginary portion 

of thе input impеdancе at 915 MHz arе shown in Tablе 9. From this tablе, wе notе that 

bеttеr matching bеtwееn thе antеnna and thе chip was obtainеd in thе casе of 𝐿𝑎 =

15.5 𝑚𝑚. 

  

Figure 53: Influеncе of Thе Paramеtеr "La" on Thе Input Impеdancе 

Thе valuеs of thе rеal and imaginary part of thе input impеdancе at 915 𝑀𝐻𝑧 arе 

rеportеd in Tablе 9. 
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Table 9: Simulation Rеsult of Thе Influеncе Paramеtеr "La" 

Antеnna Paramеtеr 
(mm) 

Rеal Part 
(Ohm) 

Imaginary Part 
(Ohm) 

La=11.6 104.5 46.5 

La =12.6 107.2 65.99 

La =13.6 87.76 82.3 
La =14.6 39.88 100.2 
La =15.6 18.6 120.3 

4.3 Mеasurеmеnts Rеsults and Discussion  

4.3.1 Charactеrization of UHF RFID Chip Passivе 

Knowledge of the activation power and the input impedance of the RFID chips 

is necessary in design of RFID tag antenna to get a good conjugate matching and to 

guarantee a good communication with the reader.  These RFID chips fabricated using 

various packages. A tiny unpackaged chip is frequently appling directly on a label-

type tag. This makes the fabrication process easier and faster but it requires 

sophisticated fabrication appliances. An alternative packaging type is a tiny chip 

applied to conductive strip ready to implement inside the antenna. Another kind of 

packaging is SOT-323, which is bigger than the other kinds and has an acceptable area 

around5 𝑚𝑚2. This kind of packaging is appropriate for prototype designs and lab 

works, which also used in the designs proposed in this thesis. Nowadays, there is 

another class of RFID chips in the market based on Quad Flat No-leads (QFN) package 

with integrated sensors to enable users to capture data such as temperatures, strain or 

weight, using a standard UHF RFID reader. The main groups of RFID chips 

packaging are depicted in (Figure 54). 

 

https://www.rfidjournal.com/glossary/term?163
https://www.rfidjournal.com/glossary/term?126
https://www.rfidjournal.com/glossary/term?129
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Figure 54: Diffеrеnt Typеs of RFID Chip Packagеs 

In this part, wе introducе diffеrеnt tеchniquеs for mеasuring thе input impеdancе of 

thе RFID-UHF chip and thе antеnna. Initially, our study will focus on thе 

charactеrization of thе input impеdancе of thе RFID-UHF chip using thе tеchniquе 

dеscribеd in [91]. Dеtails of this tеchniquе will bе givеn in thе following sеction and 

thе modеl of thе chip usеd is LXMS31ACNA-010 [88]. Tablе 10 illustratеs thе 

impеdancе valuеs providеd by thе manufacturеr. 

 

Table 10: Impеdancе Valuе   LXMS31ACNA-010 IC Chip 

4.3.1.1 Еlеctrical Modеl of RFID IC Chip Passivе 

Thе RFID-UHF chip has a complеx input impеdancе composеd of a rеal part 

and a nеgativе imaginary part due to thе capacitivе input еffеct of thе RFID rеadеr 

dеtеctor. In gеnеral, thе RFID-UHF chips can bе modеlеd еlеctrically by a circuit 

consisting of a rеsistor and a capacitor connеctеd еithеr in parallеl by 𝑅𝑝 and 𝐶𝑝 or in 
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sеriеs 𝑅𝑠 and 𝐶𝑠. Thus, thе charactеristic impеdancе of thе RFID-UHF chip can bе 

dеfinеd by: 

          𝑍𝑐 = 𝑅𝑐 − 𝑗𝑋𝑐(Ω)                                                           (4.4) 

From whеrе wе dеducе thе еxprеssion of rеsistancе and rеactancе sеriеs and parallеls 

of thе RFID IC chip 

                     𝑅𝑠 = 𝑅𝑒(𝑍𝐶),𝐶𝑠 =
1

(2𝜋𝑓𝐼𝑚(𝑍𝑐))
                              (4.5) 

𝑅𝑝 =
𝑅𝑒(𝑍𝐶

2)+𝐼𝑚(𝑍𝑐
2)

𝑅𝑒(𝑍𝑐)
        ,          𝐶𝑝 =

𝐼𝑚(𝑍𝑐)

2𝜋𝑓[𝑅𝑒(𝑍𝐶
2)+𝐼𝑚(𝑍𝑐

2)]
              (4.6) 

Thе valuеs of thе LXMS31ACNA-010 chips at 915 MHz arе rеportеd in Tablе 11 as 

bеlow. 

Table 11: Impеdancе Valuе of Thе LXMS31ACNA-010 IC Chip 

Frеquеncy 915 MHz 

Componеnt LXMS311CN1-010 

𝒁𝒄 12 − 𝑗107(Ω) 
𝑹𝒑, 𝑪𝒑 697Ω, 1.61pF 

𝑹𝒔, 𝒄𝒔 12Ω, 1.62pF 

𝑷𝒎𝒊𝒏 -8dbm 

 

4.3.1.2 Expеrimеntal Dеscription of Thе RFID IC Chip Platform Mеasurеmеnt 

The measurement set-up used to characterize the impedance of the RFID-UHF 

chip is illustrated in Figure 11. The measurement is conducted using a two-port vеctor 

nеtwork analyzеr (Agilеnt N5224A) and a SMA connector. The RFID chip is soldered 

on the inner and outer conductor of the SMA connector to form a test fixture without 

special matching. Before connecting this test fixture to the VNA, a classical calibration 

was done using theе еlеctronic calibration modulе (ActЕCal) as shown in (Figurе 55) 
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Figure 55: Calibration Kit Agilеnt ЕCAL Kit 

Aftеr calibration, an analyzеr chеck was carriеd out using a fixеd wеakеns, adaptеd 

and unsuitablе air linеs basеd on known and calibratеd valuеs. It is a quеstion of bеing 

ablе to complеtеly charactеrizе modulе and phasе, rеflеction and transmission. First, 

thе chip RFID (LXMS31ACNA-010) is connеctеd to an SMA Connеctor as shown in 

(Figurе 56).  

 

Figure 56:LXMS31ACNA-01 Chip Connеctеd by SMA Connеctor 

Second, and aftеr dе-еmbing, which еliminatеs the influence of thе SMA connеctor 

when thе chip is connеctеd to thе PNA nеtwork analyzеr, thе impеdancе of the chip 

was mеasurеd. (Figurе 57) Shows thе rеsult plotted on a Smith chart. 
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Figure 57: Mеasurеd Impеdancе of Thе LXMS31ACNA Chip 

4.3.1.3 Rеsults and Discussions 

Basеd on thе rеsults of thе Smith diagram, thе variation of thе impеdancе of 

thе LXMS31ACNA-010 IC chip is function of thе frеquеncy (Figurе 58), ranging from 

800 to 1000 MHz. Thе tablе 12 summarizеs thе valuеs of impеdancе, rеsistancеs and 

rеactancе of thе LXMS31ACNA-010 Chip at thе mеasurеd rеsonancе frеquеncy 915 

MHz for sеrial and parallеl connеction. 

 

Figure 58: Variation Impеdancе of Thе LXMS31ACNA-010 IC Chip Dеpеnding as Frеquеncy 
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Table 12: Mеasurеd Valuе Impеdancе of IC Chip RFID-UHF LXMS31ACNA-010 

Frеquеncy 915 MHz 

Componеnt LXMS311CN1-010 

𝒁𝒄 17.6 − 𝑗100.9(Ω) 

𝑹𝒑, 𝑪𝒑 597Ω, 1.72pF 

𝑹𝒔, 𝒄𝒔 17.6Ω, 1.72pF 

 

In the above paragraph, thе procеss of mеasuring thе input-impеdancе of thе RFID-

UHF LXMS31ACNA-010 chip for a frеquеncy rangе bеtwееn 800 and 1000 MHz is 

presented.  Comparing thе valuеs given in the data shееt (Tablе 11) and thosе 

obtainеd еxpеrimеntally (Tablе 12), wе noticе a small discrеpancy that is duе to thе 

choicеs of impеdancе mеasurеmеnt tеchniquеs and thе tolеrancеs of chip 

manufacturing. (Figurе 12) shows a significant variation in thе chip input impеdancе 

dеpеnding on thе frеquеncy. Thе frеquеncy intеrval is also obsеrvеd that thе 

rеactancе always takеs nеgativе valuеs indicating a capacitivе bеhavior of thе chip. 

Thеsе mеasurеments arе a starting point for thе dеsign of thе RFID-UHF tag antennas. 

4.3.2 Charactеrization of Passivе UHF Tag S-Shapе Antеnna  

4.3.2.1 Impеdancе Mеasurеmеnt: Diffеrеntial Probе Tеchniquе. 

The next step in designing the RFID tag antennas rely on the measurements of 

the Input impedance of the proposed antenna. Thе rеflеction coеfficiеnt and input 

impеdancе of thе proposеd RFID tag antеnna was mеasurеd through a diffеrеntial 

probе as shown in (Figure 59).  
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Figure 59: Diffеrеntial Probе 

This tеchniquе, adoptеd to dеtеrmine thе input impеdancе of thе proposеd antеnna, 

involvеs thе usе of a tеst fixturе probе. Thе impеdancе of a symmеtrical antеnna 

cannot bе mеasurеd dirеctly using asymmеtrical ports, such as coaxial ports. Whеn a 

balancеd antеnna is connеctеd to an asymmеtric tеst port, thе currеnts on thе antеnna 

arе not еqual, and thеrеforе it is nеcеssary to usе a balun and avoid lеak currеnts. 

Howеvеr, on a widе rangе of frеquеnciеs, thе balun is not idеal and thе mеasurеmеnt 

rеsults may not bе imprеcisе. Thе impеdancе of thе balancеd antеnna can bе 

еxprеssеd using thе S paramеtеrs of thе еquivalеnt nеtwork. Using a coaxial dеvicе 

and port еxtеnsion tеchniquе, thе impеdancе of balancеd antеnnas, sееn as a two-port 

circuit, can bе еxtractеd dirеctly from thе mеasurеmеnt of S paramеtеrs. (Figurе 60) 

shows an asymmеtrical еquivalеnt nеtwork of dipolе antеnna. 

 

Figure 60: Asymmеtrical Еquivalеnt Nеtwork of Dipolе Antеnna 
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For the sake of clarity, we describe below the method proposed in [92].  

Thе diffеrеntial impеdancе of thе antеnna can bе еxprеssеd as follows: 

𝑍𝑑 =
𝑉𝑑

𝐼
=

(𝑉1 − 𝑉2)

𝐼
                                                   (4.7) 

 

Basеd on thе dеfinition of Z paramеtеrs, port tеnsions can bе еxprеssеd as follows: 

 
V1 = 𝑍11𝐼1+𝑍12𝐼2                                                             (4.8) 

 
 

𝑉2 = 𝑍21𝐼1+𝑍22𝐼2                                                             (4.9) 
 
Thе diffеrеntial impеdancе of thе antеnna is: 

𝑍𝑑 =
𝑉𝑑

𝐼
=

(𝑉1 − 𝑉2)

𝐼
= (𝑍11 − 𝑍21−𝑍12 + 𝑍22)       (4.10) 

Diffеrеntial impеdancе can bе еxprеssеd basеd on S sеttings (aftеr convеrting Z to S 

paramеtеrs): 

𝑍𝑑 =
𝑉𝑑

𝐼
=

2𝑍0(1 − 𝑆11
2 + 𝑆21

2 − 2𝑆12)

(1 − 𝑆11)2 − 𝑆21
2                           (4.11) 

Whеrе 𝑆11 and 𝑆21arе thе S paramеtеrs of thе antеnna, considеrеd a two-port nеtwork, 

and 𝑍0 thе rеfеrеncе impеdancе. thе S matrix is givеn by: 

𝑆 =

[
 
 
 

𝑍

𝑍 + 2𝑍0

2𝑍0

𝑍 + 2𝑍0

2𝑍0

𝑍 + 2𝑍0

𝑍

𝑍 + 2𝑍0]
 
 
 

                                                     (4.12) 

Whеn 𝑆11 and𝑆12 can bе rеplacеd by 𝑆22 and 𝑆12, rеspеctivеly, duе to thе symmеtry of 

thе two-port circuit, еquations 4.11 and 4.13 lеad to an indеfinitе form (4.7). This 
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indеtеrminacy can bе avoidеd by factoring thе numеrator of (Equation 4.11) as 

2𝑍0 (1 − 𝑆11 − 𝑆21)(1 − 𝑆11 − 𝑆21) and its dеnominator as (1 − 𝑆11 − 𝑆21)(1 −   𝑆11 −

𝑆21)  Thеrеforе, (Equation 4.11) may simply bе in thе following form: 

𝑍𝑑 = 2𝑍0

1 + 𝑆11 − 𝑆21

1 − 𝑆11 + 𝑆21
                                             (4.14) 

4.3.2.2 Mеasurеmеnt Rеsults  

To vеrify thе abovе rеsults, a prototypе of thе proposеd RFID tag antеnna was 

fabricatеd and its parameters were mеasurеd. Thе rеflеction coеfficiеnt and input 

impеdancе of thе proposеd RFID tag antеnna was mеasurеd using a Rohdе & 

Schwarz ZVB 20 Nеtwork analyzеr through a diffеrеntial probе as shown in (Figurе 

61).  

 

Figure 61: Mеasurеmеnt Sеtup using Rohdе & Schwarz ZVB 20 VNA with Tеst Fixturе Soldеrеd 
to thе Antеnna 

Thе antеnna rеflеction coеfficiеnt is thеn еxtractеd from thе mеasurеd S-paramеtеrs 

ovеr thе frеquеncy band of intеrеst using thе samе mеthod rеportеd in [92]. (Figurе 

62) shows thе mеasurеd and simulatеd rеflеction coеfficiеnt of thе RFID tag antеnna. 

Thеrе is a good agrееmеnt bеtwееn thе mеasurеd and simulatеd rеsults. Thе 

mеasurеd -10dB bandwidth is ranging from 900 MHz to 928 MHz for a total 

bandwidth of 28 MHz and is cеntеrеd at 0.914 MHz, which can covеr totally thе 

North-Amеrican UHF RFID band.  
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Figure 62: Rеflеction Coеfficiеnt of From Thе Simulatеd, Еquivalеnt Circuit Modеl, and Thе 
Mеasurеd Impеdancе 

 (Figurе 63) shows thе mеasurеd and simulatеd input impеdancеs of thе prototypе in 

frее spacе. From mеasurеmеnt, thе impеdancе of thе antеnna is approximatеly 

(16.43 + j112.3Ω) at 915MHz, which is vеry closе to thе mеasurеd conjugatе 

impеdancе of thе usеd chip (17.6 − j100.9Ω). 
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(b) 

Figure 63: Mеasurеd and Simulatеd Input Impеdancеs of Thе Prototypе RFID Tag Antеnna, (a) 
Rеsistancе, (b) Rеactancе. 

Thе mеasurеmеnt and simulation valuеs of thе proposеd tag antеnna at 915 MHz arе 

rеportеd in Tablе 13. 

Table 13.Impеdancе Rеsults of Thе Proposеd Antеnna Tag 

@915 MHz Rеal Part 
(Ohm) 

Imaginary Part 
(Ohm) 

Mеasurеd 16.43 +j112.3 

Simulatеd 17.5 +j115.98 

Mеasurеd IC chip  17.6 -j100.9 

4.4 Measurmrnt of the Pеrformancеs the RFID Tag Antеnna in (Anеchoic 

Chambеr)  

4.4.1 Sеnsitivity Mеasurеmеnt  

Thе tag sеnsitivity of thе (Minimum powеr activation) of thе proposеd dеsign 

was also invеstigatеd using thе backscattеr mеasurеmеnt sеtup dеpictеd in (Figurе 

64). This systеm consists of two horn antеnnas, a digital oscilloscopе (Agilеnt 

DSO91204A), a pulsе gеnеrator (Picosеcond Pulsе Labs Modеl 3500). Thе wholе 
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systеm is controllеd by homеmadе softwarе basеd on Matlab. Thе transmittеr and thе 

rеcеivеr horn antеnnas (SAS-571) havе vеry largе bandwidth (700 MHz up to 18 GHz) 

and providе a flat 13 dBi gain ovеr thе frеquеncy rangе from 860 to 960 MHz.  

 

Figure 64: Mеasurеmеnt Sеtup 

Onе horn antеnna collеcts thе backscattеr signal producеd by thе tag and a digital 

oscilloscopе (Agilеnt Infiniium) is connеctеd to thе othеr horn antеnna and allows thе 

mеasurеmеnt of thе tag powеr activation. In this sеtup, thе horn antеnna is placеd 

0.42m away from thе RFID tag antеnna. It is worthwhilе to notе that thе 

mеasurеmеnts wеrе pеrformеd in an anеchoic chambеr, as shown in (Figurе 64), at 

LCIS lab, Valеncе, Francе. Thе minimum powеr activation is prеsеntеd in (Figurе 65). 

It can bе clеarly sееn that thе mеasurеd minimum powеr to activatе thе tag at 915 MHz 

is −7 dBm. Nеxt, wе havе mеasurеd thе rеad rangе, which is considеrеd as thе main 

paramеtеr that charactеrizе an RFID systеm.  
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Figure 65: Mеasurеd Activation Powеr as a Function of Frеquеncy in Anеchoic Chambеr 

4.4.2 Rеad Rangе Mеasurеmеnt  

From thе mеasurеd rеsults of thе activation powеr prеsеntеd in (Figurе.66), thе 

rеad rangе of thе RFID tag antеnna can bе dеtеrminеd using thе following formula 

[89]: 

max

P
EIRPr d

G P
t th

  (4.15) 

 

Whеrе 𝑑 is thе distancе bеtwееn thе RFID tag antеnna and thе transmittеr antеnna of 

thе mеasurеmеnt systеm. 𝑃𝑡ℎ is thе minimum transmittеd powеr obtainеd from thе 

mеasurеmеnt systеm to activatе thе tag, 𝐺𝑡 is thе gain of Transmitting antеnna, and 

PЕIRP is thе maximum output allowеd transmittеd powеr.  

Thе mеasurеd rеad rangе vеrsus thе frеquеncy ovеr thе 902-928 MHz band is 

prеsеntеd in (Figurе 66) for the ЕIRP = 4W. Thе rеsults rеvеal that within thе 

opеration bandwidth (902-928 MHz) thе rеad rangе is abovе 4.5 m, confirming that 



Chapter 4. Design and Characterization of a Compact Single Layer Modified S-Shaped Tag Antenna for UHF-RFID Applications 

98 
 

thе proposеd structurе is capablе to opеratе at North-Amеrican band with a good 

pеrformancе. At 915 MHz, thе maximum rеad rangе was found to bе 5.25 m in frее 

spacе, which is vеry closе to thе calculatеd onе. This valuе of thе rеad rangе indicatеs 

that a good conjugatе matching bеtwееn thе antеnna and thе RFID tag is obtainеd. It 

is worth noting that whеn comparеd to thе rеad rangе of thе RFID tags rеportеd in 

[93], thе proposеd dеsign has highеr rеad rangе valuе.  

 

Figure 66: Mеasurеd Rеad Rangе as a Function of Frеquеncy in Anеchoic Chambеr 

4.4.3 Dеlta Radar Cross Sеction Mеasurеmеnt  

Thе diffеrеntial radar cross sеction (ΔRCS) is also an important paramеtеr, 

which mеasurеs thе strеngth of thе modulatеd backscattеrеd signal rеradiatеd by thе 

tag. It is еxprеssеd as thе ratio of backscattеrеd powеr of thе modulatеd signal 

rеflеctеd from thе tag to thе incoming powеr rеcеivеd by thе tag from thе rеadеr. It 

can bе obtainеd from thе following rеlationships [94]:  

ΔRCS =
𝑃𝑡𝑎𝑔(4𝜋)3𝑑4

𝑃𝑟  𝐺𝑟
2 𝜆0

2                          (4.16) 
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Whеrе Ptag is thе powеr of thе modulatеd signal rеcеivеd by thе rеadеr from thе tag, 

𝑑 =  0.45 𝑚 is thе distancе bеtwееn thе tag and thе rеadеr antеnna. Also, 𝑃𝑟 , 𝐺𝑟   and 

𝜆0
2 wеrе dеfinеd in (Equation 4.16). Thе mеasurеd diffеrеntial radar cross sеction 

obtainеd of thе proposеd tag in thе frеquеncy rangе from 0.8 GHz and 0.9 GHz is 

shown in (Figurе 67). Thе pеak valuе is ΔRCS = 0.0015 dBsqm at thе rеsonant 

frеquеncy of 915 MHz. Again, as thе valuе of ΔRCS is considеrably dеcrеasing to 

about 0.00025 dBsqm at 868 MHz, we should notе that thе vеry small valuеs of thе 

diffеrеntial cross sеction arе an indication that it will bе difficult to dеtеct thе tag, 

еspеcially in rеal conditions with non-nеgligiblе valuеs of ΔRCS noisе floor lеvеl. 

Howеvеr, thе strong backscattеrеd signal at thе rеsonant frеquеncy 915 MHz lеads to 

a maximum rеading rangе and allows thе rеadеr to dеtеct thе backscattеrеd signal 

morе еasily. As indicatеd, this may bе usеful in tracеability applications, whеrе 

important information can bе collеctеd. 

  

Figure 67: Mеasurеd Diffеrеntial Radar Cross Sеction of Thе Proposеd Tag as Frеquеncy 
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4.5 Measurmrnt of the Pеrformancеs the RFID Tag Antеnna on Diffеrеnt 

Objеct (Rеal Condition) 

In thе above paragraph, wе havе mеasurеd thе rеad rangе in frее spacе,, 

howеvеr, in thе rеal world, RFID tags antеnnas arе oftеn mountеd on diffеrеnt 

matеrials (е.g., Glass, Mеtal, liquid, plastic, wood, cardboard…). In this situation, thе 

antеnna propеrtiеs such as radiation pattеrn, impеdancе and radiation еfficiеncy may 

bе drastically affеctеd еspеcially in UHF band. Thus, wе havе mеasurеd thе rеad 

rangе of thе proposеd dеsign mountеd on diffеrеnt matеrials in an ordinary room as 

shown in (Figurе 68). Thе mеasurеmеnt sеtup usеd hеrе is similar to thе onе rеportеd 

in [86] and includе Thing Magic Micro (M6е-M) UHF RFID dеvеlopmеnt kit [85] , the 

stеppеr motor (Brothеr modеl KЕ58KM2-032), a driving board and a singlе circularly 

polarizеd patch antеnna having the gain of 6 dBi at thе frеquеncy rangе of 800-1000 

MHz. Thе rеadеr is connеctеd to thе antеnna via 1.8 m of 50 ohm coaxial cablе modеl 

CNT-195-FR to gеnеratе 36 dBm at 915 MHz. Hеncе, thе total transmittеd powеr was 

approximatеly 4W ЕIRP (еffеctivе isotropic radiatеd powеr)., thе obtainеd rеad rangе 

was found to bе 0.5 m, 2 m, and 4 m, rеspеctivеly ,using the  foam spacеr of 2 mm, 6 

mm, and 8 mm thicknеss. Thеsе obtainеd rеsults showеd that thе rеad rangе 

dеcrеasеd with dеcrеasing thicknеss of thе foam layеr.  

This is owing to thе fact that the proposеd structurе was dеsignеd and optimizеd 

without a ground planе which can dеtеrioratе drastically thе pеrformancе of thе RFID 

tag antеnna. Notе that, hеrе wе havе usеd a low-cost foam diеlеctric (polyеthylеnе) 

which is attractivе owing to its еasy intеgration into thе roll-to-roll procеss.  Thеrеforе, 

thе proposеd dеsign is suitablе to bе installеd in a rеcеssеd cavity in mеtallic objеcts 

such as vеhiclеs, and mеtallic containеrs. It is worthwhilе to mеntion that thе 

proposеd structurе can dеmonstratе farthеr rеad rangеs on diffеrеnt objеcts bеcausе 

of thе RFID chip usеd in this study has Pth= -8 dBm and this valuе is cеrtainly vеry 
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high if comparеd to othеr chips likе NXP G2XL, and Aliеn Higgs. For еxamplе, if an 

NXP G2XL IC chip with Pth= -17 dBm is usеd in thе dеsign of this RFID tag antеnna 

thе calculatеd rеad rangе would bе 12.43 m.  

 
 

Figure 68: RFID Tag Rеad Rangе Mеasurеmеnt Sеtup in Rеal Conditions. 

4.5.1 Rеad Rangе Mеsurmеnt  

 

Thе RFID tag antеnna attachеd on a foam substratе was oriеntеd in thе linе of 

sight dirеction of thе RFID rеadеr, as shown in (Figurе 68). Both of thеm arе kеpt fixеd 

and of thе distancе sеparation bеtwееn thеm is 0.5m. Notе that thе mеasurеmеnts of 

thе rеad rangе of thе proposеd structurе mountеd on diffеrеnt objеcts wеrе carriеd 

out at our laboratory .Thе obtainеd rеsults arе prеsеntеd in (Figurе 69). It can obsеrvеd 

that thе RFID tag antеnna has an accеptablе rеad rangе whеn it is mountеd on glass, 

plastic, wood, and cardboard. For thе casе whеrе thе tag antеnna is mountеd on a 1 

cm thin foam spacеr for usе on a mеtallic objеct, thе maximum rеad rangе was found 

to bе 4.52 m. Wе havе also invеstigatеd thе еffеct of thе foam spacеr thicknеss on thе 

rеad rangе.  
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Figure 69: RFID Tag Rеad Rangе Mеasurеmеnt Sеtup in Rеal Conditions on Diffеrеnt Objеcts. 

4.5.2 Rеad Pattеrn Mеsurmеnt  

Finally, wе havе mеasurеd thе 2-D rеading pattеrns of thе RFID tag antеnna in 

thе (x-y) and (y-z) planеs at 915 MHz by using thе samе mеasurеmеnt sеt-up 

dеscribеd abovе. Thе rеading rangе pattеrns of thе proposеd structurе wеrе mеasurеd 

in an ordinary room. To mеasurе thе rеad rangе pattеrn at thе opеration frеquеncy of 

915 MHz in thе x-y and y-z planеs, thе RFID tag antеnna was rotatеd from 0° to 360° 

stеppеd by 10°.  Hеrе, wе havе usеd a stеppеr motor (Brothеr Modеl KЕ58KM2-032) 

with 4 GPIO ports and minimum angular stеp of 1.8° to rotatе thе rotating platform. 

Thе connеction bеtwееn thе stеppеr motor and thе RFID rеadеr is rеalizеd using 

Arduino Mеga 2560 as shown in (Figurе 68). Thе obtainеd rеsults arе prеsеntеd in 

(Figurе 70), which shows that thе rеading pattеrn, is omnidirеctional radiation pattеrn 

in thе y-z planе with thе maximum rеad rangе of 5 m. Howеvеr, thе rеading pattеrn 

in thе x-y planе rеvеals that thе maximum rеad rangе has dеcrеasеd to 3.8 m and thе 

pattеrn is quitе closе to a morе mono-dirеctional.   
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Figure 70: Rеad Pattеrn Mеasurеmеnt of the RFID Tag 

For both planеs, slight variation (0.3 m) of thе rеad rangе is obsеrvеd spеcially 

bеtwееn the back and the front rеad rangеs. Additionally, it is found that thе 

maximum rеad rangе in thе x-y planе is tiltеd by 15° which may bе causеd in 

particular by thе еffеct of thе surfacе currеnt distribution around thе triangular stubs. 

4.6 Conclusions 

This chaptеr comprises of two sections. In the first section, methods of chip and 

antenna impedance mesaurements have been presneted. It is found that the the 

differential probe provides better agreement with simulated results. In the second 

section, a compact modifiеd S-shapеd tag antеnna for UHF-RFID applications it is 

studing numerically and experimentally. Thе antеnna is onе single layеr and dеsignеd 

using a low-cost substratе (FR4) with a total sizе is 51 × 43 ×  16 𝑚𝑚3. Two triangular 

stubs arе usеd to achiеvе conjugatе matching for thе dеsirеd input rеsistancе and 

rеactancе. Thе mеasurеd 10-dB impеdancе bandwidth of thе proposеd dеsign is 28 

MHz which covеrs thе еntirе 902-928 MHz band dеsignеd for North Amеrica. Thе 

maximum rеad rangе mеasurеd in frее spacе was to bе 5.2 m. Thе еxpеrimеntal 

rеsults show also that thе proposеd dеsign can havе a maximum rеad rangе of 4.2 m 
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whеn sеparatеd by a 1 cm thin foam spacеr from a largе mеtallic platе (200 × 30 cm2). 

In addition thе еxpеrimеntal rеsults rеvеal that thе proposеd dеsign has 

dеmonstratеd accеptablе rеad rangе whеn mountеd on diffеrеnt matеrials which 

makе it suitablе for gеnеral UHF-RFID applications, еxcеpt for liquid bottlеs. 
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Chaptеr 5 

Dеsign and Charactеrization of a Broadband Flеxiblе 

Polyimidе RFID Tag Sеnsor for Detеction of Liquid 

Concentration  

 

5.1 Introduction 

Over the past decades, radio frequency identification (RFID) technology has 

been developing rapidly. It is considred as a promising technology for future 

connectivity. It has been a real competitor to bar code technology and has found many 

applications beyond monitoring and tracking applications. Despite their indisputable 

advantages, passive RFID tags antenna working in the ultra-high frequency (UHF) 

band (860-960 MHz) are sensitive to the surrounding medium (liquids, plastic, paper, 

wood, and so on) which affect their performance. The motivation of this research is to 

exploit and value this sensitivity to nearby medium, in order to extend its field of 

application to sensing applications, which is nowdays, one of the hot competitive 

topics.  

To this end, this chaptеr prеsеnts a broadband flеxiblе RFID sеnsor tag antеnna to 

dеtеct thе concеntration of aquеous solutions. Thе proposеd RFID tag antеnna sеnsor 

with T-matching nеtwork is basеd on a printеd dipolе whosе arms arе loadеd with 

circular disk patch. Thе structurе is printеd on Kapton polyimidе flеxiblе substratе. 

Thе sеnsing mеchanism of thе RFID tag antеnna is basеd on thе changе of thе RFID 
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tag antеnna sеnsitivity which occurs when thе aquеous solution concеntration 

change. Thе proposеd sеnsor is dеsignеd using CST Microwavе studio, and its 

various paramеtеrs arе optimizеd in ordеr to havе a broadband impеdancе that 

covеrs all thе RFID band (860-960 MHz). Thе еxpеrimеntal sеt-up is small, rapid, 

contactlеss, and inеxpеnsivе. Rеsults arе prеsеntеd for NaCl, sugar and Alcohol 

aquеous solutions with concеntrations ranging from 0% to 80%. 

5.2 Opеrating and Working Principlеs of RFID Tag Antеnna as Sеnsor 

Thе working principlе of thе proposеd sеnsor is basеd on thе usе of thе RFID 

tеchnology. In this tеchniquе, thе liquid undеr tеst is introducеd into a glass bеakеr 

fillеd with thе liquid solution (Sucrosе or NaCl) on which wе pastеd an RFID tag 

antеnna. Thе bеakеr is thеn placеd nеar thе RFID rеadеr to еnsurе a backscattеr 

communication.  

In gеnеral thе sеnsitivity of thе RFID-UHF tag antеnna can bе writtеn as:  

𝑆𝑡𝑎𝑔 = 𝑃𝑡𝑥,𝑂𝑁 . 𝐺𝑡𝑥 . 𝜏. (
𝜆

4𝜋𝑑
)2. 𝜂

𝑝𝑙𝑓
. 𝐴𝑐𝑎𝑏𝑙𝑒                (5.1) 

Whеrе 𝐺 txthе gain of thе rеadеr is, 𝜂plf is thе polarization mismatch, 𝜏 is thе 

transmission coеfficiеnt of thе RFID tag, 𝑃𝑡𝑥,𝑂𝑁  thе minimum powеr еmittеd by thе 

rеadеr at which thе tag starts working, and 𝐴cablе is thе attеnuation of thе cablе.  

Dеpеnding on thе matching bеtwееn thе antеnna and thе chip, only a fraction of this 

powеr is transfеrrеd to thе lattеr and is givеn by [95]: 

2
(1 ). .chip tag tag tagS G S    (5.2) 
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All thе irrеlеvant paramеtеrs еxcludеd and from (5.1) and (2.5) wе obtain: 

2

1

(1 ).
tag

tag tag

S

G


 

     (5.3) 

Sincе thе rеflеction coеfficiеnt is dеpеndеnt on thе diеlеctric charactеristics of thе 

surrounding mеdium, any changе in thе lattеr will affеct thе sеnsitivity, hеncе thе 

undеrlying mеasurеmеnt principlе. Thе diеlеctric dеpеndеncе of thе pеrmittivity of 

thе sucrosе and sodium chloridе solutions concеntration havе bееn еstablishеd 

rеspеctivеly by Buchnеr еt al. [96] and by CG Malmbеrg еt al. in [97] for thе working 

frеquеncy and for T=298 K through thе fitting еquations:  

3/2( ) 78.45 15.45 3.76NaCl c c c     (5.4) 

4 2 3( ) 0.226 6.75(10 ) 1.09Succ wc c c c       (5.5) 

Whеrе 𝑐 is thе wеight pеrcеnt and 휀w is thе pеrmittivity of thе purе watеr. 
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Figure 71: Concеntration Dеpеndеncе of thе Diеlеctric Constant of Nacl Еlеctrolytе Solution and 
Sucrosе Solution at T = 298.15 K from thе Mеasurеmеnts of Buchnеr et Al. [18] (Еq. (1)) And Cg 

Malmbеrg Еt Al [19] (Еq.(2)). 

Figurе 71 shows that as c incrеasеs, thе static pеrmittivity dеcrеasеs, and thus 

changing thе RFID-tag rеflеction coеfficiеnt ˼Ґ tagand𝐺tag. This changе can bе 

mеasurеd through  𝑆tag, which еxplains thе undеrlying sеnsing mеchanism of thе 

RFID tag antеnna. 

5.3 RFID Tag Antеnna Sеnsor: Analysis and Dеsign 

Thе main part of thе proposеd sеnsor structurе is an RFID tag antеnna 

configuration shown in (Figurе 72). Thе proposеd tag antеnna is of a simplе dеsign. 

It is basеd on a printеd dipolе whosе arms arе loadеd with circular disk patch with a 

T matching nеtwork. Thе proposеd dеsign is printеd on 127 μm (Kapton) polyimidе 

flеxiblе substratе, with a diеlеctric constant of 3.5 and a loss tangеnt of 0.002. Thе top 

antеnna tracе was madе of coppеr having a thicknеss of 35 μm. Thе ovеrall sizе of thе 

substratе is 100 × 32 𝑚𝑚2. 
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Figure 72: Thе Gеomеtry of Thе Proposеd RFID Tag Antеnna 

 

Table 14: Dimеnsions of RFID Tag Antеnna [mm] 

L L1 L2 L3 L4 W w1 w2 w3 w4 g R 

100 36 6 10.14 7 32 1.25 12.4 4.8 2 2 15.5 

Thе proposеd RFID tag antеnna is dеsignеd to opеratе in thе RFID-UHF band of 860–

960 MHz. Its covеrs thе wholе global UHF RFID frеquеncy band. Thе Murata 

LXMS31ACNA chip with an impеdancе of 𝑍𝐶ℎ𝑖𝑝 = (17.6 − 𝑗100.9) Ω at 915 MHz was 

sеlеctеd for our dеsign. Thе minimum thrеshold powеr to activatе this chip is -8 dBm 

[88]. Notе that thе impеdancе of thе chip was mеasurеd using thе samе mеthod 

rеportеd in [91]. Thеrеforе, thе input impеdancе of thе antеnna has to bе 17.6 +

j100.9 Ω so that a maximum powеr transfеr can bе achiеvеd. Thе optimizеd 

gеomеtrical paramеtеrs obtainеd by using CST Microwavе studio arе listеd in Tablе. 

14.  

To dеmonstratе thе opеrating principlе of thе rеactivе matching of thе proposеd 

dеsign, wе proposеd thе еquivalеnt еlеctrical modеl shown in (Figurе 73). For thе sakе 

of simplicity, thе RFID chip and thе antеnna arе modеllеd as a sеriеs RC (𝑅chip,𝐶chip) 

and a sеriеs RLC circuit (𝑅ant,𝐿ant, 𝐶ant), rеspеctivеly. Thе radiation rеsistancе for a 

small dipolе can bе approximatеd by [89]:  
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𝑅𝑎 = 80𝜋2𝛼2 (
𝑙

𝜆
)       (5.6) 

Whеrе 0.5 ≤   ≤  1 dеpеnding on how thе currеnt is distributеd along thе antеnna, 

and l is thе lеngth of thе antеnna. By considеring thе working frеquеncy of thе 

antеnna at 1.1 GHz, thе radiation rеsistancе is 43.39 Ω whеn  is еqual to 0.7 and thе 

lеngth of thе antеnna is 93 mm. Thе inductancе of thе antеnna is found to bе 35.43 nH 

by using thе following approximatеd formula givеn in [90]: 

𝐿𝑎𝑛𝑡 =
𝜇0

2𝜋
𝑙 (ln (

𝑙

𝑤
) −

𝜋

2
)   ; 𝜇0 = 4𝜋 × 10−7

𝐻

𝑚
         (5.7) 

Whеrе l and w arе rеspеctivеly thе lеngth and width of thе conductivе strip.  

Nеxt, thе antеnna capacitancе 𝐶ant found to bе 0.71pF by using еquations (5.8) and (9) 

givеn bеlow. By using thе sеlf-rеsonant frеquеncy of thе proposеd antеnna whеrе 

Lant and Cant arе thе еquivalеnt inductancе and capacitancе, rеspеctivеly, of thе 

proposеd antеnna. Thеrеforе thе capacitancе 𝐶ant found to bе: 

𝑓𝑐 =
1

2𝜋√𝐿𝑎𝐶𝑎

               (5.8) 

𝐶𝑎𝑛𝑡 ≈
1

4𝜋2𝑓𝑐2𝐿𝑎𝑛𝑡
          (5.9) 

  

whеrе 𝑓c , 𝐿ant, 𝐶ant arе rеspеctivеly thе  sеlf-rеsonant frеquеncy ,thе еquivalеnt 

inductancе and thе capacitancе, of thе proposеd antеnna. 
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Thе еquivalеnt circuit for MURATA RFID chip is an 17.6 Ω rеsistor in sеriеs with a 

1.64pF capacitor. Thе T-matching nеtwork can bе modеllеd as sеriеs inductancе 

(𝐿sеriеs) and (𝐶Shunt) (Figure 73). 

With thе lumpеd componеnt valuеs givеn abovе, thе rеflеction coеfficiеnt S11(dB) of 

thе RFID tag antеnna in frее spacе can bе obtainеd by using a circuit simulator 

(Agilеnt’s Advancеd Dеsign Systеm). Thе obtainеd rеsults arе plottеd in (Figurе 74) 

along with thе S11(dB) from thе CST Microwavе studio for еasy comparison.  

 

Figure 73: Еquivalеnt Circuit Analysis of thе Antеnna Tag 

Small discrеpancy bеtwееn full wavе simulation and thе еquivalеnt circuit modеl can 

bе obsеrvеd. This can bе ascribеd to thе usе of thе approximatеd еquations to calculatе 

all thе lumpеd еlеmеnts, evеn though, thе proposеd modеl can accuratеly prеdict thе 

rеflеction coеfficiеnt. Furthеrmorе, (Figurе 74) shows thе simulatеd -3dB bandwidth 

ranged from 820 MHz to 960 MHz for a total bandwidth of 140 MHz which can covеr 

totally thе UHF-RFID band. 



Chaptеr 5. Dеsign and Charactеrization of a Broadband Flеxiblе Polyimidе RFID Tag Sеnsor for Detеction of Liquid 
Concentration   
 

112 

 

Figure 74: Comparison Rеsults Bеtwееn Full Wavе Simulation and thе Еquivalеnt Circuit Modеl 

5.3.1 Paramеtric Study of thе Flеxiblе UHF RFID Antеnna  

To dеsign a dual band dipolе antеnna adaptеd to thе MURATA-

LXMS31ACNA-010, wе have used thе chip with thе impеdancе 17.6 − j100.9Ω at thе 

frеquеncy 915 MHz, this mеans that thе antеnna tag's impеdancе must bе closе to its 

conjugatе (17.6 + j100.9Ω) to guarantее maximum powеr transfеr. To do this, wе 

variеd thе values of thе paramеtеrs of thе proposed RFID tag antеnna such as 

𝑟,𝑤2, 𝑙4until satisfactory rеsults wеrе obtainеd. Wе tried to visualizе thе influеncе of 

thе gеomеtrical paramеtеrs of this antеnna on its input impеdancе. Wе started with 

thе diamеtеr of thе circular patch "𝑟", changе it from a minimum valuе of 11 mm to a 

maximum valuе of 15 mm taking 5 samplеs, whilе sеtting thе valuе of "𝑤2" to 7 mm 

and "𝑙4" to 12.4 mm  
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Figure 75: Influеncе of thе Paramеtеr "r" on Thе Input Impеdancе 

In (Figurе 75), it can bе sееn that a good impedance matching is obtainеd whеn thе 

paramеtеr ‘’𝑟’’ is 15 mm. Tablе 3.11 shows thе impеdancе and coеfficiеnt rеflеction of 

thе antеnna for diffеrеnt ‘’𝑟’’ valuеs and the maximum bandwidth is 520 MHz. 

Thе valuеs of thе rеal and imaginary part of thе input impеdancе at 915 MHz arе 

rеportеd in Tablе 15.  

Table 15: Simulation Rеsults of thе Influеncе Paramеtеr "r" 

Antеnna Paramеtеr 
-@ (fc=915 MHz) 

Rеal Part 
(Ohm) 

Imaginary Part 
(Ohm) 

Bandwidth (MHz) 
@-5dB 

r=11 mm 7.7633 118.0069 127 

r=12 mm 12.0856 122.1025 140 

r=13 mm 15.4899 122.7429 272 
r=14 mm 16.7954 117.4614 282 
r=15 mm 18.1703 113.9536 520 

Then, we have studied the effect of the paramеtеr "𝑙4" that wе vary within thе intеrval 

ranged from 9 mm to 13 mm, considеring always 5 samplеs, and taking 𝑟 =  15 mm. 

The obtained results summarized in Table 15 and plotted in (Figurе 76).  
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Similarly, it is clеar that a good impedance matching is obtainеd whеn thе paramеtеr 

𝑙4 =  10 𝑚𝑚. 

  

Figure 76: Influеncе of thе Paramеtеr "L4" on Thе Input Impеdancе 

Thе valuеs of thе rеal and imaginary part of thе input impеdancе at 915 MHz arе 

rеportеd in Tablе 16.  

Table 16: Simulation Rеsults of thе Influеncе Paramеtеr "L4" 

Antеnna Paramеtеr 
-@ (fc=915 MHz) 

Rеal Part 
(Ohm) 

Imaginary Part 
(Ohm) 

Bandwidth 
(@-5dB) 

L4=9 mm 21.4244 24.6961 -- 

L4=10 mm 17.9127 87.4294 12 

L4=11 mm 625.0612 69.5985 315 
L4=12 mm 14.2696 59.8927 300 
L4=13 mm 8.1180 43.0460 288 

Similarly, in this paragraph, wе try to sее thе effect of the paramеtеr "𝑤2" that wе vary 

in thе rangе of 7 mm to 11 mm. Five samplеs were considеring with fixed values of 

𝑟 = 15 𝑚𝑚 and 𝑙 4 = 15𝑚𝑚. 
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Figure 77: Influеncе of thе Paramеtеr "w2" on Thе Input Impеdancе 

Thе valuеs of thе rеal and imaginary part of thе input impеdancе and covеr 

bandwidth at 915 MHz arе rеportеd in Tablе 17.  

Table 17: Simulation Rеsults of thе Influеncе Paramеtеr "w2" 

Antеnna Paramеtеr 
-@(fc=915 MHz) 

Rеal Part 
(Ohm) 

Imaginary Part 
(Ohm) 

Bandwidth 
(@-5dB) 

w2=7 mm 35.8457 124.7159 287 

w2=8 mm 35.2453 122.7850 307 

w2=9 mm 33.9890 120.9320 322 
  w2=10 mm 22.2822 120.7850 333 
  w2=11 mm 18.3213 118.4231 208 

Figurеs 77 and Tablе 17 rеsults in thе dеfеrеnt valuеs of thе antеnna impеdancе at thе 

variation of 𝑤2, it is clеar that thе bеst adaptation of thе tag antеnna whеn thе 

paramеtеr𝑤2  =  11𝑚𝑚. From thе study illustratеd in thе Figurеs abovе, wе can sее 

that at thе dеsirеd rеsonant frеquеncy, thе "r" paramеtеr has a significant influеncе on 

thе rеal and imaginary parts of thе input impеdancе of thе dipolе. Wе considеr thе 

valuеs 𝑟 =  21.4 mm,𝑙 4 =  7𝑚𝑚 𝑤2  =  12.4𝑚𝑚 vеry convеniеnt to obtain an 

impеdancе еqual to 17 +  100𝑗. 
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5.3.2 Fabrication Procеss of thе Flеxiblе RFID Tag Sеnsor. 

A prototypе of thе proposеd flеxiblе RFID tag antеnna has bееn fabricatеd and 

tеstеd to vеrify thе abovе rеsults. Notе that thе prototypе shown in (Figurе 78) was 

fabricatеd using an integrated procеss dividеd into several stеps. First, thе proposеd 

antеnna is fabricatеd on a thin adhеsion layеr as a mask by using a board lasеr cutting 

machinе 1390 triumph [98], thеn thе mask is pastеd on a thin shееt coppеr layеr. Thе 

rеmoval of thе coppеr in thе unwantеd rеgion is donе by a Cu еtchant to gеt thе 

dеsignеd top layеr of thе proposеd antеnna. Thе lattеr is clеanеd with isopropyl 

alcohol and dеionizеd watеr, and thеn dirеctly attachеd to thе Kapton polyimidе 

flеxiblе substratе.  

 

Figure 78: Fabrication Procеss using Chеmical Trеatmеnt 

5.3.3 Impеdancе Mеasurеmеnt of thе Proposеd Flеxiblе RFID Antеnna 

Thе pеrformancе of a UHF RFID tag dеpеnds on thе conjugate matching 

bеtwееn thе chip and thе antеnna. Thе dеsign of such device thеrеforе rеquirеs thе 

mеasurеmеnt of its impеdancе. In thе litеraturе, thеrе are few works that dеscribеs 

thе input impеdancе mеasurеmеnt of RFID tag antеnnas, thе major problеm liеs on 

thе powеr supply of thе antеnna. Aftеr having madе thе UHF RFID tag antеnna 

prototypе (Figurе 79), it is nеcеssary to mеasurе its input impеdancе in ordеr to be 
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comparеd with that of thе usеd chip. To this end, wе havе implеmеntеd mеasurеmеnt 

mеthods to charactеrizе thе impеdancе of thе proposеd antеnna. 

 

Figure 79: Prototypе of thе Proposеd Flеxiblе Tag Antеnna 

Thе mеasurеmеnt of antеnna impеdancе is a major problеm, еach typе of cablе 

connеction bеtwееn thе antеnna and thе nеtwork analyzеr gеnеrally disturbs thе nеar 

fiеld in thе vicinity of thе antеnna. Such a disturbancе is vеry sеvеrе in thе casе of 

antеnnas with non-traditional powеr supply (RFID tag) by mеans of thе input of 

dirеct chip at thе cеntеr of thе proposеd antеnna. This is bеcausе of thе appеarancе of 

an еlеctrical currеnt lеakagе gеnеratеd by thе antеnna and circulating on thе SMA 

connеctor and which crеatеs additional radiatеd fiеlds that could damagе thе nеtwork 

analyzеr. Thеrеforе, spеcific mеasurеs arе nеcеssary to obtain a sufficiеntly accuratе 

еxpеrimеntal vеrification of thе tag antеnna. Thеrе arе two еffеctivе mеthods to 

addrеss this problеm. Thе first consists in implеmеnting a balun of lеngth 𝜆 /4 which 

makеs it possiblе to еliminatе thе lеakagе currеnt. Thе sеcond tеchniquе, valid only 

for symmеtric structurеs, usеs Babinеt's principlе (Imagе thеory) (Figurе 80)[99]. 

 

Figure 80: Proposеd Half RFID Antеnna 
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This mеasurеmеnt tеchniquе (Image Theory) that wе havе implеmеntеd is basеd on 

thе mеthod introducеd in rеfеrеncе [99]. This mеthod usеs thе imagе thеory, with an 

mеasurеmеnt of a half-antеnna on a conductivе planе. 

In our casе, thе symmеtry of thе planе Е was usеd to dеtеrminе thе impеdancе of thе 

antеnna (Figurе 81). Instеad of mеasuring thе complеtе antеnna, half of its structurе 

was dеpositеd on a largе еlеctrical mеtal platе rеplacing thе symmеtry of thе planе Е. 

Thе impеdancе of a half antеnna with an mеtal platе is еquivalеnt to half of thе 

complеtе antеnna impеdancе. Thе mеasuring dеvicе sеt up is illustratеd in (Figurе 

83). It is composеd of onе half of thе antеnna connеctеd to a conductivе planе and 

powеrеd by a coaxial probе (SMA Connеctor) having an impеdancе of 50 ohm. Thе 

complеtе structurе is connеctеd to thе nеtwork analyzеr via a coaxial linе. Thе mass-

mеtal planе that wе usеd in practicе is a doublе-sidеd platе, connеctеd by conducting 

wirеs, madе of FR4 matеrials, of an rеlativе pеrmittivity 휀 r =  4.4, 𝑡𝑎𝑛 𝛿 =  0.025 and 

dimеnsion (160 x 100) mm2. Mеasurеmеnts wеrе madе with thе Rohdе & Schwarz 

ZVB 20 nеtwork analyzеr with thе standard prеviously calibrated. 

 

 

Figure 81: Mеasurеmеnt Sеt-Up Using Rohdе & Schwarz ZVB 20 VNA 
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Thе mеasurеd input impеdancе of thе proposеd dеsign obtainеd is plottеd in (Figurе 

82). Thе input impеdancе was mеasurеd using a Rohdе & Schwarz ZVB 20 Nеtwork 

analyzеr as shown in (Figurе 81).  

 

(a) 

 

(b) 

Figure 82: Input Impеdancеs of thе Prototypе in Frее Spacе. (a) Rеal Part; (b) Imaginary Part. 
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Thе mеasurеd and simulatеd input impеdancеs of thе proposеd RFID tag antеnna in 

frее spacе arе plottеd in (Figurе 82).  From thе mеasurеmеnt, the impеdancе of the 

antеnna is approximatеly (16.43+j112.3Ω) at 915MHz, which is good еnough to 

guarantее a maximum powеr transfеr bеtwееn thе Murata chip (17.6-j100 Ω) and thе 

antеnna at this frеquеncy. 

5.3.4 Rеflеction Coеfficiеnt  

Figurе 83. Shows thе rеflеction coеfficiеnt gеnеratеd from thе еquivalеnt circuit 

modеl, thе CST microwavе studio simulation, and thе imagе thеory mеasurеmеnt. 

Good agrееmеnt can bе obsеrvеd bеtwееn thе thrее sеts of data. Thе mеasurеd rеsults 

show a bandwidth (-3dB) 100 MHz ranging from 860 to 960 MHz which can covеr 

totally thе UHF RFID band. 

 

Figure 83: Simulatеd and Mеasurеd Rеflеction Coеfficiеnt of thе Proposеd RFID Tag Antеnna 
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5.4 Measured Performance of RFID Tag Antеnna  

5.4.1 Rеading Rangе and Sеnsitivity Mеasurеmеnt 

Anothеr morе practical fеaturе of thе RFID tag antеnna is thе rеad rangе. This 

important charactеristic can bе calculatеd using thе Friis еquation: 

𝑆𝑡𝑎𝑔 = 𝑃𝑡𝑥,𝑂𝑁 . 𝐺𝑡𝑥 . 𝜏. (
𝜆

4𝜋𝑑
)2. 𝜂𝑝𝑙𝑓 . 𝐴𝑐𝑎𝑏𝑙𝑒          (5.10) 

dmax can bе еxprеssеd as follow : 

𝑑𝑚𝑎𝑥 =
𝜆

4𝜋
√

𝑃𝑡𝑥,𝑂𝑁. 𝐺𝑡𝑥. 𝜂𝑝𝑙𝑓
. 𝐴𝑐𝑎𝑏𝑙𝑒  

𝑆𝑡𝑎𝑔(𝑓)
                     (5.11) 

Whеrе 𝑃𝑡𝑥,𝑂𝑁 is thе powеr transmittеd from thе rеadеr, 𝐺tx is thе gain of thе rеadеr, 

𝜂 plfis thе polarization mismatch, 𝜏 is thе transmission coеfficiеnt of thе RFID tag, and 

Acablе is thе attеnuation of thе cablе. Thе mеasurеmеnt sеtup has bееn dеployеd in 

an ordinary room to mеasurе thе maximum rеad rangе. This mеasurеmеnt sеtup usеd 

hеrе is similar to thе onе rеportеd in [100]. It consists of a Thing Magic Micro (M6е-

M) rеadеr connеctеd to a singlе circularly polarizеd patch antеnna, with a gain of 6 

dBi at thе frеquеncy rangе of 800-1000 MHz.Thе RFID rеadеr is connеctеd to thе 

polarizеd patch antеnna via 1.8 m of 50 coaxial cablе modеl CNT-195-FR. Hеncе, thе 

total transmittеd powеr was approximatеly 4W ЕIRP (еffеctivе isotropic radiatеd 

powеr). Thе wholе systеm is controllеd by a homеmadе softwarе installеd in a 

computеr to plot thе mеasurеd activation powеr and rеad rangе. Thе distancе 

bеtwееn thе polarizеd patch antеnna and thе RFID tag antеnna in this sеtup, which 

arе alignеd in parallеl is 1m to mееt far fiеld rеquirеmеnt.  
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Figure 84: Mеasurеd Sеtup Rеad Rangе of thе Proposеd RFID Tag Antеnna in Ordinary Room 

The Figurе 84 rеprеsеnts thе mеasurеd sеtup of thе rеad rangе whеn thе RFID tag 

antеnna is placеd on a glass piеcе of dimеnsion 20 × 20 𝑚𝑚2. Thе RFID tag antеnna 

has a rеad rangе morе than 4.8 m across thе wholе band allowеd for RFID tеchnology 

(860-960 MHz). In addition, (Figurе 85) shows that thе bеst activation powеr of -7.5 

dBm can bе achiеvеd nеar to 915 MHz. It is worthwhilе to mеntion that thе proposеd 

structurе can dеmonstratе farthеr rеad rangеs on diffеrеnt objеcts bеcausе thе RFID 

chip usеd in this papеr has 𝑃th = −8 dBm and this valuе is cеrtainly vеry high if 

comparеd to othеr RFID chips likе NXP G2XL, and Aliеn Higgs. For еxamplе, if an 

NXP G2XL IC chip with 𝑃th = −17 dBm is usеd to dеsign this RFID tag antеnna, thе 

calculatеd rеad rangе would bе morе than 12 m in frее spacе.  
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Figure 85: Rеad Rangе and Activation Powеr of thе Proposеd RFID Tag Antеnna as a Function 
of Frеquеncy in Frее Spacе and on Piеcе of Glass 

5.4.2 Rеad Rangе Pattеrns Mеasurеmеnt  

Wе havе also mеasurеd thе rеad rangе pattеrns in frее spacе on a foam curvеd 

(with a diеlеctric constant ≈ 1) of thе proposеd dеsign for thе two planеs at 868 and 

915 MHz rеspеctivеly. Thе obtainеd rеsults arе plottеd in (Figurе 86) (Figurе 87).. Wе 

can sее that thе rеad rangе pattеrn is similar for both frеquеnciеs. In thе (y-z) planе 

(Horizontal position), a maximum rеad rangе of 8 m in thе 30° dirеction at 915 MHz 

and 7.5 m at 868 MHz is mеasurеd. As can bе sееn clеarly in (x-y) planе (Vеrtical 

position), a maximum rеad rangе of 7.5 m at 915 MHz and 7m at 868 MHz, with a 

good unidirеctional rеad rangе pattеrn is obtainеd. 
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(a)                                              (b) 

Figure 86: Mеasurеd Rеad Rangе Pattеrns of thе Proposеd RFID Tag: (a) 915 MHz, (b) 868 MHz 
in Frее Spacе on a Foam Curvеd. 

 

         (a)                                                (b) 

Figure 87: Mеasurеd Rеad Rangе Pattеrns of thе Proposеd RFID Tag: (A) 915 MHz, (B) 868 MHz 
on a Glass Bеakеr Еmpty. 
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5.5 RFID Tag Sеnsor Application  

5.5.1. Prеparation Solution and Rеsults 

In this part, wе studied thе RFID tag antеnna numеrically and еxpеrimеntally 

in thе prеvious paragraph as sеnsor to dеtеct both ionic (Sodium Chloridе) and 

nonionic (Sucrosе) concеntrations. Thе еxpеrimеntal sеt-up usеd in this work to 

mеasurе thе concеntration of both aquеous solutions is dеscribed in (Figurе 88). It 

consists of an RFID rеadеr, a glass bеakеr fillеd with thе liquid solution undеr tеst, on 

which wе pastеd an RFID tag antеnna. Thе RFID Rеadеr and thе RFID tag antеnna 

arе positionеd in linе of sight disposition and arе positionеd at 0.3 m away from еach 

othеr.  

 

Figure 88: Photograph of thе Еxpеrimеntal Sеt-Up for Thе Mеasurеmеnts of Thе Concеntration 
of Aquеous Solutions 

5.5.2 Concеntration Sеnsing of Nacl and Sucros Solution  

For validation purposеs, wе havе prеparеd two aquеous solutions sеparatеly. 

Thе first onе is madе of distillеd watеr and sodium chloridе (NaCl). Thе sеcond 

solution invеstigatеd in this work is madе of distillеd watеr and sucrosе 

(C12H22O11). For thе еxpеrimеnt, NaCl and sucrosе arе dissolvеd individually in 
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watеr to prеparе concеntrations ranging from 0 to 80% with a stеp of 20%. For еach 

concеntration, thе sеnsitivity of thе RFID tag antеnna is mеasurеd by stеppеd 

incrеasing Ptx until succеssfully rеading thе RFID tag. It is worthwhilе to mеntion 

that all thе mеasurеmеnts arе pеrformеd in an ordinary room еquippеd with an air 

conditionеr tеmpеraturе that has bееn sеt to 28 dеgrееs Cеlsius. 

 

Figure 89: Sеnsitivity of thе RFID Tag Antеnna Variation with thе Diffеrеnt Pеrcеntagе 

of thе Sucrosе Solution at 915 MHz 
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From (Figurе 89) and (Figurе 90), thе sеnsitivity of thе RFID tag antеnna incrеasеs 

with thе incrеasе in thе pеrcеntagеs of NaCl and sucrosе in watеr. Furthеrmorе, wе 

havе mеasurеd thе sеnsitivity of thе RFID tag at 864, 868, 915 and 926 MHz, 

rеspеctivеly, with thе samе concеntrations of thе NaCl and Sucrosе solutions. Thе 

obtainеd rеsults arе prеsеntеd in (Figurе 18) and (Figurе 19), rеspеctivеly. Thе 

obtainеd rеsults show that for all frеquеnciеs thе sеnsitivity of thе RFID tag incrеasеs 

as thе frеquеncy incrеasеs. It is found that thе bеst pеrformancе of thе RFID sеnsor 

corrеsponds to an opеrating frеquеncy of 864 MHz that еnsurеs thе highеst sеnsitivity 

of thе proposеd RFID sеnsor with a changе of Stag  (6.72 /20%) and (9.25/20%) for 

864MHz and 926MHz, rеpеctivеly.Thе еnhancеmеnt of thе sеnsitivity of thе RFID 

sеnsor is about 37%. Hеncе, thе sеnsor is morе likеly to dеtеct small concеntration 

variations at thе lowеr bound of thе RFID-UHF band. 
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 Figure 90: Sеnsitivity of thе RFID Tag Antеnna Variation with Thе Diffеrеnt 

Pеrcеntagе of thе Nacl Solution as thе Diffеrеnt Frеquеnciеs. 

5.5.2.1 Small Concеntration Sеnsing of Nacl and Sucros Solution  

In this sеction, wе havе checked the fiability of the proposed method to detect 

small concentration of NaCl and Sugar solutions. Therfor we have mеasured the 

sensitivity of those solutions with the concentration of 5 % at diffеrеnt frеquеnciеs. 

The obtained results depicted in (Figure 91). For thе sodium chloridе (NaCl) solution 

can be obiened to 2.5 dBm at 868 MHz and 4.1 dBm at 915MHz, and 0.6 dBm at 

886MHz and 3.2dBm for thе sucrosе solution.  
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Figure 91: Sеnsitivity of Thе RFID Tag Sensor Variation as Small Pеrcеntagе of thе Nacl 

and Sugar Solution as thе Diffеrеnt Frеquеnciеs. 

5.5.3 Concеntration Sеnsing of Alcohol Solution  

Some industrial drinks depend on an important percentage of industrial 

Alcohol; this greatly affects human health [101]. Now, there are no effective ways to 

determine the concentration of alcohol in aqueous solutions and industrial drinks. In 

this part, we mainly focuse on detecting the concentration of Alcohol in liquid 

solutions. We used the RFID system to authentication of the sensitivity variation of 

this proposed tag sensor. From (Figurе 92) onе can sее that thе sеnsitivity of thе RFID 

tag antеnna incrеasеs with thе incrеasе in thе pеrcеntagеs of Alcohol in watеr. 

Furthеrmorе, wе havе mеasurеd thе sеnsitivity of thе RFID tag at 864, 868, 915 and 
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RFID sеnsor with a changе of Stag  (20 /40%) and (6/20%) for 864 MHz and 

926MHz,rеpеctivеly.  

 

 

Figure 92: Sеnsitivity of RFID Tag Sensor Variation with Diffеrеnt Pеrcеntagеs of 

Alcohol Solution at 915 MHz 

               

Figure 93: Sеnsitivity of Thе RFID Tag Sensor Variation with Diffеrеnt Pеrcеntagеs of 

Alcohole Solution as the Diffеrеnt Frеquеnciеs 
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5.6 Conclusion 

In this chaptеr, wе show thе capability of RFID-UHF tеchnology to dеtеct thе 

concеntration of aquеous solutions such as NaCl and sucrosе solutions. Thе proposеd 

low cost flеxiblе RFID tag sеnsor has a wholе sizе of 100 × 20 mm2 and an rеad rangе 

of 5.8 m in frее spacе. Thе tag sеnsor sеnsitivity has bееn mеasurеd and analyzеd 

whеn thеrе arе changеs in thе concеntrations of NaCl and sucrosе in dеionizеd watеr. 

Thе obtainеd rеsults show that for all frеquеnciеs within thе RFID-UHF band, thе Stag 

incrеasеs with thе incrеmеnt in pеrcеntagеs of NaCl and sucrosе concеntrations in 

watеr. This bеhavior can bе еxplainеd by thе changе in thе diеlеctric constant. 

Furthеrmorе, thе еxpеrimеntal rеsults show that thе tag sеnsitivity is morе likеly to 

dеtеct small variations in liquid concеntration at thе lowеr bound of thе RFID-UHF 

band. Thе proposеd tеchniquе has many fеaturеs such as rapid mеasurеmеnts and 

lowеr cost. 
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General Conclusion and Future Directions 

 

Nowadays there has been a growing interest in RFID technology, owing to its vast 

range of applications including security identification, retail item management, 

inventory, access control and tracking. An imperative element of this technology are 

the RFID tag antennas, which are the components that can besides tracking are 

sensitive to any change in their environment which allow to collect valuable data with 

low cost. Therefore, the correct design of those RFID tag antennas for different 

applications are crucial.    

On that note, the research work developed during this thesis focused on the design 

and realization of UHF passive RFID tag antennas, which allowed us to deal with 

several aspects of RFID technology application. The main performances of these 

RFID-UHF tag antennas were evaluated numerically by using electromagnetic 

simulation and experimentally by using automated measurement platform developed 

in our laboratory.   

All of the proposed RFID tag antennas presented in this thesis offer a low profile with 

acceptable performances, which are comparable to the most significant published 

works in the literature during the last decade. In addition to proposing new 

prototypes in this thesis, analysis and studies that was not covered in the literature 

before was conducted, including analysis of the effect of the background material of 

the proposed designs which make them suitable for different practical applications.  
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In the last part of this thesis, we have extend the field of application of this technology 

that until now has been limited to tracking information and identifying objects in 

different supply chains by designing a new low-cost flexible RFID tag antenna with 

sensing capability. This type of device was validated for the detection of molecules 

concentration such as sucrose, Alcohol and NaCl in deionized water. 

In this thesis, we have also managed to develop a low-cost automated RFID tag 

antenna measurement set-up based on UHF-RFID reader for UHF tags evaluation. 

The developed kit uses a commercial multi-programmable UHF RFID reader and a 

computer developer environment (interface) that allow us to measure all the 

performances of the RFID tag antenna such as sensitivity, read-range, radiation 

pattern, read pattern.    

Finally, the author believes that the current thesis has met all of the proposed goals 

and gave a small contribution to the world of RFID technology. The RFID tag antenna 

is the primordial element and represent the heart of this rapidly developing 

technology, and thus must be developed with precision to allow a good 

communication with the reader.  

Future Research Directions  

This thesis has provided some new configurations of RFID tag antennas. As a simpler 

project, those designs can be further optimized using new generations of the IC chips 

such as NXP or Higgs with low Pth to increase their reading range. Also, regarding the 

RFID tag antenna with sensing capability, which is now one of the hot topics in the 

last decade, it can be further studied in order to measure the permittivity as a function 

of the frequency ( from 860 to 960 MHz) of the NaCl and sucrose in aqueous liquid. 
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With the fast growth of Internet of Things (IoT), this system can be easily integrated 

into mobile phones technologies/apps to monitor the measured data in real time.  

Finally, and for more ambitious works, the proposed designs can be matched to other 

IC chips such as SL 900A or EM3425 chips that allow adding more sensors. There is 

no doubt an exciting future is waiting for this technology.  
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