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CHAPTER ONE 
INTRODUCTION 

 

Automatic Identification procedures (Auto-ID) have become very popular in recent 

years. They are used to provide information about people, animals, goods, and products in 

transit or in storage. Barcodes and RFID (Radio Frequency IDentification) are the two 

widely used identification systems. Chipless RFID owing to its low cost has opened a new era 

for the identification world. There are not a lot of chipless RFID tags available in the market. 

However, due to the low cost, these tags started to conquer a part of the market. Several 

constraints such as coding capacity, miniaturization, cost per tag, printable designs etc. need 

to be considered while developing chipless tags. Thus, it became a challenging research area 

for many groups worldwide. There are number of chipless tags available in the literature. 

This thesis reviews the existing chipless tags and also proposes novel chipless tags that 

respect the existing regulations with a significant coding capacity.  
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INTRODUCTION 

1.1 RADIO FREQUENCY IDENTIFICATION 

Automatic identification system refers to the process of identifying and tagging objects 

which mainly involves technologies such as barcodes, Optical Character Recognition (OCR), 

biometric procedures, voice identification, fingerprint, smart cards, RFID systems etc. [1]. 

Among these, barcodes and RFID are the most widely used identification techniques. RFID is 

a technology firstly introduced during the 2
nd

 World War to Identify Friend and Foe (IFF) 

aircrafts. Further, Stockman introduced the term RFID in his paper „Communication by 

Means of Reflected Power‟ in 1948 [2]. However, the first real tag was the Electronic 

Surveillance Article (EAS) device that is the ancestor of modern tags, developed in 1960s [3]. 

RFID uses radio frequency communications to label and identify objects and stores/retrieves 

data wirelessly. A typical RFID system includes transponders (also called as tags) attached to 

objects and interrogators (also called as readers) which communicate wirelessly. Each tag 

carries information such as a serial number, a model number, location of assembly, and other 

data as in the case of Electronic Product Code (EPC) which is designed as a universal 

identifier that provides a unique identity for every physical object anywhere in the world. 

When tags pass in the vicinity of a reader, they communicate with the reader wirelessly and 

identify themselves [4]. Fig.1. 1 shows a typical RFID system.  

 

 

 Fig.1. 1 : Passive RFID system.  
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Usually the RFID tag consists of an antenna and an Application Specific Integrated 

Circuit (ASIC) chip, both with complex impedances. The chip receives power from the RF 

signal transmitted by the reader. The tag sends data back by switching its input impedance 

between two states and thus modulating the backscattered signal. At each impedance state, the 

RFID tag presents a certain radar cross section (RCS). Both impedance states must be 

sufficiently distinct to be able to achieve a coding type with a modulation in amplitude or 

phase [5].   

RFID tags are broadly classified as; active, passive, and semi-passive. Active tags 

contain a small power source. Active tags have a larger radio range. For instance, they can be 

read from a long distance more than 30 meters [4].On the other hand, passive tags do not 

include an on-tag power source. Passive tags are powered by the electromagnetic field 

generated by a reader and retrieve or transmit data back to a reader by modulating energy 

through a transducer. In the case of tags which operate in high frequency (in HF), they are 

energized by means of electromagnetic induction, namely by inductive coupling between the 

coil in the reader and the tiny coil in the tag. For the tags operating at higher frequencies 

(typically UHF), a portion of the power of the emitted signal by the reader will be collected 

by the tag antenna and permits the activation of the tag. Passive tags can be either Low 

Frequency (LF), HF  or Ultra High Frequency (UHF). Usually the systems operating at LF 

and HF are known as inductively-coupled systems and are limited to short ranges comparable 

to the size of the antenna. In practice, inductive RFID systems usually use coil size of a few 

cm, and frequencies of 125/134 KHz (LF) or 13.56 MHz (HF). Thus the wavelength 

(respectively about 2000 or 20 meters) is much longer than the size of the “antenna”. These 

kinds of passive tags are smaller, have comparatively good life span, lighter, less expensive 

than active tags, and can only be read from a short-range distance of less than one meter. 

When the antennas have a comparable size (of the order of credit card size) to that of 

wavelength, the RFID usually employ radioactive systems (systems which emits radiation ); 

normally in the UHF frequency range (868-928 frequency range; 868-870 MHz in Europe, 

902-928 MHz in USA, and 950-956 MHz in Japan). These systems use wave propagation, 

and read range is not limited by reader antenna size but by the tag or reader sensitivity [5]. 

The read range for UHF passive tags are of the order of 10 m. Semi-passive RFID uses an 

internal power source to power the chip, but works on the principle of retro modulation, i.e. 

contrary to the active tags; the backscattered wave is not generated by the battery of the tag. 
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Semi-passive tags differ from passive in the sense that semi passive tags possess an internal 

power source for the tag's circuitry which allows the tag to complete other functions such as 

monitoring of environmental conditions (temperature, shock) and which may extend the tag 

signal range. They also have a small life time (smaller than passive tags but larger than active 

tags) and a cost that lies in between the two.  

1.2 LIMITATION OF BARCODES AND EVOLUTION OF RFID  

The most widely adopted method for product identification is barcodes. The barcode is a 

vertically stripped identification tag printed on products, allowing retailers to identify billions 

of products. There are two types of barcodes that are widely used; one-dimensional (1D), 

which represent data in the widths (lines) and the spacing of parallel lines, and two-

dimensional (2D), which come in patterns of squares, dots, hexagons and other geometric 

patterns within images [6]. The former one is common in most household products while 2D 

barcode is common in industrial products where more information is needed to be stored in 

the label. 2D barcodes have maximum capacity of 128 bits and hence can be comparable with 

EPC. They are increasingly being used and also appear more on consumer goods. In the case 

of 1D barcodes, the maximum capacity is 41 bits (ex: EAN 13 barcodes). Barcode, either 1D 

or 2D, has been proven to effectively optimize business processes and reduce operational cost. 

Although appropriate in many instances, there are cases where barcodes cannot meet the need. 

Even though RFID and barcodes are two techniques of auto-identifications, they are different 

in many ways. There are numerous comparison charts that qualify the advantages and 

disadvantages of RFID and barcoding technology. Table 1.1 explains the main advantages of 

RFID compared to barcode [4], [7]. 
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Thus, the retailers were looking for a solution to overcome the limitations of barcodes. 

Fortunately, RFID could become a promising solution for this. RFID could eventually replace 

barcodes in some applications where bulk counting is routinely performed. However, the cost 

Table 1. 1: Difference Between RFID and Barcodes 

RFID Barcode 

Can read without Line of Sight (LOS) It requires LOS 

Can read through obstacles like paper, fabric, 

wood etc. through which EM wave can 

propagate. 

It cannot 

Multiple tags can be read simultaneously Can only be read individually 

Can cope with harsh or dirty environments Cannot read if damaged or dirty 

Can store hundreds or thousands of bytes of 

information 

Limited to 13 digits of information or a few 

hundred digits in the case of two-dimensional 

barcodes 

New information can be over-written Cannot be updated 

Small size of the tags allows to add them to 

most objects unobtrusively 

 

Require plain surface to be read; However 

their size is usually smaller than that of RFID 

tags.  

Can be automatically tracked removing 

human error 

Require manual tracking and therefore are 

susceptible to human error 

Has uniqueness of article Uniqueness is possible by 2D barcodes 

Can directly integrated to the products Cannot 

Volumetric reading is possible Cannot 
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of the RFID tags still makes it inappropriate for low-cost applications such as market unit 

product for mass production. Thus, almost 70% of the articles are still tagged using barcodes. 

Approximately 15000 billion of units are fabricated each year for this purpose. Following are 

the main inconveniences of RFID technology.  

Cost: Tag price is one critical issue; chip tags are not normally available below $0.3 if 

ordering less than one million tags [8]. Currently, RFID tags are more expensive than 

barcodes. This is one of the most important factors that limit the usage of RFID technology. 

The marginal cost of a barcode is approximately less than one tenth of a cent. It has been 

estimated that if the cost as low as $0.09 per tag is achieved, RFID tags will have a cost-

benefit advantage over barcodes and will replace barcodes altogether.  

Privacy Issues: Allowing remote access and data sharing implies abuse usage of private 

information. Tags could be read without a person‟s knowledge because humans cannot sense 

radio signals; tags could be read by unauthorized parties; it is possible to create a database to 

track associations between tags and owners of tagged items over a long period of time; 

information exchange between a tag and tag reader could be secretly monitored. 

Security Issues: Compared to other networks, RFID system is relatively secure as an 

authentication technology and an identification technology. Counterfeiting radio frequency 

identification chips is difficult. However, a hacker having specialized knowledge of wireless 

engineering, encoding algorithms, and encryption techniques, still can hack the system. 

Technical Performance: RFID tags cannot be used to identify all categories of products. The 

tags are divided into number of groups and each group can be used to tag the corresponding 

products. As an example, there exist seven different categories of tags which can be used to 

tag seven different product groups [9]. Retailers use ARC (Arkansas Radio 

Compliance) benchmark data to create lists of approved tags for their RFID use cases. These 

approved tag lists are made available to the Retail Suppliers. This number is too large and 

which dramatically slow down the deployment of RFID tags. 

Cross Reading : Cross reading is a major problem in practice. The tag or very distant shot of 

the tag (not supposed to be read) can be read according to the configuration (objects but also 

tags) present in reading area. 
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1.3 RFID APPLICATIONS 

RFID devices are generally deployed in four main communication bands, as allowed 

by the FCC and its global counterparts [10]. These bands are: 1) the low-frequency (up to 135 

kHz); 2) High Frequency, at 13.56 MHz; 3) Ultra High Frequency, 868-870 MHz in Europe 

and 902-928 MHz in USA; and 4) Microwave Frequency, at 2.4 GHz. Each band has its own 

advantages and disadvantages. As an example of application, for item-level tagging, typical 

read-range requirements are expected to be in the order of few meters [10]. Both HF and UHF 

RFID are used for item level tagging and pallet tracking applications. HF offers a smaller read 

range. However, it offer a better performance in terms of reading since it is based on near 

field coupling. In contrast, UHF RFID offers a better read range in comparison to HF RFID. 

However, since the reading is based on propagation of radio waves, the performance is 

limited in this case.  

RFID systems have various applications where automatic identification of objects, 

people, or locations is needed. Asset Management, warehouse, supply chain management; 

authentication, counterfeit protection, security, mining human activities, automatic toll 

collection etc. are some of the applications [4, 11]. Other widespread applications of RFID 

systems include contactless payment, access control, or stored-value systems, Wal-Mart, 

aircraft maintenance, tagging people, livestock, libraries etc. The fashion industry has also 

been an early RFID-adopter. Clothing is particularly suited for RFID, since it does not contain 

metals or liquids that interfere with some types of RFID systems [12]. 

Even though RFID has numerous applications, the tagging of documents and large 

volumes of paper/plastic based items such as, postage stamps, tickets, banknotes, and 

envelopes is a problem due to the relatively high price of the RFID tag. As far as the mass 

market is considered, the cost of the entire RFID system is strongly dependent on the cost of 

the IC (Integrated Chip). This is the reason why RFID couldn‟t replace barcodes even though 

the barcodes have numerous disadvantages compared to RFID, such as the need for line of 

sight and short reading range. Chipless RFID tags offer a promising solution for this. Chipless 

tags, as their name implies do not contain any silicon chip. It can operate under the vicinity of 

a reader through electromagnetic waves. The chipless tags can offer a price of $0.005 per tag 

which is a comparable price as in the case of barcodes [13-14]. There are chipless tags that 

can be printed on paper and plastic using conductive ink and thus proves to be a viable and 
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economical solution. Thus, the main objectives are to develop low cost chipless RFIDs which 

have a price comparable to that of barcodes and also to develop tags where classical RFID 

tags cannot be employed. As an example, the SAW chipless RFID has been used as a 

temperature sensor in a steel plant which has a harsh production environment [15]. The sensor 

was designed to monitor temperatures in the range of 400°C, where the conventional 

semiconductor based RFID tags cannot be used. A special packaging and assembly was used 

for the SAW tags in order to utilize it for such a harsh environment. The titanium/aluminum 

based metallization was used for the SAW delay lines. Instead of soldering, laser welding was 

used. The packaging was with a metallic housing with two glasses- to- metal seals. Due to the 

elevated temperatures of up to 300°C, no conventional design was applicable for the reader 

antenna. Therefore a custom-built dipole wire antenna was developed. In this case the dipole 

was attached onto a coaxial cable with a steel mantle and SiO2 dielectric, which can be used 

up to 1000°C. The reflected pulses from the SAW tags were used for the identification and 

sensing purpose. Thus, chipless RFID tags can be used in harsh environment which is not the 

case for conventional RFID tags. However, SAW tags cannot be categorized under low cost 

tags (they are even more expensive than passive RFID tags). Still they come under the 

category of chipless as they do not contain any chip. The next section of this thesis explains 

the principle of chipless tags.  

The chipless RFID owing to its low cost has opened a new era for low cost and robust 

identification system [16]. Chipless RFID transponder consists of some planar, potentially 

multi-layer labels which will re-radiate the electromagnetic wave in the vicinity of a reader. 

The principle of information encoding in chipless tags is based on the generation of a specific 

electromagnetic signature. Depending on the shape of the particular label, the nature of the 

electromagnetic signature can change from tag to tag. In the measurement where the 

identification is directly contained in the temporal signal, we call the tag as a temporal tag. In 

the succeeding section, we'll see another approach to encode the information directly on the 

frequency representation of the signal, in this case, we call the tag as frequency domain tag. 

Hence we define two main families of chipless tag. Fig.1.2 shows the example of a time 

domain chipless RFID system which contains a transmitting/receiving antenna and a delay 

line. 

 



10 CHAPTER ONE     INTRODUCTION 

 

GRENOBLE-INP LCIS-ORSYS R.S.NAIR 

Let us consider a chipless tag contains an antenna and a delay line with length l, 

terminated with open or short circuit. As shown in Fig.1. 2 (a), the tag Rx antenna receives the 

interrogation signal send by the reader. This signal passes through the delay line. When the 

signal reaches open or short circuit, the signal will reflect back with a time delay which will 

be a function of length l. Tx antenna can re-transmit this signal reflections with different 

delays for encoding. Fig.1.2 (b) shows the reflected signal for two different lengths l1 and l2, 

where l1 is the longer line and l2 is the shorter line. Thus the time difference between the 

reflected signals and reference signal will be a function of these lengths. The longer line will 

produce more ∆t than shorter line. 

 

 Fig.1. 2 : Principle of operation of time domain chipless RFID system and time domain 

encoding. a) Chipless RFID system. b) Principle of encoding. 
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The first commercially successful chiplesss RFID is the SAW tag developed by 

RFSAW Inc. [17]. SAW tags follows Time Domain Reflectometry (TDR) (time domain) 

based encoding scheme which will be explained in the succeeding chapter. As already 

explained, mainly there are two kinds of coding schemes available in the literature; TDR 

based coding (time domain) and spectral signature (frequency domain) based coding. Chipless 

tags based on these coding techniques will be explained in the succeeding chapter. The SAW 

tags use a piezoelectric material in which different reflectors are placed and signal reflections 

occur from these reflectors are used for the encoding. 256 bits can be encoded in this way. 

However, the cost of the tag is significant and also due to the piezoelectric properties, 

electrostatic discharges can damage the tag. Moreover, they do not provide a fully printable 

solution due to their piezoelectric nature, which cannot be printed on banknotes, postage 

stamps or other paper/plastic based items. In the case of low cost non-piezoelectric substrate, 

a longer transmission line is needed to produce a measurable delay [18-21]. Moreover, the 

coding capacity is also limited in this case. The highest reported coding capacity under this 

category is 8 bits [18].  

The second method of information encoding is the amplitude/phase/group delay-

frequency approach or spectral signature approach [22-25]. Most of the tags found in the 

literature come under this category since it allows more capacity of coding. The highest 

capacity of coding reported under this category is 49 [25]. The frequency signature approach 

uses quite wide band of frequencies, because more the band more the number of bits that can 

be encoded. The problem with this technique arises when we take the Federal 

Communications Commission (FCC) or European Telecommunications Standard Institute 

(ETSI) frequency regulation into account; they cannot be used for the applications where 

power level is important. More emission power level will lead to a high read range. Frequency 

signature based tags can only be used for low read range applications. In the succeeding 

chapter, these two techniques will be introduced in detail.  

1.4 MOTIVATION OF THE THESIS 

As already explained above, chipless RFID systems must be compatible with the 

existing FCC standards or ETSI standards in terms of allocation frequency and emission 

power. According to ETSI EN 300 440 [26], UHF RFID bands can use a maximum E.R.P. 
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(effective radiated power) of 33 dBm (2 W). However, in the case of ISM bands, at 2.45 GHz, 

the RFID applications can use an E.I.R.P. (effective isotropic radiated power) of 27 dBm (500 

mW) in outdoor and 36 dBm (4 W) in indoor applications. 5.8 GHz is a rarely used RFID 

band. However, it allows an E.I.R.P. of 14 dBm (25 mW). Fig.1. 3 (a) & (b) shows the power 

spectral mask for UHF band (at 865-868 MHz) and Microwave band (at 2.45) GHz 

respectively. The absolute levels of RF power at any frequency shall not exceed the limits 

defined in the spectrum mask envelope. For Fig.1. 3, the X axis shall be in linear frequency 

and the Y axis shall be scaled in dBm E.R.P. for Fig.1. 3 (a) and in dBm E.I.R.P. for Fig.1. 3. 

(b). fc is the center frequency of the carrier transmitted by the interrogator. However, the 

RFID application at 2.45 GHz which respect these above explained power levels should also 

use FHSS (Frequency Hopping Spread Spectrum) or un-modulated carrier (Continuous 

Wave) in the case of outdoor application, and FHSS only in the case of indoor application, as 

the emission signal. FHSS is spread spectrum technique in which the transmitter signal 

occupies a number of frequencies in time, each for some period of time, referred to as the 

dwell time. Transmitter and receiver follow the same frequency hop pattern. The number of 

hop positions and the bandwidth per hop position determine the occupied bandwidth. The 

commercially successful SAW tags limited their power limit as 10 mW, which corresponds to  

 

(a)                                                                            (b) 

Fig.1. 3 : The proposed ETSI stair case spectral mask given in [23] for a) UHF band at 

865-868 MHz b) Microwave band at fc=2.45 GHz. 
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the power approved by ETSI for “generic use”. However, SAW tags were able to produce a 

read range greater than 5 m with this power limit [16]. At 5.8 GHz, an E.I.R.P. of 25 mW can 

be used for “generic use” within a band of 5.725 - 5.875 GHz. Thus, the ISM bands allow the 

use of two bands having bandwidth of 100 MHz and 150 MHz with a power of the order of 

tens of mW.  

In frequency domain (spectral signature tags) the only solution to respect these 

standards while having a broad frequency band is to emit short pulses, i.e. using UWB 

standard (like in UWB radar) [27]. However, the allowed power level is very low in this case 

which leads to a low reading range of the order of 50 cm. However, 2 m is also theoretically 

attainable. ([28] presents a theoretical study of the reading distance as a function of RCS of 

the tag. In measurement, a reading distance of 50 cm is also reported [29]). UWB regulation 

allows only a Power Spectral Density (PSD) of -41.3 dBm/MHz (0.07 µW/MHz). Hence, for 

the applications where the power level is more important, the only solution is to use ISM 

bands. Since ISM bands can use more power, it can increase the reading range as in the case 

of SAW tags. However, in this case the frequency band is very limited, but it remains 

compatible with the use of a temporal approach. The time domain tags (TDR based tags) have 

a significant importance while dealing with the practical measurement techniques, as in the 

case of SAW tags, where a mono pulse (at 2.45 GHz) has been used as the interrogation 

signal [17]. In frequency domain approach, the Radar Cross Section (RCS) of the structure 

has to be determined using specific, and sometimes complex, calibration process in order to 

extract the tag information contained in the electromagnetic signature (presence/absence of 

peaks). Contrary to this, in temporal encoding, the information detection is simply based on 

the time position of the reflected pulse. It is easy to isolate the tag from its external 

environment by performing a time domain windowing and hence be less affected by it [30]. 

Thus by combing the two preceding observations; the use of ISM bands and the robust 

communication; it was found that the reading range of temporal tags is two to three times 

larger than that of the frequency domain tags. Moreover, the easiness in detecting the tag 

information is also predominant.  

As already explained in the preceding paragraphs, the frequency signature tags allow a 

better coding capacity and TDR based tags offer better reading range. Thus this thesis, for the 

first time, combines certain advantage of time domain tags and frequency domain tags. As a 

result, a novel temporal multi-frequency tag has been developed. Time domain tags were less 
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studied in the literature since it can produce only few bits in terms of coding capacity. This 

problem is solved in this thesis by allowing multi-frequency bands in time domain. In the case 

of TDR based tags, the delay is produced by using a linear or meandered transmission line 

which allows information encoding at a single frequency. In contrast, the proposed tag uses 

transmission line sections coupled at alternative ends; which is also known as C-sections; 

which is able to produce group delay peaks at a particular frequency as a function of the 

length. Thus, the C-sections with different lengths will be able to produce different peaks at 

frequency and which will be independent on each other also. The dispersive character of the 

C-sections is exploited for this purpose. Dispersive character allows different spectral 

components to be arranged in different time (see Fig.1.4). All these aspects will be explained 

in details in the succeeding chapters. The use of C-sections in RFID can be seen [31-32]. 

However, the use of temporal multi-frequency is not yet been reported anywhere. Information 

can be encoded at different frequencies. Thus it allows the augmentation of coding capacity 

compared to the existing TDR based tags.  

 

 

 

 

 

 

 

 

 

 

Fig.1.4: Proposed temporal multi-frequency chipless RFID tag consists of two different 

groups of C-sections and hence two operating frequencies f(l1) and f(l2). 
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Fig.1.4 shows the proposed temporal multi-frequency chipless RFID system. As 

shown in Fig.1.4, the chipless tag introduced here consists of cross polarized Ultra Wide Band 

(UWB) tag antennas and cascaded multi-group of C-sections. The UWB antennas are used to 

receive the interrogation signal from the reader and also to re-transmit the backscattered 

signal from the tag which contains the tag information. The proposed chipless tag is based on 

microstrip design and it is potentially printable also. Contrary to the linear and meandered 

transmission line, C-sections makes use of the coupling effect and hence can produce a 

significant amount of group delay with a reduced size. The C-section shown in Fig.1.4 uses 

edge coupling.  

The thesis also proposes the use of a multi-layer design. Contrary to the linear 

arrangement of C-sections as explained in Fig.1.4, in this case the C-sections are arranged as 

one on the top of another with a thin dielectric layer in between. Thus it makes use of the 

broadside coupling which in turn increases the group delay significantly and makes the delay 

peaks highly narrowband allowing augmentation of coding capacity. As we will see in the 

succeeding chapters, a coding capacity of 5.78 bits is obtained using single group of C-

sections and 12.05 bits is obtained using multi-group of C-section, in the allowed unlicensed 

ISM band. It can also offer 43.27 bits with UWB regulations. This is a significant amount in 

comparison to the existing TDR based tags where the highest coding capacity is 8 bits [19] 

(except SAW tag). 

The proposed multi-layer C-section offers chipless tags with higher coding capacity, 

compatible with ISM bands; thus allowing more reading range and potentially printable also 

(the proposed tags are also fabricated on paper). This is the first time, all these characteristics 

are studied. The thesis also proposes an application of the proposed tag as a sensor tag to 

monitor humidity. For this, silicon nanowires are used. The nanowires are manually deposited 

on strips of the C-sections. The nanowires can change their permittivity upon humidity 

absorption and thus can change the backscattering response. The change in S21 magnitude, 

phase, and group delay is studied.  
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1.5 ORGANIZATION OF THE THESIS 

The thesis is organized as follows; 

Chapter 2 Literature Review 

This chapter gives a thorough review of the existing chipless tags. Tags have been 

categorized as time domain reflectometry tags and spectral signature tags and each tag is 

explained thoroughly. An attempt has been made to cover different existing encoding 

technique and hence to arrive at the motivation of the thesis.   

Chapter 3 Microstrip Single Group of C-sections and Delay Based ID Generation 

This chapter deals with the design of tag using single group of C-sections. The first 

section deals with the different delays produced by linear transmission line, meandered 

transmission line, and C-sections. Thereafter, the design of tag prototype using single C-

section group is explained along with the ID generation technique. Various experimental 

results using Digital Oscilloscope and commercially available UWB radar are also 

incorporated.  

Chapter 4 Microstrip Multi- Group of C-sections and Delay Based ID Generation 

This chapter deals with the design of tag using multi- group of C-sections. The design 

of a tag which can operate in the two ISM bands, at 2.45 GHz and 5.8 GHz respectively, is 

explained along with the ID generation. Different measurements using Digital Oscilloscope 

and UWB radar can be seen in this chapter also.  

Chapter 5 Multi-Layer C-sections and Delay based ID generation using Flexible 

Substrates 

This chapter explains folded multi-layer C-sections fabricated on flexible substrates. 

In contrast to the previously reported C-sections which were planar, this chapter explains 

folded multi-layer C-sections with broad-side coupling. Full-wave simulation has been done 

and the results are validated experimentally. It is assumed that instead of 3 bits as in the case 

of linear C-sections, a coding capacity of 5.78 bits using single group of folded C-section and 

12.05 bits using multi-group of C-section can be obtained in the allowed unlicensed ISM 

band. It can also offer 43.27 bits with UWB regulations. 
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Chapter 6 Chipless RFID Humidity Sensor Using Silicon Nanowires 

This chapter explains a novel temporal chipless RFID sensor tag for humidity sensing 

application. It proves the candidature of silicon nanowires in the humidity sensor 

measurements. Firstly, a prototype of the sensor tag is tested. Further, measurement of a 

chipless tag in a real environment is incorporated.  

Conclusion 

It serves the conclusions drawn from the studies with directions for future work. It 

describes the important findings of the thesis and salient features of the proposed temporal 

multi-frequency tag.  

Appendix Methodology 

In this section, the methodology adopted for characterizing the chipless tag is 

described. It deals with the various techniques employed for the design, fabrication, and 

measurement of tags. Simulation analysis using commercial EM simulation package such as 

CST is also outlined. 
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CHAPTER TWO 
REVIEW OF LITERATURE 

 

This chapter serves to review the important developments in chipless RFID tags. 

Different types of chipless RFID tags based on different encoding techniques are reviewed 

with illustrations. Different generations of chipless tags have been categorized and explained 

thoroughly. This state of the art will clearly highlight the solution developed in this thesis.  
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REVIEW OF LITERATURE 

2.1 REVIEW OF CHIPLESS RFID TAGS 

 As already explained in the introduction, chipless RFID has opened a new era for low 

cost and robust identification system [1]. The tags which are exhibiting extremely low cost 

will be explained in the succeeding part of this thesis. Chipless RFID transponder consists of 

some passive circuits which will re-radiate the electromagnetic wave in the vicinity of a 

reader. The principle of information encoding in chipless tags is based on the generation of a 

specific electromagnetic signature. Depending on the shape of the particular passsive circuit, 

the nature of the electromagnetic signature can change from tag to tag. This is closely related 

to the principle of radar.  

An introduction to RFID and the difference between RFID and barcode are already 

explained in the preceding chapter. It also explains the principle of chipless RFID. However, 

in this chapter, the recent developments of chipless RFID are reported. While designing 

chipless tags, the major challenge faced by the researchers is the information encoding 

without silicon chip. Literatures provide various encoding techniques mainly based on time 

domain reflectometry (time domain tags) [2-21, 25] or amplitude/phase frequency signature 

(frequency domain tags) [26-56]. This classification is not based on the measurement 

technique used; i.e. whether time domain or frequency domain. Instead, this classification is 

based on how the information is encoded. In time domain tags the information will be directly 

contained in the reflected signal from the tag. In contrast, in the case of frequency domain tag, 

the information will be contained in the signal frequency. We have to perform a Fourier 

analysis in order to separate the tag information. It is not an easy task to categorize these tags 

in a tree diagram. However, Fig.2.1 shows a general classification of chipless tags based on 

different kind of encoding. As already explained in the preceding chapter, time domain tags 

are used for the applications where a significant read range is needed (of the order of few 

meters). This is because, time domain tags can operate at narrow band frequencies (preferably 

ISM bands) using the more allowed emission power. On the other hand, frequency domain 

tags use mostly UWB band where the emission power is quite low and hence can only be used 

for short reading range applications (of the order of 50 cm). In frequency domain tags, if more 
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coding capacity is needed, more number of bands has to be used. In the succeeding section, 

different categories of time domain tags are explained.  

2.1.1 TIME DOMAIN REFLECTOMETRIC TAGS 

The evolution of time domain chipless RFID tag starts with SAW tag developed by 

RFSAW Inc., which is an apt example that takes into account of the frequency regulation [2-

3]. In the SAW tag, signal reflections occurred from reflectors placed at particular distances in 

a piezoelectric material and therefore at different times are used for the encoding. SAW tag 

operates at 2.45 GHz [4-7]. It permits coding of 256 bits which is comparable with the 

Electronic Product Code (EPC) standard and thus the conventional RFID using an IC chip. It 

uses a power of 10 mW (compliant with the ETSI regulation as explained in the introduction) 

which is very low compared to the conventional RFID tags. The conventional IC tags require 

 

 

 

 

 

 

 

 

 

Fig.2. 1 : Classification of Chipless RFID tags based on encoding available in the 

literature; SAW-Surface Acoustic Wave, TFTC- Thin Film transistor circuits, REP-RF 

Encoding Particles.* TFTC tags are inappropriate in this category since it follows the 

transmission protocol. However, since an electronic format of the IC chip is printed in 

this tag, making it completely printed and potentially low cost as in the case of chipless 

tag, it is categorized here. 

SAW tags TFTC tags* Delay line 

based tags 

Chipless RFID 

Tags 

Time Domain 

Tags 

Frequency Domain 

Tags 

Antenna 
+  

planar 

circuit 

REP based 

tags 

Temporal 

Multi-

Frequency 



25 CHAPTER TWO REVIEW OF LITERATURE 

 

GRENOBLE-INP LCIS-ORSYS R.S.NAIR 

continuous radiation of few watts in order to have the same reading distance as in the case of 

SAW tags. Also the tags have achieved a reading range of the order of few meters. The 

encoding is based on PPM (pulse position modulation) [8-12]. However, the cost of the tag is 

significant and due to the piezoelectric properties, the tags are non-printable on paper like 

materials.  

 Fig.2. 2 shows the principle of operation of SAW tags. The interrogation pulse is 

converted to a surface acoustic wave using an inter digital transducer (IDT). The surface 

acoustic wave propagates across the piezoelectric crystal and is reflected by a number of 

reflectors which create a train of pulses with time delays. The train of pulses is converted back 

to an EM wave using the IDT and detected at the reader end where the tag‟s ID is decoded. 

Thus, the SAW tags use a unique nature of piezoelectric materials which allow a 

transformation of electromagnetic waves into 100 000 slower surface acoustic waves. SAW 

tags can hence act as delay lines which provide sufficient amount of delay with a relatively 

small substrate length (10X10 mm
2
, without antennas). In case of low cost non-piezoelectric 

substrate, a longer transmission line is needed to produce a measurable delay. These kinds of 

tags are explained in the succeeding paragraphs. 

As an example, delay line based tags are explained in [13-14] in which each 

transmission line sections used has a length of 180 mm and hence to produce a 4 bit code. 

Thus, the total transmission line length needed is 4*180=720 mm. Eight segments of such 

transmission lines are needed to produce an 8-bit data [14]. Data encoding is done using the 

impedance mismatches along the transmission line. The tag in turn re-transmits the reflections 

 

Fig.2. 2: Principle of SAW tags explained in [2-12].Dimension of the tag : 10X10 mm
2
. 
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at each point of impedance mismatches which is created by passive capacitors. All the above 

techniques are potentially printable also. Fig.2. 3 explains the 4 bit data encoding of such a 

tag. 

Fig. 2.3 (a) shows the prototype (without tag antennas) of delay based tag with test 

environment developed to produce 4-bit code. Fig.2.3 (b) shows a simple example of a 

capacitive discontinuity in which part of the signal is reflected back and part continues its 

forward path. Reflections are generally considered as undesirable effects in microwave 

circuits. However, in this paper the authors take the advantage of these reflections by 

controlling the placement and characteristics of the impedance mismatches which gives the 

image of a SAW tag. These reflections have been used to represent the data information that 

is embedded in the tag. The interrogation wave consists of a train of Gaussian pulses with a 2 

ns pulse width and a period of 20ns. In order to avoid the overlap between the interrogation 

wave and the reflection waves in the reader, the reflection waves should appear after 2 ns. The 

 

 

Fig.2. 3:Delay based tags illustrated in [13]. a) Prototype of such a tag with test 

environment, b) signal propagation after a capacitive impedance discontinuity, c) wave 

received by reader. The dimension of the tag is 8.2X3.1 cm
2
. 



27 CHAPTER TWO REVIEW OF LITERATURE 

 

GRENOBLE-INP LCIS-ORSYS R.S.NAIR 

value of capacitance is calculated in such a way that each reflected signal has the same 

amplitude. Fig. 2. 3 (c) shows such a wave received by the reader. 

The same idea can be seen in [15] also, where an interrogation pulse has been 

transmitted to the delay line through tag transmitting antenna. At periodic discontinuities, 

(discontinuities may be resistive, inductive, or capacitive) a part of the signal is reflected 

back. Here the difference with the preceding tag is that the information encoding has been 

done using the signal phase of the reflected signal with respect to the reference phase. The 

reflection of the pulse at the antenna terminals when entering the delay line is used as a 

reference. 

Later appears another common technique of time domain encoding using transmission 

lines and antennas [16-21]. Usually a longer transmission line is connected at the end of an 

antenna and the transmission line is terminated with different kinds of load conditions like 

open, short and matched [16-17].  

Here encoding is done using the reflected signal at these loads using PPM (Pulse 

Position Modulation) technique. Different categories of tags are realized by changing the 

length of the transmission line and hence the time delay. Fig. 2. 4 (a) shows the prototype of 

balloon shaped UWB antenna tag. One key feature in these kinds of tags is the two different 

backscattering modes produced by the antenna. The backscattering is the phenomenon by 

which the antenna re-radiates some of the electromagnetic energy into the space. Such a re-

radiating signal will have two modes. One is the structural mode, which is the inherent 

property of the antenna and will not change due to any load conditions. On the other hand the 

other mode, i.e. antenna mode is a load dependent property and varies along with variation in 

the impedance of the load [22]. Antenna mode scattering is assumed to be the core of the chip 

based RFID system, where the impedance of the tag is switched to different impedance states 

to vary the amount of reflected power and hence to convey the information [23]. The time 

difference between these two modes can be varied by changing the length of the transmission 

line and can be used for coding. In addition to the time domain coding, the phase difference 

between different antenna modes can also be used for coding. Such modes can be seen in 

Fig.2. 4 (b)  for the backscattered time domain response of the balloon shaped UWB antenna. 

The early time pulse is known as the structural mode of the antenna and it is constant 
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irrespective of the load conditions. The late time pulse is known as the antenna mode, which 

varies upon different loads as shown in Fig.2. 4(b). 

Another kind of transmission delay line based ID circuit can be seen in [19-20]. Here, 

the ID generating circuit is designed based on the transmission delay line concept. A compact, 

inset-fed triangular patch antenna is developed for integration with the tag application. An 

OOK (On-Off Keying) modulation technique is employed for characterization of the tag. The 

received output consists of delayed signal from the tag added to the direct signal from the 

transmitter. All these tags are potentially printable also. 

In [19], the ID generation circuit consists of two transmission line branches as shown 

in Fig.2. 5 (a). One of the branches is short and straight while the other branch is long but 

 

 

(a)          (b) 

Fig.2. 4: Prototype and results of balloon shaped UWB antenna tag proposed in [16]. 

a) Prototype of the tag, b) backscattered time domain signal at various load 

conditions. The dimension of the tag is 23X 31 mm
2
. The meandered line is with 

length of 48 mm.  
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meandered. The signal tapped at different lengths of the meandered branch of the ID 

generation circuit has different delays. The tapping of the signal can be done using isolators. 

Binary code is generated using the superimposition of these tapped signals as shown in Fig.2. 

5 (b). However, realization of circulator or isolator at low cost is still challenging and hence it 

is not realistic. Moreover, the presence of these active components makes the tag differ from 

passive chipless RFID tag category. It is not printable also. In addition to this, the structural 

mode can be used as the reference as explained earlier and hence there is no need to use the 

transmission line as a reference. Even though, the time domain tags has the advantages such 

as long read range and compliance with the regulation, fabrication of long delays within 

acceptable loss is a challenge 

Another example of time domain tag based on transmission line is depicted in [24]. It 

uses left handed artificial delay lines and in order to increase the information density, a 

higher order modulation scheme is also envisaged. This method could avoid the problems 

while porting the surface acoustic wave approach of building passive radio-frequency 

identification and measurement systems to the electromagnetic domain, without the need of 

mechanical (acoustic) delay lines of SAW tag while implementing it in the electromagnetic 

 

 

(a)          (b) 

Fig.2. 5: Schematic  diagram of the RFID tag and its code generation given in [19]. a) 

Proposed RFID tag, b) binary code generation using the superimposition of delayed 

signals.  
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domain. It could reduce the transmission line length considerably (transmission line used here 

has a length of 26 mm). 20 different left handed unit cells are used here. With this technique, 

a coding capacity of 5 bits is obtained. However, these tags are not directly printable and 

hence cannot be easily used for labeling. Moreover, these tags are neither realistic nor 

potentially low cost since they have used the discrete components and via. As already said, it 

is the cost which gives meaning to the chipless RFID tags. Hence this tag cannot be 

considered in the practical chipless RFID system.  

Even though time domain tags have number of advantages, researchers are mostly 

interested in the frequency domain approach because of the higher number of bits that can be 

encoded. Frequency domain approaches have reached a maximum of 49 bits [25]. On the 

other hand, the maximum number of bits that are encoded with time domain approach is still 8 

(except the case of SAW tag) [14].This is why the time domain approach needs more 

attention in increasing the coding capacity. The next section describes the chipless tags based 

on amplitude/phase –frequency encoding. i.e. these tags are mostly based on the 

electromagnetic spectral signature of the tag.  

2.1.2 SPECTRAL SIGNATURE BASED TAGS 

These kinds of tags encode data mainly based on the amplitude/phase of the spectral 

signature. Contrary to the time domain tags, the information in the frequency domain tags is 

directly accessible from the spectral signature. Usually they exhibit high capacity of coding 

with a reduced size compared to the time domain tags. This is because, some of the frequency 

domain tags do not use antennas (as we will see in the succeeding sections) and hence offer a 

reduced size because it is the antennas which consumes most of the tag surface. However, in 

practice we observe that they are mainly less robust than time domain tags in terms of reading 

range and also they need a reference tag to extract the tag information. This will be explained 

in the succeeding sections of this thesis. They most often require a high complexity 

calibration process in order to recover the information. In time domain tags the information lie 

directly in the reflected pulse. In contrast, in the case of frequency domain tags, the 

information lie in the amplitude or phase of the backscattered signature and hence it demands 

a calibration to separate this information. However, this approach does not always need tag 

antennas which are not possible in the case of time domain tags, where they most often 

possess the tag antennas. 
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In 2005, Jalaly et al. introduced the RF barcodes with encoding using presence or 

absence of the null [26]. The basic idea was to optically reproduce the barcodes by translating 

the optical barcodes to the RF and hence producing an equivalent RF barcode. Five microstrip 

dipoles were utilized to produce a 5 bit code. Each dipole has a ground plane and hence it 

produces a trough at a particular frequency and which was assigned by the binary code 1. The 

absence of the trough was assigned as logic 0 which is the On OFF Keying (OOK) coding 

technique in frequency. This principle can be seen in Fig. 2. 6 (a) along with the dipole 

structure as in Fig. 2.6 (b). 13 dipoles can be seen in the figure which corresponds to the 

dipoles operating at two ISM bands (2.45 GHz and 5.8 GHz). 

Further the same author has also investigated the use of capacitively tuned array of 

microstrip dipoles to produce the RF barcodes [27]. Each dipole can resonate at different 

frequencies within the desired unlicensed ISM bands with each peak associated with a binary 

code. Thus ‘n’ dipoles can produce 2
n
-1 identifier. Here comes a new era of identification 

using OOK in frequency.  

From here, different spectral signature tags based on spiral resonators appeared [28-

34]. These chipless tags use the amplitude and phase of the spectral signature of a multi-

resonator circuit and provide 1: 1 correspondence of data bits. Each planar circuit in the tag 

will be able to produce a peak or trough where we can also observe a phase jump. Thus, 

 

(a)          (b) 

Fig.2. 6: Coding  principle along with the 5 bit resonator structure given in [26]. a) 

Principle of encoding of 5 bits, b) the dipole designs with near field measurement probes. 
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amplitude or phase can be used for data encoding. Later it will be seen that despite of these, 

group delay has also been used to encode the information. The tag comprises of a microstrip 

spiral multi-resonators and cross-polarized transmitting and receiving microstrip ultra-

wideband disc loaded monopole antennas (Fig.2. 7 (b)). Here, the reader antenna used is a log 

periodic dipole antenna. The tag was able to code up to 35-bit. Most of the amplitude/phase-

frequency signature encoding follows the same kind of strategy; i.e. 1:1 bit correspondence 

(OOK coding). Presence of one resonator gives one bit. The presence of the resonator means a 

resonant trough and can be assigned as logic 0 and the absence of the resonator and hence the 

absence of trough can be assigned as logic 1. In this particular example logic zero is created 

by shorting the spiral edge and hence the corresponding trough will be absent. 

By shorting the turns of the spiral, the resonance frequency of the spiral will be shifted 

up where it will be of no significance. The shift of the resonant frequency with the shorting of 

the turns is shown in Fig.2. 7 (a). The advantage of shorting turns in regards to removing the 

entire spiral from the layout is the fact that it enables future printing techniques to preserve 

the layout with all of the spirals shorted and when encoding data the shorting can be removed 

via a laser or other etching technique. Fig.2. 7 (b) shows the 35-bit chipless RFID transponder 

developed with this way of encoding.  

 

(a)          (b) 

Fig.2. 7: Principle of encoding of the spiral resonator along with the 35-bit RFID 

transponder proposed in [28]. a)1 :1 correspondance of  bits, b) 35 bit RFID 

transponder. Tag dimension is 88X65 mm
2
. 
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Following the above explained method, several designs have been developed by the 

researchers based on amplitude/phase encoding [28, 35-36, 38-40]. In all these designs, the 

encoding concept remains the same; only the resonating structure differs. However, [28] 

experimentally proves that the phase information is more resilient to noise and can be read 

from a greater distance when compared to the amplitude information of the frequency 

signature. The robustness of phase is also explained in [37]. Hereafter, some investigations 

focused on phase/frequency signature have been occurred [39].  

A chipless tag composed of simple microstrip patch antennas which are used as the 

planar radiating circuits are shown in Fig.2. 8 (a). These antennas will re-radiate the 

backscattered signals when they excite with their resonant frequency signals. This re-radiated 

signal will have distinct phase characteristics which have been encoded for the chipless tags 

as shown in Fig.2. 8 (b). The stubs are printed on the antennas for controlling the phase. Three 

or four states of the phases are used for the encoding (see Fig.2. 8 (b)). The orthogonally 

polarized backscattered signal (H plane, see Fig.2. 8 (b)) has been used as the reference. The 

recovered phase corresponds to one patch antenna may be also a function of other patches and 

hence limits this approach considerably. Hereafter, there are lot of investigations can be seen 

in phase-frequency signature along with amplitude encoding. 

 

(a)          (b) 

Fig.2. 8: Proposed chipless RFID system and its phase response given in [38]. a) The 

chipless RFID tag contains three stub loaded microstrip patch antennas. b) 

Corresponding phase response. The tag has 15 cm length. 
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Thus, due to the robustness of phase, some designs were developed using this concept. 

Further, in addition to phase, researchers were interested to use group delay also, where group 

delay is negative derivative of the transmission phase. Such investigations can be seen in [39-

40]. As an example, Chipless RFID using multiple microstrip open stubs can be seen in [40]. 

The tag contains microstrip open resonators and cross polarized disc monopole antennas. 

Each resonator was capable of producing a resonant peak and hence a group delay peak at the 

corresponding frequency. Magnitude and group delay of the tag are used for the data 

encoding.  1:1 correspondence can also be seen here. Compared to the existing tags in the 

literature, this tag offers a difference of 5 dB in magnitude and 6 ns in group delay and hence 

can be easily decoded. Like all other existing frequency domain techniques, this tag also uses 

a reference tag and calibration process making the whole system complex. Fig.2. 9 (a) and (b) 

respectively, shows the proposed tag and the magnitude & group delay.  

Thus all the above explained tags use amplitude/phase-frequency approach of 

encoding. They also exhibit 1:1 bit correspondence (OOK coding). Each time there will be a 

resonant peak associated with each frequency band. More the frequency band more the 

number of bits that can be encoded. Moreover, the higher order resonance peaks of the lower 

order resonance limits coding of more information. These tags often uses UWB band of 

frequencies to have a high capacity of coding (35 is the highest capacity of bits produced in 

these category [28]). 

 

(a)          (b) 

Fig.2. 9: Chipless tag design with principle of encoding proposed in [40]. a) Proposed 

design b) 1 :1 bit correspondance for the S21 response.  
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Recently, a group delay modulated metamaterial based chipless RFID has emerged in 

[41]. The tag prototype is based on a frequency domain on-off keying backscatter modulation 

scheme with small patch antenna resonators. The tag dimension is 40X40X4.5 mm
3 

(three 

substrates with 1.5 mm of height has been stacked here). It also incorporates the approach of 

using group delay modulation proposed in [42]. Fig.2. 10 (b) shows the constellation diagram 

used for the group delay encoding. As shown in the figure, there will be always a reference 

delay, τg. Any variation from this delay (τg- τg0) can be used for the encoding. 

 

 

(b)         (c) 

Fig.2. 10: The chipless RFID and the encoding techniques proposed in [41]. a) Proposed 

tag ; blue color indicates the discrete capacitors and the long stubs indicates the inductance 

via. b) Proposed group delay modulation constellation diagram.  c) Measured results for 

resonance frequency and group delay. 

 

(a) 
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In order to make compact resonators with higher delay/phase change, metamaterials 

are used here. Fig.2. 10 (a) shows the structure used. The resonance frequency is determined 

by the lumped element capacitor traversing the gap of the patch and the inductance of the via 

and the group delay is determined by the loaded quality factor.Fig.2. 10 (c) shows the 

measured results. However, the use of via and discrete components make the entire system 

complex and therefore inadequate for passive chipless RFID applications.   

In chipless RFID, use of some planar circuit instead of the chip is still challenging. 

However, researchers are trying to add more advanced features to the existing planar circuits. 

Hereafter comes the era of chipless tags which use REP (RF Encoding Particles) technology 

and possess lot of features such as polarization diversity, use of single layer, high capacity 

coding, structure without tag antennas, miniaturized dimension compatible with the size of 

credit card etc. [43-50]. We will see these features in the following sections. Here, 

functionalities such as signal receptions, signal processing and signal transmission are no 

longer separated from each other geometrically and conceptually speaking. In this case, these 

REP act at the same time as a transmitting antenna, a receiving antenna, and a filtering circuit 

[43, 47]. It has already been proved that a better surface coding efficiency can be achieved 

with the REP approach. Moreover, these tags are smaller and a ground plane is not always 

needed which eases the realization. At that time, the REP approach is only compatible with a 

frequency encoding, whereas, the circuit approach can use the frequency [47] and temporal 

encoding [25, 49].  

 ‘’C’ like metallic structures which utilizes amplitude/phase/group delay-frequency 

signature can be seen in [42]. This tag uses CPS design and it does not possess any tag 

antennas which reduces its dimension to the size of a credit card as shown in Fig.2. 11 (a). 

Moreover, it does not have a ground plane makes it easy for printing. The proposed tag is 

based on twenty „C‟ like metallic strip resonators having resonance frequency within the band 

of 2.5 GHz to 7.5 GHz. The tag is potentially low cost since only one conductive layer is 

needed for the fabrication. Moreover, the tag has also been realized with paper substrate 

which leads to a production cost of 0.4 cents per tag. The tag possess 20 scattering structure 

and hence it obtains a coding capacity of 20 bits (1:1 correspondence).  
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Fig.2. 11 (b) shows the corresponding group delay response obtained. In this proposed 

tag, the author was able to end a conclusion that group delay appears to be reliable and 

promising way to retrieve the coding information. As the tag has no ground plane, the 

resonance frequency and the global level of RCS are strongly dependent on the carrier‟s 

permittivity and thickness. In order to rectify this, a simple compensation technique is also 

introduced. To do so, two resonators having extreme frequency were reserved for sensing the 

frequency shift due to the permittivity of the container item. The same kind of structure can 

also be seen in [47], where a hybrid coding technique is proposed in order to increase the 

coding capacity. The proposed tag has a dimension of 2X4 cm
2
. It is based on 5 „C‟ like 

metallic strip resonators. The proposed hybrid coding technique combines the PPM coding in 

frequency and utilization of phase variation which is independent of amplitude.    

Instead of using two resonators to sense the frequency shift produced by the container 

permittivity, another approach can be seen in [44] by using a single resonator. The fully 

printable proposed tag also possess the above explained features such as use of single layer, 

miniaturized dimension compatible with the size of credit card, structure without tag antennas 

 

(a)          (b) 

Fig.2. 11: Structure of the chipless tag and correspodning tag response proposed in [43]. 

a) 20 bit chipless tag in FR-4 substrate ;unfilled resonator creates a logic 1 and filled 

resonator creates a logic 0. b) Corresponding group delay response. Tag dimension is 

70X25 mm
2
.  
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etc. The design is based on multiple coplanar λ/4 strip-line resonators where resonant 

frequencies can be shifted by setting an additional short circuit at particular locations as 

shown in Fig.2. 12 (a). It can encode 9 bits. The proposed design also allows the use of a 

single resonator to detune the effect of container permittivity. Fig.2. 12 (b) shows the 

measured and corrected resonance frequency when the tag is put on a PTFE (εr=2.1, 

tanδ=0.002) plate.  

Tags having another advanced feature like polarization diversity can also be seen in 

the literature [46-48], which can be used to increase the coding capacity. Based on the work 

proposed in [47], in [50] fully printable slot loaded dual polarized tag as shown in Fig.2. 13 

(a) is used -with four near and far- field reading techniques. This tag consists of four 

rectangular metallic patches loaded with multiple slot resonators. In order to reduce the 

mutual coupling between the slots, the same technique proposed in [46] is used, where slots 

with the same polarization for adjacent frequencies are placed alternately into two patches. 

Further two similar sets are placed in horizontal and vertical polarizations to double the 

number of bits within the same frequency bandwidth with an implementation of a new 

 

(a)          (b) 

Fig.2. 12: Photograph of the tag proposed in [44] with corrected measured resonance 

frequency using the proposed detuning technique. a) Proposed tag design ; the initial 

slot lengths with no short circuit are denoted as Ls1, Ls2 and Ls4. Short circuits are 

denoted as L1, L2 and L4 which allow changing the frequency of each resonator. 

b)Measured corrected resonance frequency when the tag is put on PTFE plate. The tag 

dimension is 15X20 mm
2
. 
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technique of diversity of polarization. The tag can be detected using dual-polarized 

waveguide(s) or dual-polarized antennas. It also does not possess any ground plane. It can 

code up to 16 bits and can be easily printed in plastic and paper substrates. Fig.2. 13 (b) 

represents the magnitude and phase response of the proposed tag. 

Another category of miniaturized tag can be found in literature which is based on 

electromagnetic code of the resonators [51-52]. The proposed tag consists of an SRR array 

printed on very thin paper based substrate which has the size of an identity card as shown in 

 

(a)          (b) 

Fig.2. 13: Dual polrized chipless tag proposed in [50] along with the principle of 

encoding. a)Proposed tag, b) Co polarized (a&b)and cross polarized (c&d) magnitude 

and phase response along with the corresponding ID. Tag dimension is 7.2X5.8 mm
2
. 

 

Fig.2. 14: The chipless RFID for paper based bank note proposed in [51-52]. Tag 

dimension is 85X53 mm
2
. 
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Fig.2. 14. Various combinations of this SRR can produce various electromagnetic signatures. 

This electromagnetic code can be used to replace the hologram in the bank notes. A 1:1 

correspondence can be found in this design also. In the trough, the transmission response can 

be digitized to 0. The absence of trough can be digitized to 1 (OOK coding). 

As we already mentioned, if there are transmission responses at N frequency, the N 

transmission response can be converted to N-bit code. By arranging the gap between each 

SRR, multiple resonant characteristics can be produced. Even though the structure has a 

miniaturized dimension like an identity card, it has poor coding capacity. It can code 4 bits. 

Fig.2. 15 (a) and (b) shows the transmission characteristics along with the corresponding ID.  

Thus, all the above explained tags that are categorized under frequency domain tags 

encode information using amplitude/phase/group delay Vs frequency, i.e. at signal frequency; 

we will be able to code the information directly. We have found mainly two different 

categories in this group. One category that possess tag antennas (multi-resonant structure 

based tags) and the other category that do not have tag antennas (REP). Frequency domain 

approach permits a high capacity of coding. The maximum number of bits produced by the 

category with tag antennas is 35 [28] and that of without tag antennas is 49 bits [25]. The REP 

approach also offer circuit miniaturization and those can be fabricated with the size 

 

(a)          (b) 

Fig.2. 15: ID generation proposed in [52]. a)Tag (0010, 0111, 1000) and b) Tag (0110, 

1001, 1010). 
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compatible with the size of a credit card. However, the main constraint comes while taking 

the frequency regulation into account since in this approach the coding capacity directly links 

to the number of bands used. All these tags are designed for short read range (≈50 cm) and 

own UWB technology which allows smaller amount of emission power (Power Spectral 

Density of (41.3 dBm/MHz). However, for the application where power level has an 

importance, it is better to use the ISM bands as in the case of SAW tags. ISM bands allow an 

emission power of 10mW which in turn will increases the read range (as per ETSI as 

explained in the preceding chapter).  

2.2 FEATURES OF THE PROPOSED TAG 

  The frequency signature approach uses quite wide band of frequencies because more 

the band more the number of bits that can be encoded. The limitations of this technique are 

the frequency regulation and also the requirement of specific calibration process in order to 

trace the specific electromagnetic signature [43]. All the existing time domain techniques use 

only single frequency. It is not possible to use several frequencies at a time. Indeed, the 

transmission line used in this case is not highly dispersive and the delay is not a function of 

frequency. Also it is not possible to have another frequency to encode the information. Thus 

the development of tags using dispersive delays lines has an importance while thinking about 

the increase in coding capacity in time domain. Moreover, from the numerous studies we can 

pointed out that, it is interesting to use group delay coding rather than amplitude since it is 

more robust. This is why we stick on group delay encoding by taking the same traditional 

approach of two antennas and instead of long transmission line, a highly compact dispersive 

transmission line (known as C-sections, will be explained in detail)The dispersive property of 

the transmission line allows different spectral component to be arranged in different time. 

Some investigations have already been done in this domain [53-54]. However, the concept of 

time domain tags at different frequencies cannot be seen anywhere. While thinking about the 

technique to increase the coding capacity in time domain, the only solution is to encode at 

different frequencies. Here comes the importance of temporal multi-frequency technique of 

coding. The succeeding chapters explain the encoding at single frequency and also at multi-

frequency using a highly dispersive transmission line sections also known as C-sections. C-

sections are able to produce different delay peaks at different frequencies which are purely 

function of its geometry (length). Each group delay peak can be assigned by a binary code. By 
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changing the length of the C-sections, it is possible to shift the delay peaks and hence to 

encode more number of bits. Thus the proposed tag allows a direct relation between the 

structure of the tag and the code. Moreover, the proposed tag is compatible with ISM 

frequencies which allow the increase in read range with the allowed emission power. In order 

to increase the capacity of encoding of time domain tags, a multi-layer design is also proposed 

in this thesis. It permits a coding capacity of 5.78 bits using single group of folded C-section 

and 12.05 bits using multi-group of C-section in the allowed unlicensed ISM band. It can also 

provide 43.27 bits with UWB regulations. This is significantly large in comparison to the 

existing time domain tags (except SAW), where the coding capacity is 8 bits [14]. 

Thus, this thesis proposes a new family of tags which permits temporal coding in 

multi-frequency [55]. The coding can be done both in frequency and in time. In the case of 

frequency, different group delay variations can be considered for the coding. In time domain, 

the time difference between the reference signal and the delayed signal can be used for the 

encoding. This part will be explained in detail in the succeeding chapters. 

2.3 CONCLUSION 

This chapter explains the recent (after 2005, except the case of SAW) developments in 

the domain chipless RFID. Mainly two kinds of categories can be viewed based on the 

encoding process; time domain tags and frequency domain tags. Time domain tags always use 

narrow pulse to interrogate the system and they cannot operate at multiple frequencies 

simultaneously. This limits their coding capacity. On the other hand, frequency domain tags 

can always operate at multiple frequencies. They use UWB compatible pulse to interrogate 

the system. Usually the time domain tags possess a common structure; always with tag 

antennas and delay lines. On the other hand, in frequency domain tags mainly two kinds of 

categories can be found; structure that owns tag antennas and structure without tag antennas 

(REP). Moreover, frequency domain tags offer the highest capacity of coding bits. Also, it 

offers circuit miniaturization with a compatible size of the credit cards. This chapter also 

proposes the idea of a new family of temporal multi-frequency tag. The proposed tag allows 

the coding in both frequency and in time.  
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CHAPTER THREE 
MICROSTRIP SINGLE GROUP OF C-

SECTIONS AND DELAY BASED ID 
GENERATION 

 

This chapter deals with the design of chipless tag based on the use of single group of 

C-sections. The first part deals with the different delay produced by linear transmission line, 

meandered transmission line, and C-sections. Thereafter, the design of tag prototype (tag 

without antennas; instead with two ports) using single C-section group is explained along 

with the ID generation technique. Furthermore, the transformation of tag prototype into a 

complete chipless tag is explained with the corresponding code. Different time domain 

measurement techniques with and without a reference tag are explained. Finally those results 

are validated experimentally. Measurement using commercially available UWB radar is also 

incorporated. The obtained results confirm the use of the proposed tag for chipless RFID 

applications.  
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MICROSTRIP SINGLE GROUP OF C-
SECTIONS AND DELAY BASED ID 

GENERATION 

3.1 INTRODUCTION 

While considering a practically implementable chipless RFID, several aspects should 

be taken into consideration. The frequency and power regulation by FCC and ETSI is such an 

aspect. Chipless RFID systems must be compatible with these existing standards. In 

frequency domain the only solution to respect these standards while having a broad frequency 

band is to emit short pulses, i.e. using UWB standard (like in UWB radar) [1]. However, the 

allowed power level is very low in this case which leads to a low reading range of the order of 

50 cm [2]. Hence, for the applications where the power level is more important, the only 

solution is to use ISM bands. More power will lead to a larger reading range. An example is 

the SAW (Surface Acoustic Wave) tag developed by RFSAW Inc. [3], in which signal 

reflections occurred from strips printed on the surface of a piezoelectric material at different 

 

Fig.3. 1 : SAW based RFID system operation. Courtesy: www.rfsaw.com 
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distances and the reflected signals with different time separations are used for the encoding as 

shown in Fig. 3.1. The SAW principle is described in the upper portion of Fig. 3.1 where an 

example of a four pulse encoding scheme is shown. The SAW tag response signal given in the 

lower portion of Fig. 3.1 shows an example of a 128 bit tag signal. SAW tag operates at 

2.45 GHz and permits coding of 256 bits, which is comparable with the EPC data standard or 

conventional RFID using an IC chip. This high coding capacity is possible because of the 

slow wave phenomenon in SAW. The SAW tag uses 10 mW of power (as per ETSI 

regulation) which in turn produces a read range greater than 5 m, depending on the sensitivity 

of the reader. However, in this case the frequency band is very limited, but it remains 

compatible with the use of a temporal approach. SAW tags usually uses FMCW radar or 

model 501 reader as the SAW tag reader [4-5]. The time domain tags have a significant 

importance while dealing with the practical measurement techniques. In frequency domain 

approach, the  Radar Cross Section (RCS) of the structure has to be determined using specific, 

and sometimes complex, calibration process in order to extract the tag information contained 

in the electromagnetic signature (presence/absence of peaks) [2,6-8]. Contrary to this, in 

temporal encoding, the information detection is simply based on the time position of the 

reflected pulse [9-10]. This method of detection is less affected by the tag environment [11]. 

At the same time it is easy to isolate the tag from its external environment by performing a 

time domain. However, this can be achieved for frequency domain tags also, provided, an 

additional step of signal processing is necessary to do it. Thus by combing the two preceding 

observations- the use of ISM bands and the robust communication- it was found in practice 

that, the reading range of temporal tags is larger than that of the frequency domain tags. 

Moreover, the easiness in detecting the tag information is also predominant. This explains the 

communication robustness of time domain RFID tags over frequency domain tags and leads 

to the design of time domain tags. In the proposed case, the principle used is with the antennas 

and also with the coding circuit, where the coding circuit is formed by C-sections. In order to 

get an idea about the amount of delay produced by C-section, a comparison between linear 

and meandered transmission line has been done in the succeeding section. Microstrip 

technology is used.  
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3.2 LINEAR MICROSTRIP TRANSMISSION LINES 

Fig.3. 2 shows the general structure of a microstrip transmission line. It consists of a 

conducting strip (microstrip line) with a width W and a thickness t, on the top of a dielectric 

substrate, that has a relative dielectric constant εr and a thickness h, and the bottom of the 

substrate is a ground (conducting) plane [12]. The fields in the microstrip extend within two 

media—air above and dielectric below—so that the structure is inhomogeneous. TEM mode 

is a good approximation and thus for the frequencies in which we are interested (for ex. 

UWB), we can consider that the line is not dispersive. Thus as we will see hereafter, in the 

expression of the delay, there is a relation between the physical size (length) of the line and 

the delay. Thus, the length plays an important role in the delay. The electric and magnetic 

waves in a quasi TEM state are represented in Fig.3. 2.  

Transmission characteristics of microstrips are described by two parameters, namely, 

the effective dielectric constant εre, and characteristic impedance Zc and can be expressed as 

follows [12].  

When W/h≤1: 

εre=
    

 
+
    

 
{     

 

 
             

 

 
  }  (1) 

 

Fig.3. 2 : Structure of a microstrip transmission line. 
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Zc=
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where η=120π ohms is the wave impedance in free space. 

When W/h≥1: 

εre=
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Thus, the phase velocity and propagation constant can be expressed as, 

VP= 
 

 
 =

 

√   
,        (5) 

where c is the velocity of light (c = 3.0 × 10
8
 m/s) in free space.  

The propagation delay can be expressed as a function of length L as: t=L/vp  (6)  

Thus, we see that the propagation delay depends on the geometrical parameters of the line and 

hence the materials used. In all cases, for modifying the delay, the easiest way is to vary the 

length of the transmission line.  

β=
  

  
        (7) 

Dispersion is a phenomenon in which the phase velocity is a function of frequency or 

alternatively the group velocity depends on the frequency. There is dispersion in microstrip so 

that the effective dielectric constant εre is a function of frequency and can in general be 

defined as the frequency dependent effective dielectric constant εre (f). To take into account of 

the effect of dispersion, the formula for εre  reported in eq. (1) and (3) can be rewritten as 

explained in the Appendix II, 

The delay produced by a linear dispersive transmission line can be obtained as, 

Time t(f)=L/v(f)      (8) 

where L is the length of the transmission line and V is the velocity of light in free 

space.  Here, contrary to eq.(6), the delay is dependent on the frequency. 
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From eq. (5), we can write v as v=1/√      (9) 

From eq. (9) it is clear that when the permittivity increases, v decreases. It can be found 

from (6) that a decrease in v(f) increases the time delay. Thus, an increased permittivity can 

increase the delay. Moreover, it is a common fact that the wave takes more time to propagate 

in a medium with permittivity εr, than in free space. For example, in order to produce 1 ns of 

delay in free space, a transmission line with 30 cm length is needed using eq. (6)). In order to 

calculate the delay produced by a linear transmission line, simulation has been done. The 

substrate was chosen as Rogers R4003 with permittivity of 3.55 and tangent loss of 0.0027. 

CST microwave Studio 2011 was used as EM solver throughout this thesis. The details of 

how this simulation tool is used are explained in the Appendix I. 

In order to produce 1 ns of delay, a transmission line with length of 19 cm is needed. 

Fig.3. 3 (a) and (b) shows the corresponding S-parameter and delay produced by a linear 

transmission line with a length of 19 cm. This group delay is calculated by taking the negative 

derivative of transmission phase with respect to angular frequency. Thus for a given phase Ф, 

the group delay will be τ=
  

  
, where Ф is the transmission phase and ω is the angular 

 

(a)          (b) 

Fig.3. 3 : Simulated S-parameter and delay produced by a linear transmission line. a)S-

parameter b) corresponding group delay for 50 Ω line impedance (at 1.8 GHz). 

Theoretical delay as per eq. (6) is 1.02 ns. LTotal=19 cm,w=1.7mm,εr= 3.55, tanδ=0.0027, 

h=0.8 mm.  
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frequency. We can observe that the behavior is less dispersive. It produces same delay all over 

the frequency band. Thus, it is clear that we cannot use linear transmission line for producing 

delay which is independent of the frequency. The only solution to produce a significant 

amount of delay independent of frequency is to use dispersive lines, which can be realized 

using C-sections. C-sections make use of the coupling effect to produce a large amount of 

delay.  

3.3 MEANDERED MICROSTRIP TRANSMISSION LINES 

 A transmission line with length LTotal = 19 cm is too large to produce the delay of the 

order of 1ns and hence cannot be used for coding the information. Hence a technique of 

miniaturization should be used. Transmission lines are usually meandered in order to provide 

miniaturization. However these lines cannot be used to produce large amount of delay. There 

are rules to define the gap between each meander lines. In this case, contrary to what we will 

see later, the meanders are designed not to get coupling between the arms of the line so as to 

remain as much as possible on the electrical characteristic of the straight line. The key 

parameters of a meandered transmission line are the meandered length (Ml), meandered width 

(Mw) and the bend type used [13]. A meandered transmission line can be considered as a 

 

Fig.3. 4 : Structure of a periodic meandered transmission line along with various 

design parameters.  
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collection of different transmission line segments connected in series. The length of each 

transmission line segment is known as the length Ml, while the gap between each segment is 

known as the meandered width Mw of the transmission line.  

According to the rule of thumb in meandered transmission line design, the meandering 

length Ml should be smaller than the quarter wavelength of the signal wave (λ/4) and the 

separation Mw should be more than twice of the transmission line width (w). Fig.3. 4 shows 

the structure of a meandered transmission line [13].  

A simulation has been done with the meandered transmission line as a two port network. 

The aim was to produce the same amount of delay (1 ns) as in the case of linear transmission 

line, to have a better comparison. The substrate used was Rogers R4003 with a permittivity of 

3.55 and a thickness of 0.8 mm (as in the previous case). The meander length Ml is chosen as 

35 mm and the corresponding S-parameter and group delay have been calculated. The total 

length of the meandered transmission line (LTotal) is 20 cm. Fig.3. 5(a) and (b) shows the 

results obtained. The group delay of the linear transmission line is compared with the 

meandered transmission line. For a meandered transmission line, the total surface area needed 

to produce the same amount of group delay as in the case of linear transmission line is 

45.2X42 mm
2
. For a linear transmission line it was 9.5X 190 mm

2
. It is clear that in order to 

 

(a)          (b) 

Fig.3. 5 : Simulated S-parameter and delay produced by a meandered transmission line. a) 

S-parameter, b) corresponding group delay in comparison with linear transmission line for 

50 Ω line impedance (at 1.8 GHz) and four meanders. Ml= 35 mm, Mw= 5 mm, w= 1.7 mm, 

LTotal=20 cm, εr=3.55, tanδ=0.0027,h=0.8 mm. 
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produce an equal amount of delay the surface area required by a meandered transmission line 

is less in comparison to a linear transmission line.  

Thus, we have observed a small coupling which shows that the line is slightly dispersive. 

However, it is not enough to produce larger amount of group delays. C-sections can be used 

for this purpose. However, there is no significant variation in terms of transmission line length 

was observed. In order to produce a good miniaturization in terms of electrical length and 

total surface area, coupled lines can be used (C-sections). Moreover, C-sections are dispersive 

lines which enable them to use different groups to produce different delays at different 

frequencies.    

3.4 C-SECTIONS   

 C-sections can be created by shorting the alternative ends of a coupled transmission line [14-

16] as shown in Fig.3. 6(a). Contrary to the meandered transmission line, C-sections make use 

of the coupling effect between each transmission line sections to produce the delay. A tight 

 

(a)          (b) 

Fig.3. 6 : Structure of single and two cascaded C-section, and the periodic delay 

produced by C-section. a) C-section with its design parameters b) corresponding 

periodic group delay for 50 Ω line impedance (at 1.8 GHz). Single C-section is simulated 

here. l= 28 mm, w=w’=1.7mm, g=0.1 mm,  εr= 3.55, tanδ=0.0027, h=0.8 mm.  
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coupling implies a large group delay. The group delay will be always periodic with each 

period occur at the odd multiple of frequency as shown in Fig.3. 6 (b). Fig.3. 7(a) shows the 

simulated S-parameters and Fig.3. 7(b) shows the comparison of delay produced by linear and 

meandered transmission line along with C-sections.  

 

 

 

 

 

 

 

 

 

(a)          (b) 

Fig.3. 7  : Simulated S-parameter and delay produced by two C-sections. a) S-parameter 

b) comparison of delay produced by linear, meandered transmission lines along with C-

section for a 50 Ω impedance line (at 1.8 GHz). Two C-sections are simulated here to 

produce 1 ns delay. l=28 mm, w=w’=1.7 mm, g=0.1 mm, εr= 3.55, tanδ=0.0027, h=0.8 

mm.  
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Table 3. 1 shows the comparison of different parameters of linear transmission line, 

meandered transmission line and C-section to produce an equivalent amount of delay. The C-

section will produce a maximum delay at a single frequency due to its dispersive behavior. 

 

Fig.3. 8 : Parametric study (simulation) explains the value of group delay a) for different gap ‘g’ 

for single C-section. The group delay curve is periodic; b) l=21 mm, w’=w=0.7 mm; εr=3.55, 

tanδ=0.0027, h=0.8 mm.  

Table 3. 1 : Comparison between the dimensions of linear transmission line, Meandered 

line and C-sections to produce the same amount of delay.  

  Ltotal 

(mm) 

Mw or g (mm) Total 

dimension 

(mm
2
) 

Linear 

transmission 

line 

 190 - 9.5X190 

Meandered 

line 

 200.8 5 45.2X42 

C-section  118.3 0.1 12X27 

Ltotal 

Ltotal 

Mw 

Ltotal 

g 
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A parametric study has been done and it has been found that the group delay increases 

with decrease in the width and gap in the C-sections. Decreasing the gap will also make the 

group delay curve narrower. Fig.3. 8 shows the simulated group delay variation for different 

values of gap ‗g‘ for single C-section. It is evident from the simulation study that the group 

delay is larger for smaller value of gap g since the coupling between lines increases with a 

decrease in the gap. As shown in Fig.3. 8, the group delay peaks are periodic in nature with 

each peak occur almost at nλg/4, where n=1,3,5 etc., of the fundamental frequency. For a 

given length l, the frequency at which the group delay peaks appear for a single C-section will 

be,  

 F(li)≈ c/(4 li (εreff)
1/2

),   (10) 

where c=3x10
8
 m/s and εreff is the effective permittivity of the microstrip line which can be 

calculated using the eq. (1). This expression is used in the preliminary design. The lengths are 

further optimized by simulation. However, in order to have an idea of the system design, this 

expression is included here. In fact, the behavior here is similar to that of a microstrip coupler 

where the maximum coupling occurs under the same conditions. 

 

Fig.3. 9 : A typical backward wave directional coupler.  

s 
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The coupling coefficient k between each line has been simulated using Ansoft Planar EM. For 

this purpose the C-sections have been considered as a coupled line as shown in Fig.3. 9. The 

coupler shown in Fig.3. 9 is also known as a backward wave directional coupler.  

Two important factors that determine a directional coupler are coupling and directivity.  

           Coupling (dB) =     
  

  
 (11) 

Directivity (dB) =     
  

  
 (12) 

where P1 is the power input at port 1 and P3 and P4 are power outputs at port 3 and port 4, 

respectively. There will not be any power at port 4 in an ideal case. However, in practice, a 

small amount of power is always coupled to this port. If the coupling and directivity are 

known, the isolation of the coupling can be determined using the following equation [17].  

Isolation (dB) =     
  

  
 or Isolation (dB) = Coupling (dB) + Directivity (dB) (13) 

 

The scattering parameters of the network can be defined as 
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where θ=βl denotes the electrical length of the coupler and k is the coupling co-efficient 

which is given by  

k=
       

       
.  (14) , where Z0e is the even mode impedance and Z0o is the odd mode 

impedance and is defined in the Appendix II. 

The maximum amount of coupling occurs when θ=βl=π/2 radians or l=π/2β=λg/4. 
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The coupling coefficient of the coupler is calculated using the eq. (14) as shown in 

Fig.3. 10, where even and odd mode impedances were obtained from simulation. Further, a 

typical coupler has been designed using Ansoft Designer and the coupling coefficient k has 

 

Fig.3. 10 : Simulated and theoretically calculated coupling co-efficient k, at f=λg/4, as a 

function of gap s. l=21 mm, w=w’=0.7 mm ;  εr=3.55, tanδ=0.0027, h=0.8 mm. “Theory” 

represents k calculated using eq.(14).  

 

(a)          (b) 

Fig.3. 11 : Parametric study explains the value of group delay for different, a) length l for a 

step size of 1mm and b) permittivity εr. for a step size of 0.1 Two C-sections are simulated. 

g=0.1 mm, w’=w=0.7 mm; εr=3.55, tanδ=0.0027, h=0.8 mm.  
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been determined from the S-parameters (precisely S12) by substituting θ= π/2 in the S-matrix. 

Fig.3. 10 shows the comparison between calculated and simulated k, as a function of gap s. It 

is clear from the figure that the coupling coefficient increases for a small gap which in turn 

enhances the group delay. 

Group delay increases with an increase in length and permittivity with a shift in 

frequency towards the lower region and will makes more frequency selective peaks. Fig.3. 

11(a) and (b) shows the variation of group delay as a function of length and permittivity 

respectively.  

The width of the transmission line w and the gap width w‘ also have their own 

influence in group delay. The parametric study reveals that a decrease in width will increase 

the group delay.  Fig.3. 12(a) shows the variation of group delay as a function of width w. The 

gap width w‘ has less influence on group delay as shown in Fig.3. 12(b). However the gap 

width can be chosen as the same as the width w in order to reduce the unwanted reflections 

due to mismatching, while using the tag in the backscattering measurement. In short, using C-

sections it is possible to have a significant amount of group delay (3 ns using 10 C-sections). 

 

(a)          (b) 

Fig.3. 12 : Parametric study explains the value of group delay for different a) width w 

and b) gap width w’. The step size is 0.1 mm. Two C-sections are simulated. g=0.1 mm, 

l=21 mm; εr=3.55, tanδ=0.0027, h=0.8 mm.  
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We have also seen in Table 3. 1 that, contrary to linear or meandered transmission 

line, C-sections miniaturizes the circuit size. It can be as compact as credit card and hence can 

be used in the chipless RFID applications to code the information. Moreover, the dispersive 

characteristics make possible the coding of the information at different frequencies.  

3.5 CASCADED SINGLE GROUP OF C-SECTIONS 

3.5.1 PROTOTYPE DESIGN 

Thus considering the different aspects of parametric study, the design parameters of the 

C-section have been determined and a prototype of the tag is designed as shown in Fig.3. 13. 

Prototype is a term used to define the tag without antennas, i.e. tag when acts as a two port 

network as shown in Fig.3. 13. 

Rogers 4003 is used as the substrate with a permittivity of 3.55 and tangent loss of 

0.0027. The height of the substrate is 0.8 mm. Rogers were chosen instead of the low cost FR-

4 substrate because of its low tangent loss which can enhance the backscattering 

characteristics of the tag. It was found in [14] that high tangent loss significantly reduces the 

amplitude of the tag modes which will explain in the succeeding section.  

The structure of a single C-section and two C-sections cascaded together can be seen 

in Fig.3. 6 (a). In the same manner, ten consecutive C-sections with equal lengths have been 

 

Fig.3. 13 : Prototype of the tag with one group of 10 C-section; g=0.1 mm, w
’
 = w = 

0.7 mm, l3=13.8 mm; εr=3.55, tanδ=0.0027, h=0.8 mm.  
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cascaded here as shown in Fig.3. 13. This was to increase the group delay. It was found in 

simulation that decreasing the width increases the group delay, so that the width has been 

optimized to 0.7 mm which corresponds to the characteristic impedance of 82 Ὼ. 

Additionally, it is not necessary to design the width for 50 Ὼ; instead the width can be 

designed to match with the input impedance of the antenna. The gap g has been assigned a 

value of 0.1 mm to provide tight coupling between the C-sections. As already explained 

decreasing the gap increases the group delay. However, due to fabrication accuracy the gap is 

limited to 0.1 mm and the number of C-sections was increased in order to have a significant 

delay. Also the gap‘s width w’ is made equal to 0.7 mm to avoid any unwanted reflections due 

to impedance mismatch while integrating to the tag antennas. These design parameters are 

kept as constant and only the length l of the C-sections has been changed for designing 

various tag configurations.  

In order to have a preliminary study, the prototype of the C-section is considered first. 

Here the group delay produced is simply due to the particular length of the C-section. The 

principle of encoding of such a prototype will be explained in the succeeding section. Further, 

two cross-polarized antennas have been added to the two ports of the prototype in order to 

convert into a chipless tag. In this case, the conception of antennas, problems of adaptation, 

and finally the group delay introduced by tag antennas has been treated.   

3.5.2 PRINCIPLE OF PROTOTYPE ENCODING 

Fig.3. 14 shows an example of principle of encoding of C-section prototype. In this case 

the simulation results represented in Fig.3. 11(a) has been considered and just the lengths are 

varied between l1-lk. Different combinations of prototypes can be designed by decreasing the 

length by a factor of ∆li, where i=1,2,…k, from the reference length. Let l1 be considered as 

the reference length (maximum length considered) corresponding to the frequency f (l1). It 

will produce a periodic group delay Gd (l1) which will be maximum at f(l1) as shown in Fig. 

Fig.3. 14(b).  

In time domain, it can be seen that the corresponding frequency component is shifted 

by the same amount Gd (l1), from the reference as shown in Fig.3. 14(c). This time domain 

response is obtained by applying a numerical filter at f(l1) on the signal that passes through 

the C-sections and obtained at the other end. The reference signal in this case is the input 
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signal filtered at f (l1). The frequency f (l1) is considered as the operating frequency of the C-

sections. The amount of group delay Gd (l1-∆li) at f (l1) is calculated each time. The delay 

produced by each length represents a binary code. In this case k is chosen as 8 and thus in 

total 8 different lengths are considered which in turn corresponds to 3-bit code. 

3.5.3 SIMUATION STUDY 

Simulation has been done for the given prototype as a two port network (see Fig.3. 13) as 

explained in the Appendix. Group delay has been calculated for the given prototype as a 

function of frequency. The group delay can be calculated by taking the negative derivative of 

transmission phase with respect to angular frequency. Thus for a given phase Ф, the group 

delay will be τ=
  

  
, where Ф is the transmission phase and ω is the angular frequency.  

Fig.3. 15 shows the group delay calculated for different values of length l (corresponds to 

Fig.3. 14 (b)). As explained in the operating principle, from Fig.3. 15 it is clear that for each 

length, a delay is possible. Hence it allows a single frequency with different delay variations 

which in turn permits to encode different bits.  

 

(a)     (b)     (c) 

Fig.3. 14: Principle of encoding for cascaded commensurate C-sections. a) Prototype (for 

simplicity, only one C-sections is represented). b) Group delay Vs frequency response. c) 

Corresponding time domain response for the spectral component at f(l1).  
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 Time domain simulations were also done for the two port network (see Fig.3. 13), as per the 

operating principle (corresponds to Fig.3. 14(c)). A Gaussian signal modulated at a carrier 

frequency of f(l1) is used as the input signal i(t). 

 

Fig.3. 15 : Simulated group delay for different values of lengths of 10 C-sections given in 

the previous figure. All units are in mm; g=0.1, w
’
 = w = 0.7, l3=13.8; εr=3.55, 

tanδ=0.0027, h=0.8.  

 

Fig.3. 16 : Simulated time delay for different values of lengths of C-section with a 

Gaussian modulated signal at f(l1)=3.5GHz as the input signal. All units are in mm; 

l5=13.1, l6=12.8, l8=11 ,g=0.1, w
’
 = w = 0.7, l3=13.8; εr=3.55, tanδ=0.0027, h=0.8.  
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(
   

   
)
                 (15) 

, where tv is the time domain parameter which consider the bandwidth of the signal 

(BW=0.15). The delayed output signal at the output port is used to calculate the time delay as 

shown in Fig.3. 16. The time difference between the input and output peaks has been 

calculated.  

It is found that this time shift is exactly equal to the group delay that we have calculated in the 

group delay-frequency curve (Fig.3. 15). Here the difference is that the input signal used in 

CST is the signal generated using eq.(20). Fig.3. 15 is generated using the excitation provided 

Table 3. 2: Comparison between simulation delays (CST) produced in frequency domain 

and time domain (extracted from Fig.3. 15 and Fig.3. 16). 

ln(C) ;n=1-8 

(mm) 

GD(C-section) in frequency 

domain (Fig. 3.15)(ns 

GD(C-section) in time domain 

(Fig. 3.16)(ns) 

14.9 5.32 5.3 

14.1 4.5 4.5 

13.8 4 4 

13.5 3.49 3.48 

13.1 3 3.01 

12.8 2.55 2.56 

12.4 2.19 2.19 

11 1.24 1.23 
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by CST which corresponds to a Gaussian signal that covers the frequency band of interest. 

Table 3.2 shows the comparison of delays produced in frequency domain and time domain. 

3.5.4 MEASUREMENT 

 In order to prove the encoding of 3 bits, eight tag configurations have been realized by 

varying the length l1 of the C-section. The tag prototype i.e. tags without antennas was 

measured separately (see Fig.3. 13). The two ports of the prototype have been connected to 

the Vector Network Analyzer (VNA HP 8570D). Fig.3. 17 shows the simulated and measured 

group delay response with respect to frequency for three different prototypes. The 

corresponding group delay at f (l1) =3.5 GHz is marked in the figure.  

 For time domain experimental validation, an impulse of 80 ps width has been 

generated using Picosecond Pulse Labs-Model 3500 and used as the input to the structure. 

The delayed spectrum for the reference prototype has been measured by using the Agilent 

Digital Oscilloscope DSO91204A. Numerical filter in MATLAB has been applied in order to 

extract the spectral component at f (l1) = 3.5 GHz. For this purpose, the MATLAB function 

Butterworth filter with third order and lower cutoff frequency as 3.4 GHz and upper cutoff 

 

Fig.3. 17 : Simulated and measured (measurement using VNA)group delay for single group 

of 10 C-section as a 2-port network (see Fig.3. 13); l5=13.1 mm, l6=12.8 mm, l8=11 mm, 

g=0.1 mm, w’=w=0.7 mm; εr=3.55, tanδ=0.0027, h=0.8 mm.  
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frequency as 3.6 GHz is used. Finally signal envelope has been taken using the ‗Hilbert‘ 

MATLAB function to determine the time difference between the input signal and delayed 

output signal at f (l1). This process will be explained in the succeeding section of information 

separation part. Fig.3. 18 shows the obtained time domain response. Six other combinations of 

the prototype were also measured to verify the characteristics.  

 

Here, the same excitation signal used for the measurement (signal generated by the 

pulse generator) is used as the input for the simulation. This is why reference signals for both 

simulation and measurement are superimposed. Simulation was also done using a UWB 

compatible pulse and the same results were obtained.  

 

Fig.3. 18 : Simulated (solid line) and Measured (dashed line) time delay for single group 

of 10 C-section as a 2-port network; The reference signals are superimposed. l5 

=13.1 mm, l6=12.8 mm, l8=11 mm, g=0.1 mm, w’=w=0.7 mm; εr=3.55, tanδ=0.0027, 

h=0.8 mm.  
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3.6 TRANSFORMATION OF PROTOTYPE INTO A CHIPLESS TAG 

The prototype can be transformed into a chipless tag by adding receiving and 

transmitting antennas at the two ports of the prototype as shown in Fig.3. 19. This is just a 

schematic representation. The structure of the tag will be explained in the succeeding parts. 

In this work, a monopole disc UWB antenna has been used as the tag antenna since it 

can operate in the desired frequencies [6]. Moreover, it has an omnidirectional radiation 

pattern which allows exciting even from the back side of the tag which is not the case of a 

simple patch antenna. As we already explained in the introduction, while considering the 

regulation imposed by FCC and ETSI, there are mainly three possibilities: 1) either works on 

the narrow bands (ISM bands); in this case we can take the advantage of multi-layer C-section 

which will be explained in the chapter 5. In this case, a dual band antenna can be used (2.45 

and 5.8 GHz). Or 2) works on UWB band where a broadband antenna can be used as the tag 

antenna. In this work, even though the operating frequencies of the tags are limited to one or 

more narrow bands, it was preferred to use broadband antenna in order to illustrate the 

frequency versatile characteristics of these tags. 

The tag antennas are cross polarized in order to reduce the interference between the 

interrogation signal and the backscattered signal which contains the tag information. Indeed, 

 

Fig.3. 19 : Process of transformation of tag prototype into a chipless tag by adding UWB 

antennas at the two port of the tag prototype.  
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most of the objects will reflect back the signals in the same direction of the signal emitted. In 

this case, while labeling the tags, the reflections from any of the objects at a particular 

distance and hence a particular time may interfere with the tag information. A cross-

polarization can avoid these problems. This is the reason why cross polarized antennas are 

used here. Indeed, a single antenna can also be envisaged. A circularly polarized antenna with 

a matched load at the end of the C-section will cause the signal to travel through the C-section 

two times. The principle advantage in such a case is the size reductions. Even though it 

improves the delay, the amplitude of the back scattered response of the C-section (tag mode) 

will be very low to detect. This is the reason why two cross polarized antennas have been 

used here in a more practical point of view [6]. 

3.7 ULTRA WIDEBAND ANTENNA 

In February 14, 2002, the Federal Communications Commission (FCC) of the United 

States adopted the first report and order that permitted the commercial operation of ultra 

wideband (UWB) technology [18]. Since then, UWB technology has been regarded as one of 

the most promising wireless technologies that promises to revolutionize high data rate 

transmission and enables the personal area networking industry leading to new innovations 

and greater quality of services to the end users. Ultra-wideband (UWB) communication 

systems have the promise of very high bandwidth, reduced fading from multipath, and low 

power requirements [6, 19]. In recent years, the circular disc monopole antenna has attracted 

considerable research interest due to its simple structure and UWB characteristics with nearly 

omni-directional radiation patterns [20-21].The parameters of the antenna have been 

optimized to satisfy the matching conditions and the operating frequency with the C-sections 

in particular. The width is kept as 0.7 mm to provide impedance matching with the C-section. 

Fig.3. 20 (a) & (b) respectively show the structure of the UWB antenna along with its 

response. The group delays of the tag antennas have been simulated separately. 
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(a)          (b) 

Fig.3. 20 : Structure of the UWB antenna and the simulated S11. a) Antenna layout, b) 

simulated S parameter. The UWB band is marked in between the dotted blue lines 

w=0.7 mm, Lgnd=45.3 mm, Wgnd=14.97 mm; εr=3.55, tanδ=0.0027, h=0.8 mm.  

 

(a)        (b) 
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Fig.3.21(a) & (b) represent the co and cross  polarized simulated radiation pattern of the 

antenna presented in Fig.3. 20, in the E-plane at 3.5 GHz. Corresponding pattern in the H-

pane can be seen in Fig. 3.21 (c) and (d) 

The group delays of the antennas have also been simulated. To do so, the antennas 

have been excited using waveguide port which is kept at the feed-line and far-field probes 

(probes in CST which can be positioned outside the computation domain to record the 

electromagnetic far field) are placed at a distance greater than the far-field distance, R [22] as 

shown in Fig.3. 22 (a). Group delay of the transmission phase has been calculated by 

considering the phase of the signal emitted by the antenna, (see the port represented in Fig.3. 

22 (a)) and collected at the far-field probe. From the values obtained, the delay between the 

antenna and the probe, i.e. R / c has been subtracted. This was to obtain the value of group 

delay produced by the two antennas (vertical and horizontal antennas, see Fig.3. 19). Fig.3. 

22(b) shows the simulated group delays of the horizontal and vertical UWB antennas. 

 

 

(c)                                                                   (d) 

Fig.3. 21 : Simulated radiation pattern of the disc monopole antennas in the E-plane and 

in H-plane. a) Co-polarized form in E-plane, b) cross polarized pattern in E-plane, c) 

Co-polarized pattern in H-plane, d) cross polarized form in H-plane. 
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    Here what we are measuring is the time difference between the reference signal and 

the delayed signal due to C-sections. The reference signal here is the signal reflected directly 

from the tag and in literature we will call it as a structural mode. The two backscattering 

modes of the antenna can be seen in the next part. 

In the literature, different formulations can be noticed for a field scattered by an antenna 

connected to a load [23-24]. This field can be expressed as the sum of two modes: 

 Structural mode: It occurs at the physical surface of the antenna due to the current 

produced on the antenna while an electromagnetic wave is incident on it. 

 Antenna mode: it is due to the presence of the load. A part of the signal captured by 

the antenna is guided to the load and reflected on it and re-radiated by the antenna. 

Here the two tag antennas are terminated with C-sections and hence the corresponding 

antenna mode, also called as tag mode, will be the signal guided through the C-section and re-

 

(a)          (b) 

Fig.3. 22 : Simulated model of antenna in order to calculate the group delay. a) Antenna 

model along with the far-field probe. b) Simulated group delays. w=0.7 mm; εr=3.55, 

tanδ=0.0027, h=0.8 mm.  
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emitted by the second tag antenna. Now, we are interested in the group delay produced by the 

tag (can be de-composed into the delay produced by each antenna and the C-section), which 

can be calculated by the time difference between structural mode and tag mode.  

While integrating the antennas to the C-sections, it was found that the antennas modify the 

total group delay of the tag. In this case, we were able to determine that the total group delay 

is the sum of group delays produced by the C-sections and the two tag antennas. In all cases it 

is not a problem. In the measurement, even though the delay produced by the antenna is not 

known (it will be always constant), it will not affect the coding since coding depends purely 

on the length of the C-section. We have determined the delays produced by antennas just to 

make sure that the signals reflected by each tag is temporarily well shifted as a function of the 

length of C-section. From Fig.3. 22 (b), the value of group delay at 3.5 GHz can be calculated. 

For vertically polarized antenna the delay (Delay VA3.5GHz) was found to be 0.57 ns and for 

horizontally polarized antenna the delay (Delay HA3.5GHz) was found to be 0.46 ns.  

3.8 CHIPLSS TAG CONSISTS OF SINGLE GROUP OF C-SECTIONS:      

SIMULATION STUDY 

 As already explained, the chipless tag consists of two cross polarized UWB tag antennas 

and the C-sections. A time domain simulation has been done using the plane wave as an 

excitation source. An impulse signal can be used as the excitation signal (same as the practical 

case). However, in this study a Gaussian signal modulated at carrier frequency of f(l1) is used 

as the excitation signal as explained earlier, which permits the visualization of both structural 

mode and tag modes and hence the delay, without filtering. Throughout this thesis, the 

backscattered signal is the signal which guided through the C-section and re-transmitted by 

the tag transmitting antenna. Two far-field probes with a polarization same as that of the tag 

antennas have been placed at a far-filed distance R, where R≥2d
2
/λ; d is the largest possible 

dimension of the antenna. Fig.3. 23 (a) shows the structure of the chipless tag and Fig.3. 23 

(b) shows the simulation model.  
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Simulation has been done for different tags by varying the length of the C-section. As already 

explained, as a proof of concept, 3 bit coding is explained in this work. Three bit coding can 

 

(a)          (b) 

Fig.3. 23 : Structure of the chipless tag with simulation model. a) Tag layout with 

different design parameters; R=13 mm, w=0.7 mm, Lgnd=70 mm, Wgnd=34 mm. b) 

Simulation model with a plane wave as an excitation signal.  

 

 

Fig.3. 24 : Simulated backscattered signals of different tags (one tag is represented in 

Fig.3. 23) collected at the horizontally oriented probe for different lengths of C-section.  
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be realized with 8 different tags, each tag with different length. Backscattered signal can be 

collected at the far-field probe (as explained in the Appendix). Fig.3. 24 shows the 

backscattered signal collected at the horizontally oriented probe (output) for different lengths 

of C-section. 

As shown in the figure and also as explained previously, the backscattered signal 

consists of two components, the structural mode, and the tag mode. As mentioned, the time 

delay between the structural mode and tag mode is used for encoding. Table 3. 3 shows the 

simulated delays obtained along with different binary codes. The first column corresponds to 

different lengths of C-section. The second column corresponds to different delays obtained 

when the C-section acts as a two-port network (see Fig.3. 15 and Fig.3. 16). Third column 

corresponds to the calculated delay. It is the delay determined by adding the delay produced 

by C-sections and two cross polarized antennas at f(l1). Fourth column corresponds to the 

delay obtained by taking the time difference between the structural and tag modes (see Fig.3. 

24) in the case of a complete chipless tag. And final column is the assigned binary code. 

For this study, the lengths of the C-sections are chosen in order to have a minimum 

delay difference of 0.5 ns between each combination. This value can easily detect practically 

using an oscilloscope. However, in the Table 3, a small amount of mismatch can be observed 

(7 % of error) which may be due to the error in the modelization of the antennas in order to 

calculate the group delay.   
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3.9 FABRICATED CHIPLESS TAGS 

Different combinations of tags were fabricated in Rogers 4003 substrate. As already 

said this substrate has very less loss tangent which is of the order 0.0027 and permittivity of 

3.55. The height of the substrate is 0.8 mm. Fig.3. 25 (a) & (b) shows the fabricated reference 

tag and chipless tag respectively. What we will call as the ―reference tag‖ is made by short 

Table 3. 3 : Chipless tags : comparison between the simulated and calculated delay 

DelayVA3.5GHz+DelayHA3.5GHz= 0.57 ns + 0.46 ns =1.03 ns 

ln(C) 

; 

n=1-8 

(mm) 

Delay(C-

section) (ns) 

Simulation as 

2-port network 

Delay tag (Delay 

Antennas+ Delay C-section) 

Calc. ∆t (ns) 

Delay tag (∆t between 

two modes) 

Sim. ∆t 

(ns) 

Binary 

Code 

14.9 5.32 6.35 7.1 000 

14.1 4.5 5.53 6 001 

13.8 4 5.03 5.3 010 

13.5 3.49 4.52 4.7 011 

13.1 3 4.03 4 100 

12.8 2.55 3.58 3.37 101 

12.4 2.19 3.22 2.7 110 

11 1.24 2.43 1.93 111 



81 CHAPTER THREE MICROSTRIP SINGLE GROUP OF C-SECTIONS 

 

GRENOBLE-INP LCIS-ORSYS R.S.NAIR 

circuiting the two cross polarized antennas each other (Fig.3. 25 (a)). Measurement has been 

done using these tags. Different time domain measurement techniques were used which will 

be explained in the succeeding section. 

3.10 TIME DOMAIN MEASUREMENT TECHNIQUES 

The time domain measurement set-up is explained in the Appendix. Homemade Lab software 

is used to pilot the DSO. Fig.3. 26 represents the set-up used. The specification of DSO and 

 

(a)          (b) 

Fig.3. 25 : The reference tag and chipless tag used. a) Reference tag. b) Chipless tag 

with 10 C-sections; bottom ground plane is marked as dashed lines. Wgnd=70 mm, L= 

79.1 mm, w=0.7 mm.  

 

Fig.3. 26 : Time domain measurement set-up.  
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the picosecond pulse generator used is explained in the Appendix I. Both dual polarized and 

two single polarized horn antennas (oriented 90° each other) were used in the measurement to 

prove the robustness of the tag with different reader antenna conditions. The distance R 

between tag and the horn antennas were set as 1.2 m for the measurement explained in this 

chapter. The backscattered signal is a temporally delayed signal.  

The most challenging part of the backscattering measurement is the information 

separation (delay produced by the tag), especially when the delay due to the environment has 

a predominant effect along with the delay produced by the tag. In the following part, two 

kinds of techniques can be seen for validating the concept. Fig.3. 27 explains the procedures 

carried out. An empty room (without tag) measurement has been conducted throughout the 

backscattering measurement explained in this thesis except for the measurement with 

reference tag. The reference tag is used to get directly the delay induced by the C section and 

to compare the measurements with the prototype (without tag antennas). A background 

subtraction of the empty room response can eliminate most of the unwanted contributions 

from the nearby objects cables and antenna coupling, assuming that they are constant.   

Two techniques were used. Former technique explains (Part A in Fig.3. 27) the de-

embedding with a reference tag (de-embedding tag). This was to eliminate the delay produced 

by the tag antennas and to validate the delay produced by C-sections. In this case, it was noted 

that the delay produced is the same as the delay produced by the C-sections while it is acting 

as a 2-port network. Latter proves the efficiency of time domain encoding in information 

separation, without using a reference tag (Part B in Fig.3. 27). In this case a time windowing 

has a significant importance. A time windowing can eliminate the coupling due to the reader 

antennas. Once the time windowing is performed, continuous wavelet transform or filtering 

can be used to extract the information at the frequency of interest.  
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3.10.1 De-embedding with tag antennas 

To overcome the distortions created by the tag antenna and also by the whole environment 

of the tag (coupling of antennas, the presence of support, cable length etc.), we have used a 

reference tag in which the C-sections are replaced by a transmission line section as shown in 

Fig.3. 25 (a). The antennas used here are the same antennas used in the real tag. The length of 

this transmission line is equal to the length L as shown in Fig.3. 25 (b) for the tag with C-

sections. Fig.3. 28 shows the above formulated conclusion. As we already explained, the 

backscattered signal from the horizontally polarized tag transmitting antenna consists of 

structural mode and tag mode. The time ∆t between these two modes is given by, 

 

 

Fig.3. 27 : The process of information separation.  
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∆t= Delay tag = Delay HA +Delay C-section +Delay VA+ Delay CA   (16) 

 where Delay HA is the delay produced by the horizontally polarized tag antenna and Delay VA 

is that of the vertically polarized tag antenna. Delay C-section is the corresponding delay 

produced by the C-sections. Delay CA is due to the coupling effect with the reader antenna, 

which is very weak (will show this feature in the following section) and hence one can 

consider the total delay as the sum of the first three parameters.  

Another interesting fact to be noticed here is the time T, at which structural mode 

starts in comparison to the excitation signal. It has been defined by the equation T=2R/c, 

where R is the distance between tag and reader and c is the speed of light. This time has a 

greater importance when the tags are used for localization applications. By determining the 

time T, the distance at which the tag is placed can be calculated or vice versa.  

As explained in Fig.3. 27, for de-embedding, the response of the reference tag has 

been subtracted from each of the chipless tag response, which in turn gives the response of the 

C-section without antennas. This response also consists of structural mode and tag mode and 

the time between the two modes is given by, 

 

Fig.3. 28 : Principle used to extract the group delay and hence the tag information which 

contains antennas.  

Delay C-section Delay HA 

Delay tag 

Delay VA 
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∆t= Delay C-section.   

Since the tag is designed for a single frequency f (l1), the corresponding tag response can be 

determined by numerical filtering in MATLAB or via wavelet transform as explained in [25]. 

3.10.2 Information separation without reference tag 

As already said, the time domain technique has a predominant role in the information 

separation since it can be done without an additional reference tag. A background subtraction 

of the empty room response can eliminate most of the unwanted contributions from the 

nearby objects cables and antenna coupling, assuming that they are constant. Other parasitic 

effects can be again eliminated by an averaging and also by an efficient time windowing in 

the post signal treatment process. Time windowing is interesting in practice since it can be 

used to extract the tag information directly without the use of a reference tag. Thus, it reduces 

the need for reference tag measurement taking place with each tag combinations [2]. It has 

been found that when the distance between the tag and reader antenna increases, the time 

between the coupling signal (signal between the antennas) to the reader antenna and the 

structural mode increases. It is in accordance with the already defined equation T=2R/c. The 

rising edge of the window can be determined from this equation while the trailing edge can be 

determined by an optimization process, assuming that most of the decaying part of the signal 

is noise. Also knowledge about the total time response of the tag can also help to fix the 

trailing edge. So in practice we use both edges in order to increase the robustness of the 

measurement. 

3.11 CASCADED SINGLE GROUP OF C-SECTION: MEASUREMENT 

As previously explained, the prototype of the tag can be transformed into a chipless tag by 

adding a transmitting and receiving antenna at the two ends. The entire system has been 

simulated and the backscattered signal from the receiving antenna has been used for the 

encoding purpose. In order to prove the predicted theories and the flexibility of the proposed 

tag with different kinds of reader antenna conditions, two kinds of measurements have been 

carried out in the anechoic chamber; with and without a reference tag.  
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Moreover, measurements with different distances were also carried out in order to validate 

the equation T=2R/c and hence the possibility of using these tags for localization applications. 

Also in two cases two different kinds of reader horn antennas have been used.  

A dual polarized horn antenna has been used in the former case and two horn antennas 

oriented in a cross polarized form have been used in the latter case. The two experimental 

results prove the earlier theoretical predictions.  

3.11.1 With reference tag 

The tag shown in Fig.3. 25 (a) was used as the reference tag. A dual polarized horn 

antenna, which can operate in 2-32 GHz with an average gain of 17 dBi, was used as the 

reader antenna as shown in Fig.3. 29 (a).  

The chipless tag and the reader antenna were mounted on plastic stands and the tag was 

placed at a distance R. Measurements were conducted at different distances of 30 cm, 50 cm, 

1 m and 1.2 m. The previously defined impulse signal is used as the input for horn antenna. 

The delayed spectrum for each tag has been measured by the Agilent Digital Oscilloscope 

 

                              (a)                                                                                                         (b) 

Fig.3. 29 : The proposed measurement set-up and the excitation signal used. a) 

Measurement set-up used in the anechoic chamber. b) The impulse signal used as the 

excitation signal.  

90 ps 
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DSO91204A. A 90 ps pulse width impulse signal has been used as the excitation signal as 

shown in Fig.3. 29 (b). 

As already explained, the de-embedded tag response was subtracted from all tag 

combinations, which gives the response of C-section only. In order to separate the tag 

information at the frequency of interest, MATLAB filtering was done as explained earlier. A 

3
rd

 order butterwort filter with upper cut-off frequency and lower cut-off frequency as 3.4 

GHz and 3.6 GHz respectively were used. The same filter is used for all combination of tags. 

Fig.3. 30 (a) shows the backscattered tag response (with length l4=13.1 mm). Fig.3. 30 (b) 

shows the filtered signal for two tag responses (with length l5=13.8 mm & l4=13.1 mm) at 

f(l1)=3.5GHz along with their envelopes.  

Fig.3. 31  shows some of the de-embedded response obtained for tags at a distance of 

30 cm. These results were obtained after a numerical filtering at 3.5 GHz and by taking the 

envelopes as explained in Fig.3. 30(b).  

 

(a)                                                                                    (b) 

Fig.3. 30 : Tag response before and after numerical filtering. a) Backscattered tag 

(l4=13.1 mm) response. b) Filtered signals at f(l1)=3.5 GHz, along with their envelopes for 

two different tags (l4=13.1 mm & l5=13.5 mm). 

l5=13.5 mm 
l4=13.1 mm 
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Again, we see that the obtained responses contain two modes, structural mode which 

seems to be constant for all tag combinations and tag mode which changes each time 

depending on the length of the C-section. The time ∆t has been calculated by taking the 

difference of structural mode peak and tag mode peak as shown in the figure (the time 

difference between black cross of different peaks). This time has been compared to the delay 

produced by the C-sections when they are connected as a two-port network as shown in Fig.3. 

15, Fig.3. 16 and also in Table 3.2. It is clear that the delay changes with a change in the 

length of the C-section. 

If the delay is too small, the structural mode and tag mode intersects as in the case of 

l1. Table 3. 4 shows the comparison of delays. A good agreement has been obtained, which 

proves the concept of de-embedding. 

 

 

Fig.3. 31 : Some of the de-embedded C-section response measured for different lengths f 

(l1) = 3.5 GHz. One of the tags is represented in Fig.3. 25 (b).  

Δt=2.93 ns 
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Measurement has been done with commercially available UWB radar, ‗Novelda‘ [26] 

in a real environment which can serve as the front end of a chipless reader. The radar is 

specified to be FCC compliant and to operate over a frequency range of 0.45 to 9.55 GHz and 

a sampling rate greater than 30 Gs/s. To verify the characteristic of the radar, the emitted 

pulse has been measured and it was found that the radar is able to detect tags until 7 GHz. The 

radar sends UWB pulse and samples the response of the tag. The measurement was done in a 

room with lot of interference objects such as walls, computers, cardboards, tables etc. 

Table 3. 4 : Comparison of delay produced by C-section after de-

embedding 

ln(C) ; 

n=1-8 

(mm) 

Gd(C-section) 

(ns) 

Simulation as 2-

port network 

Measured ∆t 

(ns) 

14.9 5.32 5.3 

14.1 4.5 4.65 

13.8 4 3.9 

13.5 3.49 3.35 

13.1 3 2.93 

12.8 2.55 2.5 

12.4 2.19 2.22 

11 1.24 0.95 
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In this case a short pulse is used to interrogate the system. Measurement with the reference 

tag was also performed. All the signal processing remains the same as explained earlier. The 

dashed lines in Fig.3. 32 represent the results obtained for some of the combinations. As 

shown in figure, there is a good agreement with the results obtained using a digital 

oscilloscope and impulse generator. Table 3. 5shows a comparison of different delays 

obtained using Novelda and digital oscilloscope. Contrary with the use of oscilloscope [2], it 

is essential to use a LNA with the radar Novelda to correctly retrieve the ID of the tag. This 

shows the limitations in terms of sensitivity of the radar. The maximum amplitude produced 

by Picosecond pulse generator is 2 V into a 50 Ω load giving a maximum instantaneous power 

of 19 dBm and that of Novelda is of the order of 200 mV (6 dBm). 

In order to prove the feasibility of these kinds of tags in localization applications, 

measurements with different distances were also carried out. Fig.3. 33 shows the de-

embedded response for a randomly chosen tag with the length of C-section as 13.5 mm. In 

this particular example, the different ∆t shown in the figure is the same since it is the response 

for the same tag. The time T at which the structural mode starts is also marked in Fig.3. 33. It 

has been found that the time varies with distances and has a very good agreement with the 

Table 3. 5 : Comparison of de-embedded measured delays (∆t 

between structural mode and tag mode) with DSO and UWB radar 

ln(C) ; 

n=1-8 (mm) 

Measured ∆t-

Oscillo (ns) 

Measured ∆t-Radar (ns) 

14.1 4.65 4.6 

13.8 3.9 3.95 

13.1 2.93 3.03 

12.8 2.5 2.44 

11 1.2 1.1 
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theoretical expression 2R/c. It has been found that the starting point of each curve produces an 

additional time delay of 800 ps, which is due to the numerical filter used in the signal 

processing routine. Measurements for tags with different lengths were also carried out to 

confirm the results. In practice the ―luxury‖ of using a de-embedding tag may not be practical. 

Hence the measurement without a de-embedding tag was also carried out. The de-embedding 

was included in the study just to verify the delay produced by C-section with our theoretical 

predictions.  

In short, different measurement results using a reference-tag was presented in this 

section. It also explains measurement using both DSO and UWB radar. The possibility of 

using C-sections for producing different IDs and measurements at different distance were also 

conducted. The next part explains measurement without a reference tag.  

 

 

 

 

 

Fig.3. 32 :  Some of the de-embedded C-section response measured for different lengths 

at F (l1) = 3.5 GHz. “Oscillo” stands for results using digital oscilloscope and “radar” 

stands for results using a commercially available UWB radar which can serve like a 

chipless RFID reader. One of the chipless tag is represented in Fig.3. 25.  
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3.11.2 Without a Reference tag 

In this case, two horn antennas were used as the reader antennas. They are oriented in 

a cross-polarized form. These horn antennas are placed at a distance of 10 cm from each other 

and they can operate within 700 MHz-18 GHz with a gain of 12 dBi. The chipless tag and the 

reader antennas were placed at distance of 1.2 m. All other measurement set-up remains the 

same. One remarkable thing in this case is that the de-embedding tag is not used and hence 

can avoid all the calibration techniques which make the whole system complex [2]. The only 

measurement needed is the measurement for empty chamber and with tag, which is not 

difficult to implement in practice. This is a prime advantage of the time domain and cannot be 

used in frequency domain where the amplitude of the signal (RCS) is used for the encoding. 

This again proves the robustness of temporal approach. Contrary to [27], where LNA is not 

utilized in the measurement and hence read range of 50 cm was obtained, in this measurement 

LNA has been used in the receiving end which enables read range of 1.2 m. 

 In order to separate the structural mode and different tag modes at the frequency of 

interest, Continuous Wavelet Transform (CWT) is used [28]. The CWT performs a 

 

Fig.3. 33 : De-embedded C-section response measured at different distances R 

(T=2R/c)for the tag with length of C-section as 13.5 mm.  
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correlation analysis and as a consequence maximum output can be expected when the input 

signal mostly resembles the wavelet template. This input signal will be the time domain 

signature of the tag with amplitude in Volt. Consider the backscattered response of the tag 

after time windowing as B(t).  

A Gaussian signal modulated at a carrier frequency of FC is chosen as the known deterministic 

signal p(t).  

Thus,       
(
   

   
)
             

where tv is the time domain parameter which consider the bandwidth of the signal(BW=0.1) 

and here i=1,2. Thus the wavelet template signal p(t) is a signal which can be parameterized 

in frequency and bandwidth. A cross correlations of this signal with B(t) has been done. 

Finally the maximum of this cross-correlation gives the unknown location parameter τ.  

 τ=max (B (t)*p(t)), where * represents the cross-correlation operation. 

In our case, τ will be a combination of two peaks, the first peak represents the 

structural mode and the second peak represents the tag mode. The difference between these 

two peaks gives the delay of the tag (Delay Tag). This principle is the basis for a matched 

filter, which is the optimum detector of a deterministic signal in the presence of additive 

noise. 

In the proposed case, a Gaussian modulated signal at a carrier frequency of 3.5 GHz is 

used as the known deterministic signal. Fig.3. 34 shows the maximum output of the 

correlation, which in turn corresponds to the group delay produced by the C-section and the 

two cross polarized antennas. It is seen that the signal comprises of two components, the 

structural mode and the tag mode. The delay between structural mode and tag Δt mode can be 

used for the encoding. CWT was preferred other than filtering in this case because this 

approach can easily separate the spectral components from a noisy environment with the help 

of an efficient windowing [23,26]. It follows the concept of a matched filter. CWT was also 

tested in simulation studies in order to separate the spectral components at frequency of 

interest, while interrogating the whole system using a short UWB compatible pulse. The 

results were quite comparable with those produced in Fig.3. 24 (Simulation results).  
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Table 3. 6 gives the calculated, simulated and measured delays obtained along with the 

delay produced by the tags with different length of C-sections at 3.5 GHz. Calculated delay is 

the sum of simulated delay produced by cross polarized antennas and C-sections at 3.5 GHz, 

by using the equation (16) (see Fig.3. 28). It is clear from the table that there is a good 

agreement between the simulated and measured delays. However, calculated delay shows a 

7% of average error from those of simulated and measured values. This may be due to the 

coupling between the antennas and the C-section which may also be a function of the length 

of the C-section. The delay produced by the reference tag is assigned by the binary code ‗000‘ 

and that by the second tag is assigned as ‗001‘. The subsequent delays have been assigned by 

other binary values.  

 

 

 

 

Fig.3. 34 : Measured delays of chipless tag obtained using wavelet approach for single 

group of 10 C-section with different lengths l1-l8 mm at f (l1) = 3.5 GHz. This 

measurement was done without a reference tag.  
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Table 3. 6 : Chipless Tag: Calculated, simulated and measured delays 

obtained without a reference tag. 

DelayVA3.5GHz+DelayHA3.5GHz= 0.57 ns + 0.46 ns =1.03 ns 

11n ,  n=1-

8 

(mm) 

Delay C-

section Sim.  

(ns) 

Delay tag 

Calc. ∆t 

(ns) 

Delay tag 

Sim. ∆t 

(ns) 

Delay tag 

Meas. ∆t 

(ns) 

Code 

 

14.9 5.32 6.35 7.1 7 000 

14.1 4.5 5.53 6 6.1 001 

13.8 4 5.03 5.3 5.4 010 

13.5 3.49 4.52 4.7 4.9 011 

13.1 3 4.03 4 4.4 100 

12.8 2.55 3.58 3.37 4 101 

12.4 2.19 3.22 2.7 3 110 

11 1.4 2.43 1.93 2.1 111 
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Further, in order to evaluate the performance of the proposed tag with different 

orientations, a simulation has been done by rotating the tag with different angles. It has been 

found that the tag keeps the same performance with different angles.   

Fig.3. 35 (a) shows the simulated backscattered signal collected at the probe when the 

tag is rotated with different angles as shown in Fig.3.35 (b). Fig.3. 35 (b) shows the obtained 

delay (∆t) between structural mode and tag mode as a function of different angles. It is clear 

that despite of the amplitude, the delay keeps almost a linear behavior with different angles. 

Since the information is encoded only using delay, we can conclude that the proposed tag can 

operate independent of the orientation. Moreover, simulations have been done for other angles 

also. The tag was excited from the bottom ground plane. It was found that in this case also, 

the time delay remains the same. In short, the tag can be operated irrespective of the 

orientation with reader. This is an advantage of working with two antennas. Unlike the REP 

tags [29], where the tag orientation has to be considered prior to the tag design, these kind of 

tags works well with different orientations.   

 

                                 (a)                                                                        (b) 

Fig.3. 35 : Simulated results for the tag with different orientations. a) Simulated 

backscattered results obtained when the tag is rotated for different angles Ɵ. b) 

Obtained delayed between structural mode and tag mode as a function of angle. Insight: 

tag with coordinates. 

Ɵ 
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3.12 CONCLUSION 

A time domain chipless tag using microstrip C-sections are explained in this chapter. 

A Chipless tag using dispersive transmission line sections are presented elaborately. The time 

domain chipless tags permit to operate in some limited bands for example the unlicensed ISM 

bands that are compatible with the FCC and ETSI in terms of allocation of frequency and 

emission power. Moreover, the reading system is more easier than that of the frequency 

domain approach because it doesn‘t demand the implementation of some advanced calibration 

techniques to trace the electromagnetic signature of the tag and hence its identifier. Time 

domain Chipless tags offer more robust communication together with the use of ISM bands 

offers significantly large reading range compared to the frequency domain tags. Even though 

time domain tags have number of advantages, researchers are mostly interested in the 

frequency domain approach because of the high number of bits it can be encoded. Frequency 

domain approach has reached a maximum of 49 bits [29]. In contrast, the maximum number 

of bits that are encoded so far with time domain approach is 8 (except the case of SAW tag) 

[9]. The robustness of the temporal approach is proved since it allows the measurement 

without the use of calibration tag. The tags were also simulated for different orientations and 

it was found that the performance remains the same. 

The coding capacity can be increased by decreasing the time resolution or by including 

more number of variations rather than considering 8 variations. Cascading multi C-section 

groups with different lengths can also increases the capacity of encoding. The dispersive lines 

allow using multiple C-sections at different frequencies. In this case there will be multi 

operating frequencies rather than single, depending on the number of multi C-section groups. 

The following chapter explains this concept. 
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CHAPTER FOUR 
MICROSTRIP MULTI-GROUP OF C-

SECTIONS AND DELAY BASED ID 
GENERATION 

 

This chapter deals with the design of tag using multi- group of C-sections. C-sections 

are dispersive lines. This characteristic enables the C-section producing delay peaks at 

different frequencies. This is major advantage that solely possessed by C-section in 

comparison to linear or meandered transmission line which enables producing delay at single 

frequency. As per our knowledge, this is the first chipless tag that allows coding in both 

frequency and time. Thus, we can consider this tag as third category; just after frequency 

domain tags and time domain reflectometric tags; here comes temporal-multi frequency tags. 

The tag is designed to operate in the two ISM bands at 2.45 GHz and 5.8 GHz respectively. 

Since the tag enabled coding at different frequencies, it provides a solution for increasing the 

coding capacity in time domain tags. The design of tag prototype is explained in the chapter. 

Furthermore the transformation of the prototype into a chipless tag is incorporated. 

Measurement using commercially available UWB radar which can act like a chipless reader 

is also incorporated. The results have been validated. The obtained results confirm the use of 

proposed tag in chipless RFID applications.  
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MICROSTRIP MULTI-GROUP OF C-
SECTIONS AND DELAY BASED ID 

GENERATION 

4.1 INTRODUCTION 

The core of the proposed chipless tag design is the C-sections. C-sections are dispersive 

structures. In a dispersive structure, the group velocity vg is a function of frequency, which 

results in a frequency dependent group delay. Consequently, a wide band signal travelling 

along such a structure experience time spreading since its different spectral components travel 

with different group velocities and are therefore temporally rearranged [2]. In the following 

sections, a time domain chipless RFID tag based on cascaded microstrip coupled transmission 

line sections (C-sections), which can operate in multi-frequency bands is presented. The 

group delay characteristics of the C-sections are exploited to generate the tag Identification 

(ID). The tag comprises of cascaded commensurate group of C-sections and two cross-

polarized ultra wide-band (UWB) antennas (see Fig.4. 1 (a)). Since the proposed tag can 

operate in multi-frequency, this chapter proves the possibility of increasing the coding 

capacity compared to the existing time domain designs. A tag operating at ISM (Industrial 

Scientific and Medical) bands at 2.45 GHz and 5.8 GHz together with conformance of 

frequency and power regulations is discussed elaborately in the succeeding sections. The 

proposed device is designed, prototyped and experimentally verified. The time domain 

characteristic of the tag is also validated experimentally by interrogating with a short pulse. 

Furthermore, measurement results obtained using commercial UWB radar which can be used 

a chipless RFID reader is also incorporated. The obtained results confirm the concept and the 

possibility of using temporal multi-frequency in chipless RFID. In this chapter a chipless 

RFID using C-sections which can operate in multi-frequency bands is proposed. Indeed, the 

dispersive characteristics of C-sections are exploited for this purpose. As already explained, 

C-sections are highly dispersive transmission delay lines and are used here so that signal at 

certain frequencies can be delayed in a controlled manner which is independent from one 

frequency to another. A proof of concept for practical implementation of the tag is developed 

here. Each frequency band is directly related with the length of the C-sections. On the other 
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hand, for the first time, the direct relation between the tag geometry and code is carried out in 

a comprehensive way. If the ID is known, the tag geometry can be obtained directly and 

hence it is easy to implement in practice. Also, contrary to [3], the structural and tag modes 

(back scattering response of C-sections which will be explained later) are used for the 

encoding. Moreover, narrow band multiple frequencies that are potentially compatible with 

ISM bands are employed. Additionally as explained in chapter three, the structure makes use 

of the coupling effect to increase the amount of delay, which miniaturizes the transmission 

line in comparison to a linear or meandered transmission line. This chapter also presents the 

experimental verification using Novelda radar [4]. The obtained results have been compared 

with the results obtained using DSO and Vector Signal Generator, and good agreement is 

obtained. As already explained in the preceding chapter, the reference tag is not used and 

hence can avoid all the calibration techniques that make the whole system complex [5]. 

Moreover, the proposed tag can operates at N-frequencies (here N=2) and explains a novel 

time-frequency encoding technique.  

4.2 OPERATING PRINCIPLE 

The frequency dispersive property of transmission line can be utilized to rearrange 

different spectral components at different times. Frequency dispersion results from 

propagating different spectral components at different speeds. This characteristic is used for 

realizing chipless tags. Fig.4. 1 (a) depicts the operating principle of the proposed system 

which comprises a chipless tag composed of two cross polarized broadband antennas and 

cascaded commensurate (equal length) C-section groups which is the core of the system. The 

criteria for cascading the C-sections will be explained in the following section. The frequency 

dispersive characteristics of the microwave transmission line provides different spectral 

components rearranged in time and is utilized for encoding of chipless RFID tags. The group 

delay indicates time taken by a signal to propagate through a structure as a function of 

frequency.   
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For better understanding let us consider a system with N group of C-sections C1… Ci … CN, 

where C1 is the first group, Ci is an intermediate group and CN is the last group. As shown in 

Fig.4. 1(a), each group can have a finite number of lengths such as l11, l12… l1n , where l1n is 

the maximum length and l11 the minimum length of the C-sections for group C1.  The 

maximum length l1n for a single C-section, is directly linked to the fundamental frequency F 

C1 by the following relation:  

 F C1 = F (l1n) ≈ c/(4* l1n (εeff)
1/2

)  (1) 

where εeff is the effective permittivity of the microstrip line and FC1 is the frequency at 

which the group delay is maximum i.e. when the length of C-section is l1n. This is exactly the 

same expression as we already explained in the preceding chapter for the case of a single 

group of C-section. As we will explain in the following sections, for all other lengths, the 

 

Fig.4. 1 : Proposed Chipless RFID system along with the ID constellation diagram, a) 

Operating principle. In the illustration each group of C sections consists of two C-

sections. b) Proposed time-frequency encoding principle.  
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group delay will be lower than this value. This relation is true in the case of a single C-

section. When consecutive C-sections are cascaded, a negligible shift is observed in the 

frequency to the lower region because of the strong coupling between the C-sections, which 

increases the capacitive effect. This expression is used in the preliminary design. The lengths 

are further optimized by simulation. However, in order to allow the reader to have an idea of 

the system design, this expression is included here. In fact, the behavior here is similar to that 

of a microstrip coupler where the maximum coupling occurs under the same conditions. 

Similarly for the group CN, lNn is the maximum possible length of the C-sections among N 

different configurations at frequency FCN. This allows a single tag to operate at multi- 

frequency. When this system is interrogated by an UWB compatible pulse, different 

commensurate group of C-sections modulate the interrogation signal in time and it 

backscatters the response which will be the sum of the response of each group of C-sections 

C1… Ci .. CN. Here, the backscattered signal which contains the ID of the tag will be the 

signal guided through the C–section and re-transmitted by the tag transmitting antenna.  

The frequency F Cp, where p=1...i...N, is geometrically related to the C-section as explained 

in eq. (1). As already said, it is the frequency at which the C-section with length lpn produces a 

group delay peak and is assigned as the operating frequency for each group such as an ISM 

band. Later it will be shown that the group delay peaks for each C-section groups can be 

independent of each other and can vary if and only if the length of the corresponding group is 

varied. This is the advantage that belongs solely to C-section because of its dispersive 

property, which discriminates it from linear or meandered transmission line. In the case of 

linear or meandered line, any variation in length can cause a change in the total delay and will 

be independent of the frequency, which is the case for the entire existing time domain chipless 

RFID [6-12]. 

The filtered signal SCp (t), the total signal reflected by the tag and arriving at the reader 

antenna, will consist of two components. The first component, the structural mode, is due to 

the reflection from the tag and is independent of the length of the C-sections. The second 

component hereafter called as the tag mode is a part of the signal guided through each group 

of C-sections and modulated in time at different frequencies and re-transmitted by the output 

antenna. This will be explained in detail in the results and discussion sections. The time 

between structural mode and tag mode will be ∆t(lpn), which in turn corresponds to the group 

delay produced by the C-sections group with length lpn and the delay produced by the two 

cross polarized antennas at the frequency FCp since the delay produced by other C-section 
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groups at this frequency will be negligible. This re-transmitted signal will be sent back to the 

reader for decoding. The structural mode can be used as the reference and the time difference 

Δt(lpn) between the structural mode and different tag modes can be used for generating 

different combinations of ID. Fig.4. 1 (b) shows the ID-constellation diagram corresponding 

to the new temporal multi frequency encoding technique.  

The tags were manufactured on Rogers R4003 (εr=3.55, tanδ=0.0025 and h=0.8 mm). As 

already explained in the preceding chapter, Rogers were chosen instead of the low cost FR-4 

substrate because of its low tangent loss which can enhance the back scattering characteristics 

of the tag. It was found in [6-7] that high tangent loss significantly reduces the amplitude of 

the tag modes. The chipless tag consists of two cross polarized UWB antennas, in between we 

have cascaded commensurate groups of C-sections Fig.4. 2) as shown in Fig.4. 2 (b). CST 

Microwave Studio 2011 has been used as the simulation platform as explained in the 

Annexure. 

4.3 CRITERIA FOR CASCADING THE C-SECTIONS 
 

As already said, the group delay peaks are periodic and each peak can vary by varying the 

length of the corresponding C-section as shown in Fig.4. 3 (a). In order to increase the group 

delay, 3 C-sections are used here in a single group. As shown here, the group delay peaks are  

 

Fig.4. 2: Chipless tag comprised of two groups of C-section; a) prototype, b) chipless tag; 

g=0.1 mm, w
’
=w=0.7 mm; εr=3.55, tanδ=0.0027, h=0.8 mm. The lower ground plane is 

indicated by the dashed lines. 

                 
 

 

(a)    (a)        (b) 
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periodic and changing the length of the C-section will vary the group delay magnitude and 

frequency peak. However, for three groups of C-sections, there is a zone where the group 

delay variations are negligible even though the delay peaks are changing as marked in the 

figure. This zone, named as weak delay zone, has an importance while cascading 

commensurate multi-group of C-sections. This zone permits the delay peaks for different 

 

(a)                                                                                  (b) 

 

                                     (c)                                                                                (d) 

Fig.4. 3 :  Principle of Cascading C-sections a) group delay peaks for different lengths of 

C-sections along with the cascading group delay curve produced by 10 C-sections. 

Group delay curve of cascaded C-sections corresponding to the code. b) 00 & 01. c) 00 & 

10. d) 00 & 11. Each time only the peaks corresponding to the change in length of C-

section is varying making the other independent.  
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lengths to be independent of each other. In this case, a second group can be added as shown in 

Fig.4. 3 (b). However, the most important feature of C-section which permits to cascade 

different groups and hence to produce different delay peaks is its dispersive nature. In the 

proposed tag, two groups of C-sections are used.   

Here in the second group, instead of three, ten C-sections are used because of two reasons 

(see Fig.4. 3 (a)). First, the value of delay will be less in high frequencies since the length of 

the C-section is small (l3 = 9.5 mm). Hence, while utilizing the same number of C-sections, 

the obtained delay will be very small to detect. Second, increasing the number of C-sections 

will increase the coupling between C-sections as already explained and hence will make the 

group delay curve more selective in frequency as shown in Fig. 4.3 (a). However, more 

number of groups can be incorporated by increasing the coupling within each group so that 

the group delay peaks will be narrower resulting in a wide range of weak delay zone. This can 

be achieved by again increasing the number of C-sections in each group or by using multi-

layer C-sections as explained in [8]. Thus, it permits the information encoding at several 

frequencies. Fig.4. 3(b), (c) and (d) respectively represent the evolution of coding results from 

cascading two groups of C-sections.  

4.4 TIME DOMAIN MEASUREMENT TECHNIQUES 

The most challenging part of the back scattering measurement is the information separation 

(delay produced by the tag), especially when the environmental delay has a predominant 

effect along with the delay produced by the tag. Fig.4. 4 explains the principle used to extract 

the group delay and hence the tag information. It is the same principle that has been explained 

in chapter 3 (Fig.3.27 Part B). As we already explained in chapter 3, the back-scattered signal 

from the horizontally polarized tag antenna consists of structural mode and tag mode. The 

time ∆t between these two modes is given by the equation (16) in chapter 3. 
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4.5 MICROSTRIP MULTI GROUP OF C-SECTION: PROTOTYPE 

SIMULATION AND MEASUREMENT RESULTS 

In order to prove the concept, 4 different variations have been considered. The lengths are 

optimized as 21.5 mm and 9.5 mm that correspond to the two ISM bands 2.45 GHz and 

5.8 GHz respectively. The prototype with this configuration is chosen as the reference and the 

corresponding delay obtained has been assigned as the code „00‟. The three other 

combinations were also designed by changing the length of the C-section. In the second 

combination, length l11 is changed to l12 by subtracting an amount of length ∆l1 and by 

keeping the length l21 as such. Similarly in the third combination, the length l21 is changed to 

l22 by adding an amount of length ∆l2 by keeping the length l11 as such. Finally both the 

lengths l11 and l21 have been changed to l12 and l22 and corresponding delay obtained has been 

assigned as the code 11.  

Fig.4. 5 (c) and (d) shows the simulated and measured group delay response of the cascaded 

commensurate multi group of C-section prototype as a two-port network (see Fig.4.5 (a)).  

 

(a)                                                                                             (b) 

Fig.4. 4 : Principle used to extract the group delay and hence the tag information; a) 

formulated conclusion, b) process of information separation. 

Delay Tag 

Delay VA Delay C-section Delay HA 
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The two ports of the prototype have been connected to the Performance Network Analyzer 

(PNAN5222A). The delay produced by each prototype has been measured. As depicted in the 

figure, the two delay peaks are independent of each other and can be varied by changing the 

corresponding length of the C-section, which leads to different combination of tags. Thus in 

general the total number of peaks depends on the total number of C-section groups used. 

Fig.4. 5 (b) shows the comparison between simulated and measured S-parameter curves. It is 

found that in measurement the amount of loss is higher than that of simulation. It may be due 

to the losses occurred while connecting a standard 50 Ω SMA connector to the designed 82 

ohms feed line. 

 

Fig.4. 5 : Results obtained along with the prototype. a) Corresponding prototype. b) 

Simulated (solid line) and measured (dashed line) S-parameter. Simulated (dashed line) 

and measured (solid line) group delay for two groups of C-section at two frequencies 

represent the evolution of different codes; measurement is done using VNA c) 00 & 01, 

d) 00 & 11; g=0.1, w’ =w=0.7; All the units are in mm. εr=3.55, tanδ=0.0027, h=0.8 mm.  
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However, the group delay is based on phase, which is independent of the magnitude 

variations; it doesn‟t reflect in the predicted group delay curves. This again proves the 

robustness of phase based encoding. As already stated, the group delay peaks are periodic and 

each peak appears at odd multiple of frequency. This fact should be taken into account while 

designing tags for multiple frequencies. However, there is also the possibility of using the 

subsequent periodic harmonic while considering increasing the reliability of the reader. Thus 

the C-sections open a new path for temporal identification method for multi-frequency. 

4.6 MICROSTRIP MULTI GROUP OF C-SECTION:  CHIPLESS TAG 

SIMULATION  

As already explained, the prototype can be converted to a chipless tag by adding a receiving 

and transmitting antenna at the two ports of the prototype. Simulation has been done for such 

a tag. A plane wave in CST microwave Studio has been used to interrogate the chipless tag. A 

Gaussian signal modulated at a carrier frequency of 2.45 GHz is used as the excitation signal. 

It is the same signal which we have already explained in chapter 3; except the carrier 

frequency (Fc=2.45 GHz, BW=0.1).Fig.4. 6 (a) shows the structure of the tag and Fig.4. 6 (b) 

represents the plane wave excitation in CST Microwave Studio.  

 

Fig.4. 6  Structure of the tag and simulation in CST. a) Tag structure with various 

design parameters; l1=21.5 mm, l2=9.5 mm, Wgnd=74.5 mm, Lgnd=38.5 mm, Ltag=68 mm, 

Wtag=103 mm and R=13 mm. b) Plane wave excitation using a carrier signal modulated 

at 2.45 GHz.   

R 

Wgnd 

Wtag 

Lgnd 

Ltag Interrogation 
Signal at 

Fc=2.45 GHz 

(a) 
(b) 

l1 
l2 



113 CHAPTER FOUR MICROSTRIP MULTI-GROUP OF C-SECTIONS 

 

GRENOBLE-INP LCIS-ORSYS R.S.NAIR 

Two far-field probes were placed at a distance R≥2D
2
/λ, where R is the far-field 

distance and D is the largest possible dimension of the antenna. The probes were oriented 

with the same polarization as the tag antennas. The plane wave was interrogated using vertical 

linear polarization since the tag receiving antenna has the vertical linear polarization. The tag 

receiving antenna receives the signal which further guided through the C-sections, modulated 

by its length and re-transmitted by the transmitting antenna. Different excitation signals 

corresponding to the operating frequencies of the two C-section groups were used. This was 

to easily understand the behavior of the tag. Further, an impulse signal can be used as the 

excitation signal and the corresponding tag response can be filtered at the specific operating 

frequencies. Fig.4. 7 (a) and (b) shows the backscattered signal collected by the far-field 

probes at 2.45 GHz (FC (l1)) and 5.8 GHz (FC (l2)) [10].  

Different tag modes can be seen in the figure. Unwanted reflections can be seen in 

Fig.4. 7 (a) which may be due to the poor impedance matching of the tag antennas at the 

selected frequency. As shown in Fig.4. 7, the tag modes are separated depending on the length 

of the C-section. The difference between structural mode peak and tag mode peak can be used 

to calculate the time delay. It is clear from the figure that structural mode is constant in all 

simulations irrespective of the length of the C-section and only tag mode varies with respect 

 

(a)                                                                                      (b) 

Fig.4. 7 : Back scattered signal collected by the far-field probe corresponds to the code 

00 and 11. a) at 2.45 GHz, b) at 5.8 GHz. Gaussian modulated signals with BW as 0.1 

and cut off frequencies as 2.45 GHz and 5.8 GHz are used as the excitation signals.  
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to the length of the C-section. Table 4. 1 shows the different delays obtained through 

simulation and by calculation. Calculated delay is the delay obtained using the eq. (21). Group 

delay corresponding to the tag antennas has been calculated by the same procedure as 

explained in the chapter three.  

Table 4. 1 : Chipless tag (tag with antennas and C-section) : Calculated and  

simulated delays obtained along with the percentage error. 

DelayVA2.45GHz+DelayHA2.45GHz= 0.68 ns + 0.53 ns =1.21ns 

l11 

(mm) 

l21 

(mm) 

GDC 

Sim. (ns) 

Calc. ∆t (ns) 

Sim. 

 

Sim. ∆t 

(ns) 

Percentage Error 

between 

simulated and 

calculated delay 

% 

21.5 10.2 2.24 3.45 3.65 5.7 

21.5 9.5 2.18 3.39 3.6 6.19 

17 10.2 1.44 2.65 2.89 9 

17 9.5 1.33 2.54 2.85 12 

DelayVA5.8GHz+DelayHA5.8GHz= 0.64 ns + 0.47 ns =1.11ns 

21.5 10.2 2.97 4.08 4.7 15.1 

21.5 9.5 2.56 3.67 3.75 2.1 

17 10.2 2.83 3.94 4.6 16 

17 9.5 2.65 3.76 3.65 2.9 
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Here, in order to prove the concept, only four group delay levels have been considered 

which corresponds to 2 bit coding. More group delay levels can be considered at each 

frequency and hence can improve the coding capacity. In this case, each group delay peak 

should be more selective. Such an approach can be seen in chapter 5 in the case of multi-layer 

approach. The next section explains the chipless tag measurement conducted in the anechoic 

chamber using an oscilloscope and vector signal generator. It also incorporates the real 

environment measurement conducted using commercially available radar.  

4.7 MICROSTRIP MULTI GROUP OF C-SECTION:  CHIPLESS TAG 

MEASUREMENT  

For experimental validation, two horn antennas were used as the reader antennas, 

which are oriented in a cross-polarized form as shown in Fig.4. 8 (a). These horn antennas are 

placed at a distance of 10 cm to each other and they can operate within 700 MHz-18 GHz 

band with a gain of 12 dBi. The chipless tag and the reader antennas were placed at distance 

of 1.5 m.  

 

(a)                                                                                      (b) 

Fig.4. 8 : Experimental set up together with empty ad tag responses. a) Measurement 

Set-Up. b) The measured empty response and tag response, insight view: zoomed version 

of the two responses.  
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Both reader antennas and tags were mounted on plastic stands. A Gaussian signal with 

pulse width of 90 ps and maximum amplitude of 1.2 V has been generated by Picosecond 

10060A and used as the input for the system. The back scattered signal has been measured 

using digital oscilloscope DSO91204A which is connected to the receiving horn antenna 

through an LNA (low noise amplifier). Contrary to the measurement reported in [11] where 

read range is limited to 50 cm, the presence of LNA increases the read range until 1.5 m. The 

only measurement needed is the measurement for empty chamber and with tag, which is not 

difficult in a practical point of view.  

As discussed in chapter 3, this is a prime advantage of the time domain and cannot be 

used in frequency domain where the amplitude of the signal (RCS) is used for the encoding. 

This again proves the robustness of temporal approach. Background subtraction has been 

done and a time windowing is applied as already explained. This background signal has a 

comparable magnitude with the scattering from the tag itself as shown in Fig.4. 8 (b). Thus an 

empty measurement (measurement without any tag) was done to perform the background 

subtraction. This time domain signal was subsequently subtracted from the all other 

measurements for different chipless tags. The impulse signal used is the same signal that we 

have represented in chapter 3 with 90 ps pulse width.  

As we already discussed in chapter 3, in order to separate the structural mode and 

different tag modes at the frequency of interest, Continuous Wavelet Transform (CWT) is 

used [12]. The sole difference here is that each time two deterministic Gaussian signal will be 

used with different carrier frequencies FC1 and FC2. The CWT performs a correlation analysis 

and as a consequence maximum output can be expected when the input signal mostly 

resembles the wavelet template. This input signal will be the time domain signature of the tag 

with amplitude in Volt. Consider the backscattered response of the tag after time windowing 

as B(t) (see Fig.4. 4).  

A Gaussian signal modulated at a carrier frequency of FC1 and FC2 is chosen as the 

known deterministic signal p(t). The rest all operations are as explained in chapter 3.  At each 

time, a Gaussian modulated signal at a carrier frequency of FC1 = 2.45 GHz and FC2 = 

5.8 GHz respectively is used as the known deterministic signal. A cross correlation of the tag 

response with these modulated signals will results in two different peaks as shown in Fig.4. 9 

(a) & (b) shows the measured delays obtained at 2.45 GHz and 5.8 GHz respectively along 

with the corresponding binary code. For better view, here the envelope of τ is represented. 
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First peak is the structural mode, which remains constant for all the tag combinations while 

the second component seems to be changing according to the length of the C-section. The 

delay between structural mode and tag mode will be the delay of the tag „Delay tag‟ and can be 

used for the encoding. It is clear from the figure that the delays are independent of each other 

and will change only by a change in the length of the C-section. In all other cases it remains 

the same. 

 

Table 4. 2 gives the calculated, simulated and measured delays obtained along with the 

delay produced by the UWB antennas at 2.45 GHz and 5.8 GHz. In this case the calculated 

delay is the sum of delay produced by cross-polarized antennas and C-sections at. 2.45 GHz 

and 5.8 GHz respectively in simulation, by using the equation (16) explained in chapter 3.  

Measurement was also done using commercially available UWB radar Novelda (NVA6100) 

[4]. The dashed lines in Fig.4. 9 represent the results obtained for one of the each 

 

Fig.4. 9 : Measured delays for chipless tag with two groups of C-section; a) at 2.45 GHz, 

b) 5.8 GHz. Dashed line represents the response obtained from the commercial radar 

Novelda. Solid lines represent measurement using DSO and pulse generator. All units 

are in mm.  
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combination. As shown in figure, there is a good agreement with the results obtained using a 

Digital Oscilloscope and impulse generator. As already explained, the results produced by the 

radar have a less amplitude, which may be due to the poor dynamic range of the radar 

compared to the Oscilloscope. The maximum amplitude produced by Picosecond pulse 

generator is 2 V into a 50 Ω load giving a maximum instantaneous power of 19 dBm and that 

of Novelda is of the order of 200 mV (6 dBm). 

Table 4. 2 : Chipless tag (tag with antennas and C-section) : Calculated , simulated, 

and measured  delays obtained along with the percentage error. 

DelayVA2.45GHz+DelayHA2.45GHz= 0.68 ns + 0.53 ns =1.21ns 

l11 

(mm) 

l21 

(mm) 

GD 

of 

C-

seci

on 

Sim. 

(ns) 

Calc

. ∆t 

(ns) 

Sim-

ulati

on 

 

Sim. 

∆t 

(ns) 

Meas. ∆t 

(ns) 

DSO 

Prcentage 

Error 

between 

simulated 

& 

measured 

(DSO) 

Meas. ∆t 

(ns) 

Novelda 

radar 

Prcenta

ge Error 

between 

simulate

d & 

measure

d 

(Noveld

a) 

code 

21.5 10.2 2.24 3.45 3.65 3.5 4.2 3.7 1.36 01 

21.5 9.5 2.18 3.39 3.6 3.58 0.5 3.65 1.38 00 

17 10.2 1.44 2.65 2.89 2.85 1.38 2.95 2.07 11 

17 9.5 1.33 2.54 2.85 2.8 1.7 2.91 2.1 10 

DelayVA5.8GHz+DelayHA5.8GHz= 0.64 ns + 0.47 ns =1.11ns 
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The Federal Communications Commission (FCC) defines a power spectral density 

(PSD) of -41.3 dBm/MHz for the UWB band (3.1 GHz-10.6 GHz) [13]. If a CW signal is 

sent, it has to be very weak. But the possible way could be to develop an impulse radio based 

approach. In this case, a monocycle pulse of width lower than 100 ps is sent by the reader, but 

with a very low duty cycle. The minimum is 1 pulse/s (i.e., a duty cycle of 0.01%). European 

Telecommunication Standard Institute (ETSI) also allows the same PSD/MHz for the UWB 

band (3.1 GHz-4.8 GHz and 6 GHz-9 GHz). For ISM bands (2.4 GHz-2.4835 GHz), ETSI 

allows 10 mW (10 dBm) of e.i.r.p. (effective isotropic radiated power) for generic use. Thus, 

the allowed emission power is more in the case of ISM bands.  

4.8 CONCLUSION & PERSPECTIVES 

A novel encoding for chipless RFID based on temporal multi-frequency is proposed in 

this chapter. The proposed tag can operate in ISM bands which permits the emission of more 

power making it suitable for applications where read-range has an importance. A good 

reading distance of 1.5 m is obtained with a UWB compatible pulse. The accordance of the 

results in the real environment using commercial radar proves its importance in practical 

applications. This technique also proves the robustness of phase and provides good results 

without a calibration tag. The robustness of the phase is the ability of phase to remain same in 

all environmental conditions. It has been proved experimentally in [14] that the phase 

information is more resilient to noise and can be read from a greater distance when compared 

to the amplitude information of the frequency signature. The multi frequency approach in 

21.5 10.2 2.97 4.08 4.7 4.78 1.7 4.77 1.48 01 

21.5 9.5 2.56 3.67 3.75 3.55 5.3 3.55 5.3 00 

17 10.2 2.83 3.94 4.6 4.55 1.08 4.77 3.6 11 

17 9.5 2.65 3.76 3.65 3.48 4.65 3.49 4.38 10 
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time domain provides a new way of increasing coding capacity with a significant amount of 

delay. However, for the tags presented in this chapter do not have a higher order number of 

bits. In order to prove the concept, only 4 combinations (hence 2 bits) are explained in this 

chapter. If we use 8 variations, as we explained in the preceding chapter, at each frequency, 

multi-frequency approach will permits coding of 6 bits. The succeeding chapter will explain 

the case where more number of delay variations will be considered. The size of the tag is 

more important now. This can be reduced by considering a more compact antenna, as the 

global size is due to the antenna sizes. Also techniques can be used to improve the amplitude 

of tag modes so that circularly polarized antennas can be used instead of the cross polarized 

one. Utilization of multi-layer design is also another solution. This will in turn increases the 

capacity of coding since more number of delay levels can be included instead of four as in the 

existing one. Because the delay peaks will be more selective in frequency for a multi-layer 

design. The number of C section groups can be increased to increase the capacity of coding. 

In this case, the structure should be more selective in frequency. As already explained multi-

layer C-sections is a possible solution for this. Thus, this chapter proves the use of temporal 

multi frequency encoding in chipless RFID applications. Instead of two groups of C-section, 

cascading more number of groups of C-sections in a selective manner is also another way of 

increasing coding capacity. These are the preliminary results obtained and the tag can be 

reproduced in a more efficient way. The cost of the tags is more important now. However, use 

of flexible circuits like paper or PE can reduce the cost significantly. As already explained, 

the coding capacity can be increased by the use of multi-layer structure which will be 

explained in the next chapter. 
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CHAPTER SIX 
CHIPLESS RFID HUMIDITY SENSOR 

USING SILICON NANOWIRES  

 

This chapter explains a novel temporal chipless RFID sensor tag for humidity sensing 

applications. The proposed tag is composed of C-sections and Ultra-Wide band antennas. 

Silicon nanowires have been manually deposited to the strips of the C-sections. Silicon 

nanowires change permittivity upon humidity absorption which in turn change the magnitude 

and phase of the reflected signal and hence group delay also. A prototype of the tag is tested 

and the results are validated. Further, the measurement with a chipless tag is incorporated. 

The measurement was conducted in real environment. A very good variation in the 

magnitude, phase, and group delay was observed as a function of relative humidity. A 

magnitude  change of 30 dB and group delay variation of nearly 22.3 ns was observed near 

the fundamental frequency over a bandwidth of 40 MHz for a relative humidity variation of 

60.2 %-88 %. Measurement was also conducted by increasing the ambient temperature. It 

was proved that an increase in ambient temperature causes a huge variation in the S21 

magnitude, phase, and hence group delay.  
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CHIPLESS RFID HUMIDITY SENSOR 
USING SILICON NANOWIRES  

6.1 INTRODUCTION 

The demand for RFID enabled sensor has enhanced in the modern world especially in 

areas such as logistics, anti-counterfeiting, supply chain monitoring etc. [1]. However their 

need is limited due the cost of chip based RFID tags and their sensitivity and reproducibility. 

Chipless RFID sensor tags owing to their low cost have opened a new path for low cost 

wireless sensor tag applications. Also, unlike the approaches used in UHF RFID sensors 

where the chip is directly involved in capturing the quantity to be measured, the absence of 

the chip will allow to increase the sensitivity significantly. Indeed, the use of a low cost 

conventional UHF RFID chip can cause additional threshold. The same way as in 

conventional RFID, but more recently, the addition of "sensor" functionality in chipless RFID 

tags appeared in [2] using a delay line for identification and a thermistor for sensing. A more 

integrated wireless chipless sensor tag, without identification to detect ethylene gas can be 

found in [3]. The sensor is based on the use of a capacitor that is directly integrated to the tag. 

Thereafter, the same team also has added the ID in the chipless tag using a delay line [4]. 

However, in this case, the sensor function is simply reproduced by integrating a lumped 

element at the end of the delay line. To the author‟s knowledge, the first compact wireless 

chipless RFID sensor tag which validates the identifier and sensing the physical quantities is 

[5]. It also proves the possibility to realize the sensor tags without any localized CMS element 

or complex techniques of realization, instead using a deposition of silicon nanowires which 

are potentially printable. 

  On the other hand the idea of using nanomaterial as wireless sensor is not recent. [6-8] 

represent the first investigations that have been conducted in this area, here a proof of concept 

of the principle "theory" of the wireless sensor based on the use of nano materials can be 

found. However, it is noted that no practical implementation (wireless measurement of the 

variation of the physical parameter) is presented. Instead difficulties in the realization of 

remote measurements (sensitivity of the RF channel in relation to the tag environment) are 

underlined [6]. In addition, none of these articles consider associating an identifier in order to 
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obtain what we previously called tag-sensor. This is a critical application point of view while 

considering a network of sensors in a same area.  

Humidity sensors based on SAW can be also seen in the literature [9-11]. The 

principle of these sensors is based on the change of velocity or attenuation of the surface 

acoustic wave caused by the change in electrical properties, elastic or dielectric of the 

propagation medium under the effect of humidity. Typically, the humidity sensors are formed 

by the association of two separate inter-digital transducers and a film of a material sensitive to 

humidity such as hygroscopic film of cellulose or nanomaterials. A chipless RFID tag 

combined with a SAW sensor for producing a wireless sensor can be seen in [11]. This sensor 

also incorporates chemical sensing which is achieved from the respective analyte compound 

that reacts reversibly and non-covalently with the recognition material and in this way directly 

changes the electronic properties of the respective device. However, the methods used for the 

realization of SAW devices rely on techniques developed in microtechnology, thus increasing 

the cost and complexity of manufacturing the sensor. 

In this chapter we continue the approach that has been previously introduced in [5] but 

this time by applying it to time domain chipless tags. One interesting feature of time domain 

tags compared to frequency domain tags is their ability to operate in narrow frequency bands 

more precisely ISM bands [12-13]. ISM bands permits the use of more power level which in 

turn increases the read range in the order of some meters which is approximately three times 

larger than that of the tags that operates with UWB standards (as explained in the preceding 

chapter, with UWB band, a reading range of 50 cm is obtained, with ISM band a reading 

range of few meters is obtained as in the case of SAW). 

This chapter explains a novel chipless RFID time domain humidity sensor tag using silicon 

nanowires which can produce ID and sensing function at a single frequency. The tag ID 

purely depends on the length of the proposed C-section. The sensing is achieved by depositing 

the nanowires on the strips of transmission line sections. Nanowires change their properties 

upon humidity absorption which in turn changes the magnitude and phase of the reflected 

signal from the tag and hence group delay. The proposed tag is composed of single group of 

C-sections (see Fig.6. 1). However, the coding capacity for the identification can be increased 

by using multi group of C-section [13]. The identification part is already explained in the 

previous chapters and hence this chapter is mostly oriented in the sensing part. First the 

results for the prototype measurement are explained. Measure was conducted for different 

temperatures. Furthermore, the backscattering real environment experimental results are 
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explained and the predictions are validated with the simulations using CST Microwave 

Studio. Thus, the obtained results prove the efficiency of silicon nanowires in humidity sensor 

for remote applications. 

6.2 OPERATING PRINCIPLE 

 As shown in Fig.6. 1, the chipless sensor tag consists of cross polarized UWB antennas 

and cascaded commensurate C-sections. The C-section is capable of producing a group delay 

peak at each odd multiple of λg/4 of frequency; where λg is the guided wavelength; i.e. for a 

particular length li; where i=1,2,3,..n; as already explained in the preceding chapters, the 

frequency at which group delay peak is maximum is approximated by F (li) = c/(4*(εeff)
1/2

li), 

where εeff is the effective permittivity of the microstrip line. The receiving antenna in the 

chipless tag receives the integration signal sent by the reader. The signal guided through the 

C-sections and the transmitting antenna at the other end will re-transmits the response of the 

tag to the reader with a specific delay. Consider „n‟ tags with different lengths l1,l2…ln where 

ln is the maximum length and one frequency F(ln) (the same tags explained in Chapter 3 can 

be considered). These „n‟ tags will be able to produce different IDs with ID1=Δt(l1), … ,  

IDn= Δt(ln), where Δt is the amount of temporal shift of the signal component F(ln) while 

passing through the C-sections with lengths l1,l2…ln. As shown in Fig.6. 1, these IDs will be 

different since each of them has a particular time slot depending on the length of the C-

section. Suppose silicon nanowires have been deposited to the tag with length l1. Nanowires 

change their characteristic upon humidity absorption and cause the shifting of group delay 

curve of the corresponding C-section within the allocated time delay slot as shown in Fig. 6.1. 

 

Fig.6. 1 : Principle of identification and sensing. 
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In this case, tag response without nanowires can be considered as the reference and any shift 

from this response due to nanowires can be considered for the sensing application. As 

indicated in the figure, this time shift will be a function of relative humidity, ie. Δt(l1(H1)), 

where H denotes the relative humidity. 

 

Fig.6. 2(a) shows the structure of the tag without antennas (prototype). The tag with 

length of C-section as l=14.9 mm and tag dimension of 9.8x6.3 cm
2
 is chosen as the device 

under test (DUT). For this work, the silicon nanowires have been developed by catalytic 

 

(a)                                                                                   (b) 

Fig.6. 2 : Fabricated chipless tag with the prototype. a) The prototype of the proposed 

chipless tag. b) Chipless tag with one group of 10 C-sections; bottom ground plane is 

marked as dashed lines. w=0.7 mm, l=14.9mm. The yellow color represents the zone for 

depositing nanowires. 

 

Fig.6. 3 : Microscopic image of silicon nanowires deposited between the strips of the C-

sections. The white color represents nanowires. 
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chemical vapour deposition. The nanowires have been put in a solution of alcohol and a drop 

has been manually deposited on the strip of the C-section where the electric field is 

maximum, using a pipette. The alcohol will evaporates and the nanowires will remain fixed 

on the C-section. Since we are not aware of the amount of nanowires dissolved in alcohol, it is 

a difficult task to control the amount to be deposited. Pipette allows the deposition of 

nanowires as drop by drop and hence can understand that two drops means two times more 

the nanowires. But we cannot guarantee the distribution of nanowires. A microscopic image 

of typical silicon nanowires deposited in between the strips of the C-sections is presented in 

Fig. 6.3. It was found that the nanowires were not uniformly deposited.  

6.3 SENSOR PROTOTYPE MEASUREMENT SET-UP 

The measurement set up consists of a plastic box with water as shown in Fig.6. 4 [14]. A 

humidity-temperature meter was connected to the box. The probe of the humidity temperature 

meter was placed inside the box. The box is closed and the variation of relative humidity was 

measured and the data was saved automatically at each 10 seconds using a homemade 

interface program. This was done as in the same manner of previously explained RF 

measurements. It enables to visualize the tag response as a function of humidity. Once the box 

is closed the relative humidity will reach until 100%. Typically the humidity starts at 60%, 

which is assumed to be the humidity of the atmosphere inside the room. The measurement 

time is very important. The time is a function of the temperature of water. If the temperature 

is high, the measurement rapidly ended up with 100% of RH variation which causes difficulty 

in conducting the measurement for low RH variation, for example at 50%. If the temperature 

of the water is low, it is found that, we need to wait a long time to reach the RH variation at 

100%. In this case, the measurement was obliged to stop before reaching 100% of RH 

variation. The measurement was done separately for the two different prototypes with and 

without nanowires. Variation of magnitude, phase and group delay was measured for the 

humidity sensor application. The measurement was performed in an air conditioned room 

with a temperature of 24°C and this temperature is constant throughout the measurement time.  
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A few drops of nanowires have been deposited on the metal strips of the prototype with 

length 14.9 mm and kept inside the closed plastic box. The two ports of the tag prototype 

were connected to the VNA. The variation of magnitude, phase, and group delay has been 

measured.  

6.4 SENSOR PROTOTYPE: EXPIRIMENATL RESULTS 

The S21 magnitude, phase, and group delay of the device has been measured for different 

 

Fig.6. 4 : Measurement set-up for the sensor tag prototype. 

 

(a)                                                                                   (b) 

Fig.6. 5 : S21 magnitude and phase measured at fundamental frequency for the tag 

prototype (Fig.6. 2) with a relative humidity variation of 58%- 89% and an ambient 

temperature of 23°C. a) S21 b) Phase. 
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ambient temperature conditions inside the plastic box. It should be noted that only the 

temperature variations inside the box is taken into account. However, the ambient temperature 

inside the measurement room, which is set to be 23-24°C, was always remains constant. 12 

drops of nanowires have been deposited on the C-sections with length l=14.9 mm (shown in 

Fig.6. 2 (a)); which corresponds to a frequency F(ln)=3.5 GHz; and kept inside the closed 

plastic box. Variations of S21 magnitude phase and group delay was observed at the 

fundamental frequency at 3.5 GHz over a bandwidth of 20 MHz. Fig.6. 5 (a) shows the S21 

magnitude measured with a temperature inside the box of 23°C (room ambient temperature). 

7 dB of magnitude change was observed in this case. Fig.6. 5 (b) shows the change in phase 

observed in the fundamental frequency for 58%-89% of RH variation.  

 

The group delay was also extracted in this case. It was found that the group delay 

shows very less variation in the lower fundamental frequency. However, at higher order 

harmonics a group delay variation of 7.66 ns was observed. Fig.6. 6 (a) and (b) shows the 

phase and group delay respectively at second harmonics. It is clear that group delay shows a 

strong variation. Measurement was also conducted for tag prototype without nanowires. 

Negligible variation was observed for S21 magnitude and group delay (0.1 dB and 0.01 ns). 

Fig.6. 7 shows the S21 magnitude obtained for a humidity variation of 62%-92%.  

 

(a)                                                                                   (b) 

Fig.6. 6 : The phase and group delay variation observed at higher order harmonics for a 

humidity variation of 58%- 89% and an ambient temperature of 23°C. a) Phase, b) 

group delay. 

7.66 ns 
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Now the ambient temperature inside the box was increased by adding some hot water 

into it. The physical conditions inside the box were observed. It was found that the 

temperature increases from 24°C to 29°C. The presence of mist was observed inside the 

plastic box. The S21 magnitude was always measured using VNA. It was found that 

 

Fig.6. 7 : S21 magnitude obtained for the tag prototype without nanowires for a humidity 

variation of 62%- 92% and an ambient temperature of 23°C. The curves are almost 

superimposed one on the other. 

 

(a)                                                                                   (b) 

Fig.6. 8 : Measured S21 and group delay after increasing the ambient temperature inside 

the plastic box for a humidity variation of 80%-100% with a temperature range of 24°C-

29°C. a) S21 magnitude, b) group delay. 
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increasing the temperature improves the S21 magnitude variation. It is due to the known fact 

that the rise in temperature increases the presence of water molecules inside the box and 

hence the amount of water molecules captured by the nanowires will also increase. From this, 

we observe an increase in the S21 magnitude. Fig. 6.8 (a) shows the S21 magnitude observed 

for a humidity variation of 80%-100% with a temperature variation of 24°C to 29°C. 47dB of 

magnitude variation was observed over a bandwidth of 1 GHz. Significant variations were 

observed in the phase and hence group delay also. These variations are much higher than 

previously observed 7 dB. In addition to this, the range of humidity is significantly reduced 

here. Fig.6. 8 (a) and (b) shows the variations observed in magnitude and group delay 

respectively.  

 

  If we compare with the existing chipless RFID humidity sensors [15] where a magnitude 

variation of 5 dB is reported for a bandwidth of 20 MHz, this is the maximum variation 

reported until now.   It is clear from the figure that while humidity is increasing the S21 

magnitude and group delay peaks shift to the lower frequency level. It is due to the fact that 

the nanowires change their permittivity upon water absorption which causes the curves 

shifting to the lower frequency zone. The repeatability has been tested within an interval of 

 

(a)                                                                                   (b) 

Fig.6. 9 : Repeatability test conducted after 4 days. Measured S21 and group delay after 

increasing the ambient temperature inside the plastic box as 24°C-29°C for an RH 

variation of 80%-100%. a) S21 magnitude, b) group delay. 
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four days. It was observed that the S21 magnitude and group delay shows the same kind of 

behavior as in the previous case as shown in Fig.6.9 (a) and (b) respectively. In this case also, 

47 dB of variation is observed for S21 magnitude over a bandwidth of 1 GHz. The group 

delay also shows significant variation (4.3 ns). Thus it is clear from the study that the 

temperature of water has a significant impact. When there is more water molecules in the 

water, nanowires will capture more water molecules and this will increase the rate of variation 

of magnitude phase or group delay.  

Measurement was also done for the prototype without nanowires also. The same 

ambient atmosphere was re-created with an ambient temperature varies between 25-30°C. It 

was observed that the prototype gives 6 dB of variation in the fundamental frequency as 

shown in Fig.6.10. When the density of water molecules deposited on the prototype increases, 

it can cause a permittivity change and that may be the reason for the variation in magnitude. 

This measurement can be considered as the reference measurement and this variation is low 

compared to the variation produced by the presence of nanowires, which was 47 dB. This 

proves the role of nanowires as a good catalyst. Fig.6. 10 shows the S21 magnitude variation 

for the prototype without nanowires which is considered to be the reference measurement. In 

the all above explained cases, for better comparison, same replicas of prototypes have been 

used. 

 

Fig.6. 10 : Measured S21 for prototype without nanowires after increasing the ambient 

temperature (25°C-30°C) inside the plastic box with an RH variation of 80%-100%. 
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It has been found that when temperature is increasing, the S21 magnitude, phase and 

hence group delay exhibits more variation. This is due to the fact that when the temperature is 

increasing; there will be more water molecules in the medium so that the nanowires can 

capture more number of water molecules than previously which results in a significant 

variation. Thus, for a given temperature, the change in humidity induces variation in S 

parameters. However, for different temperatures, they show a small percentage of error. This 

can be rectified by expressing the rate of change of variation in magnitude or group delay as a 

function of absolute humidity. Absolute humidity (AH) is related to the absolute amount of 

water molecules in air. Relative humidity, expressed as a percent, measures the current 

absolute humidity relative to the maximum for that air pressure and temperature. It means 

that, for two different temperatures for a given RH, the density of water molecules in air will 

be different. More the temperature is, more will be the density of water molecules are (the 

storing capacity of water molecules in air for high temperature will be high). When we take 

two different temperature variations, it is always better to express the S parameter as a 

function of AH.  Thus, AH can be expressed as,  

   
    

        
 

, where Me and Ma is the molecular mass of the water (18 g/mols) and air (29g/mols) 

respectively and 

       
  

 ⁄      ,  

, where P is the standard atmospheric pressure (101325 Pa) and Pe is the saturation pressure 

of water depending in temperature and can be expressed as     
                           ⁄   

. 

Thus we see that AH can be expressed as a function of temperature    expressed in Kelvin.  
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Fig.6. 11 (a) and (b) shows the rate of change of S21 magnitude in dB for different 

temperatures as a function of relative and absolute humidity respectively. Curve fitting has 

 

(a)                                                                                   (b) 

Fig.6. 11 : Rate of change of S21 magnitude in dB for two different temperatures as a 

function of a) relative humidity, b) absolute humidity. The cross curves represents the 

curves obtained using curve fitting method with the expression AH or RH=a*S21dB+b, 

where a & b are the constants obtained from curve fitting method. 

 

Fig.6. 12 : Percentage of error calculated for the two different temperatures (Fig.6.11) 

for relative and absoulte humidity .  
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been done in order to find the analytical expression between S21 in dB and relative humidity 

or absolute humidity. It has been found that S21 is linearly proportional to relative humidity 

and absolute humidity as per the following equation, 

RH or AH=a*(S21)dB+b; where a and b are constants which have been calculated 

using curve fitting in MATLAB. This study has been carried out for a very small range of 

humidity (10%) and hence it results in a linear variation. However, for large range of relative 

humidity, the variation was found to be inversely proportional as we will see in the next 

section. 

Fig. 6.12 shows the percentage of error calculated as a function of S21 for relative 

humidity and absolute humidity. The percentage of error is less for AH. However, we cannot 

end up with such a conclusion since the two temperatures are too close to each other. A good 

way to clearly obtain an idea is to repeat the measurements for different temperatures whose 

values are far from each other. In order to obtain this, the measurement time can be increased 

and hence a value of RH more than 90% can be obtained. This measurement can be compared 

with another measurement which has a higher value of temperature. In short, from the 

obtained results we can conclude that while considering two different temperatures, it is 

always better to express the S parameters as a function of AH. More precisely, we are not able 

to say whether the observed variation is due to variation in AH. 

However, it is clear that the measurement is a function of temperature and therefore not only 

be related to the change in RH. However, if we know the temperature, and if the sensor is 

calibrated, it is possible to use it to measure RH.The next section explains the backscattering 

sensor measurement conducted for the chipless tag shown in Fig.6. 2 (b).  

6.5 WIRELESS SENSOR MEASUREMENT SET-UP 

Fig.6. 13 shows the measurement set-up used for wireless sensor tag. A dual polarized 

horn antenna which can operate in 2-32 GHz with an average gain of 17 dBi, has been 

used as the reader antenna and each port of the reader antennas was connected to the 

performance Network Analyzer (PNA N5222A).  
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As shown in the figure, the tag was kept in a plastic box which contains water. The 

humidity inside the box was varying upon closing. The same above explained humidity- 

temperature meter is used to monitor real time humidity inside the box. The whole set-up was 

kept at 30 cm from the reader antennas and 10 dBm power was used to interrogate the tag. 

The measurement was performed in a real environment with lot of interference objects such 

as PC, cables, wall, metallic box etc. At each 10 seconds, the response of the tag, the humidity 

and the temperature was saved using a homemade interface program in MATLAB. The 

measurement was performed separately for both tags with and without nanowires. 

The complex S21 has been measured using this configuration. An empty room measurement 

was also performed. This was to avoid all the unwanted reflections from the nearby objects. 

The empty response shows a significant magnitude as the tag response. Further, measurement 

with a reference tag was also performed. Two cross polarized tag antennas connected to each 

other was used as a reference tag (i.e. tag without C-sections group). The empty response was 

subtracted from all further chipless tag measurement and a calibration process explained in 

[16] has been followed.  

6.6 RESULTS AND DISCUSSIONS 

The backscattered response of the tag was measured using the horn antenna which is 

connected to the two ports of the PNA. Variations of magnitude (we can call it as S21), 

and phase of the reflected signal from the tag and hence group delay were observed over 

certain band of frequencies. However, near the fundamental frequency at 3.7 GHz, strong  

 

Fig.6. 13 : Measurement set-up for sensor tag application. 
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variations were found.  

 

Fig.6.14 shows the S21 magnitude obtained for a humidity variation of 60.2%-88% for 

an ambient temperature of 23°C. The S21 magnitude shows a clear variation near the 

fundamental frequency relative to the humidity change. A variation of 30 dB was observed. It 

is clear from the figure that, while increasing the humidity variation, the S21 is shifting to the 

lower frequency region. This can be explained by the fact that the nanowires changes 

permittivity while absorbing water. 

The changes are inversely proportional as shown in Fig.6. 15 (a). Using curve fitting 

method, the analytical expression between RH and the S21 magnitude in the fundamental 

frequency for a temperature of 23°C has been found as, 

 RH= a/S21(dB) + b 

 where a=2.918e+3, b=145 are constants which are calculated using the curve fitting 

method. From the figure we can see that this equation is valid for range of humidity between 

65%-86%. Again, we observed that when S21 is increasing, RH is decreasing which 

corresponds to the already stated expression, RH=a*(S21dB)+b with a<0 (for 10% RH range). 

The expression obtained for a high range of RH is not linear, instead is inversely proportional.  

 

 

Fig.6. 14 : S21 magnitude of the sensor tag (as shown in Fig.6. 2(b)) for a relative 

humidity variation of 60.2%-88%  for an ambient temperature of 23°C. 
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Fig.6. 15 (b) depicts group delay variation with respect to a change in relative 

humidity. As shown in the figure, a group delay variation of 13 ns was observed in the 

positive real axis. A negative group delay of 10 ns was observed after reaching certain 

humidity range which can be attributed to the presence of absorption in an already highly 

dispersive structure. In this limited frequency band, the group velocity no longer represents 

the velocity of a signal or of energy transport and ceases to have a clear physical meaning  

[16]. However, it is still possible to retrieve this information which is directly related to the 

humidity. The group delay peak is minimum for a minimum value of the relative humidity of 

62.5%. The delay peak increases with respect to humidity and reaches the maximum value. 

This is due to the known fact that, a high permittivity causes the signal traveling through a 

medium to be delayed (with a small group velocity) which in turn increases the group delay. 

This high permittivity may be due to the presence nanowires which increases permittivity 

upon humidity absorption. In order to interpret the variations in terms of change in 

permittivity or loss, a simulation study was conducted. A thin dielectric material was added 

on the top of the C-section as nanowires, with a thickness of 10 μm as shown in Fig.6. 16. The 

 

(a)                                                                                   (b) 

Fig.6. 15 : S21 magnitude and group delay variation during the backscattering 

measurement of the chipless sensor tag. a) S21 and relative humidity variation as a 

function of time. The green curve represented using diamonds is in accordance with 

the relation RH= a/S21 (dB) + b ; where a=2.918e+3, b=145. b) Group delay variation 

of the sensor tag near fundamental frequency for a relative humidity variation of 

60.2%-88%. 
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impact of change in permittivity εr and losses tanδ on the group delay values were observed. 

Each time, these two values were varied by taking the aspect that nanowires change their 

permittivity and losses upon humidity absorption. However, this simulation cannot take into 

account of the thickness of the nanowires and the concentration of nanowires in the deposition 

zone. This simulation was conducted just to give an idea about the evolution of group delay as 

function of permittivity and losses.  

As shown in Fig.6. 17, same kind of behavior as in the case of measurement was 

observed. In the simulation the permittivity has been varied from 1 to12 and loss tangent 

ranges between 0.01-0.4. It was found that group delay tends to its negative value while the 

loss tangent is increasing. It proves the already stated fact that negative group delay arises 

with highly dispersive medium followed by absorption. It is also clear that a change in 

permittivity will shift the group delay curve. Since it is not possible to take into account of the 

exact geometry of nanowires, the magnitude of the group delay varies from that of 

measurement. This is a simple model to explain the accumulation of water molecules in the 

tag surface and the change in permittivity of the nanowires upon water molecules absorption. 

However, this model study was enough to explain the behavior observed in the measurement.  

 

 

 

Fig.6. 16 : The simulated sensor tag model in CST in order to explain the observed 

evolution of group delay as a function of permittivity and loss tangent. 
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Now coming to the measurement, measurement was carried out without nanowires 

also. No significant variation was observed for S21 magnitude, phase, and hence group delay 

(1.44 dB on the S21 magnitude and 0.7 ns on the group delay). Fig.6. 18 (a) and (b) shows the 

variation of magnitude and group delay respectively for an RH variation of 58%-88%. This 

measurement was conducted for the same tag shown in Fig.6. 2 (b) with l=14.9 before 

depositing the nanowires.  

 

Fig.6. 17 : Evolution of group delay as a function of permittivity and loss tangent in 

simulation study (see Fig.6. 16). 

 

(a)                                                                                   (b) 

Fig.6. 18 : Results obtained for measurement for tag without nanowires for an RH 

variation of 58%-88%  for an ambient temperature of 23°C. a) S21, b) group delay.  
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6.7 CONCLUSION & PERSPECTIVES 

Few investigations regarding the use of nanowires for wireless humidity sensor 

application which is completely autonomous and potentially printable is explained in this 

chapter. Interesting preliminary measurement results were obtained. Contrary to the early 

reported works, the nanowires shows a measurable variation in S21 magnitude, phase, and 

hence group delay curves. This proves the potential of chipless tags in sensor applications. It 

has been found that when temperature is increasing, the S21 magnitude, phase and hence 

group delay exhibits more variation. This is due to the fact that when the temperature is 

increasing; there will be more water molecules in the medium so that the nanowires can 

capture more number of water molecules than previously which results in a significant 

variation. Thus, for a given temperature, the change in humidity induces variations in the S 

parameters and the magnitude of the reflected signal from the tag, in dB, will be inversely 

proportional to the rate of change of humidity. A magnitude change of 30 dB and group delay 

variation of nearly 22.3 ns was observed near the fundamental frequency over a bandwidth of 

40 MHz for a relative humidity variation of 60.2 %-88 %. In order to avoid the problem in 

difference in rate of variation for different temperatures, it is advised to express the rate as a 

function of absolute humidity since it also takes into account of the temperature variations. 

However, so far this conclusion is not yet fully validated. Repeating the measurements with 

two distinct temperatures may prove this. The amount of nanowires to be deposited and also 

the positions of transmission line strips where nanowires need to be deposited need to be 

determined. Further, the repeatability of the measurement also has to be determined. It is 

found that the evolution of S21 magnitude and group delay is a function of humidity as well 

as the ambient temperature. Hence the backscattering measurement tests need to be conducted 

with different temperatures also. The measurement has to be done in the exterior environment 

also. These aspects can be considered as the future works. The tags need to be printed in paper 

so that the nanowires can be deposited using inkjet printing making the whole system 

printable.  
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CONCLUSION & FUTURE WORKS 

 

The conclusions drawn from the simulation and experimental studies carried out on 

temporal multi-frequency chipless RFID tag is explained in this chapter. A few suggestions 

for further investigations on this topic are also explained here.  
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CONCLUSION & FUTURE WORKS 

 THESIS HIGHLIGHTS 

A summary of the investigations performed on temporal multi-frequency chipless 

RFID tag is presented here. The chipless tags should be compatible with the FCC and ETSI 

regulations in terms of frequency and emission power. As already explained in the preceding 

chapters, two main categories of chipless tags can be seen in the literature; time domain tags 

and frequency domain tags. In frequency domain (spectral signature tags) the only solution to 

respect these standards while having a broad frequency band is to emit short pulses, i.e. using 

UWB standard (like in UWB radar). However, the allowed power level is very low in this 

case which leads to a low reading range of the order of 50 cm which make them compatible 

with short range applications. Nevertheless, the frequency signature tags allow a better coding 

capacity. In contrast, time domain tags can operate in narrow bands. For the applications 

where the power level is more important, the solution is to use ISM bands. Since ISM bands 

can use more power, it can increase the reading range as in the case of SAW tags. However, 

in this case the frequency band is very limited, but it remains compatible with the use of a 

temporal approach. Time domain tags allow a poor coding capacity since it operate in narrow 

frequency bands. Thus this thesis, for the first time, combines certain advantage of time 

domain tags and frequency domain tags. As a result, a novel temporal multi-frequency tag has 

been developed. Time domain tags were less studied in the literature since it can produce only 

few bits in terms of coding capacity. This problem is solved in this thesis by allowing multi-

frequency bands in time domain. In the case of TDR based tags, the delay is produced by 

using a linear or meandered transmission line which allows information encoding at a single 

frequency. In contrast, the proposed tag uses transmission line sections coupled at alternative 

ends; which is also known as C-sections; which is able to produce group delay peaks at a 

particular frequency as a function of the length. Thus, the C-sections with different lengths 

will be able to produce different peaks at frequency and which will be independent on each 

other also. The dispersive character of the C-sections is exploited for this purpose. Dispersive 

character allows different spectral components to be arranged in different time. This feature is 

utilized for the coding of information. Information can be encoded at different frequencies. 

Thus it allows the augmentation of coding capacity compared to the existing TDR based tags. 
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This thesis also proposes a multi-layer structure. The proposed multi-layer design offers 

broadside coupling between each C-sections which enables a significant amount of delay with 

highly narrowband delay peaks. These two features allow increasing the coding capacity in 

time domain tags. The proposed time domain multi-layer tag with single group of C-sections 

can offer a coding capacity of 6 bits and that of multi-group of C-sections can offer a coding 

capacity of 12 bits in the two ISM bands with an acceptable dimension. The proposed design 

also provides a coding capacity of 43 bits, with a 22 MHz of frequency resolution, in the 

UWB band. This is a significant amount of bits in comparison to the existing time domain 

tags which offer a highest coding capacity of 8 bits. This is comparable with the EAN 13 

barcode which has a coding capacity of 41 bits. 

As a perspective of the time domain tags, a humidity sensor tag is also proposed. 

Silicon nanowires are used for this purpose. Silicon nanowires are manually deposited on the 

strips of the C-sections. Silicon nanowires change permittivity upon humidity absorption 

which in turn changes the magnitude and phase, and hence the group delay of the reflected 

signal. The experimental validation of the proposed wireless sensor tag is also demonstrated.  

The following part explains the summary of each chapter. 

Microstrip Single Group of C-Sections and Delay Based ID Generation 

A time domain chipless tag using single group of microstrip C-sections is explained 

here. A comparison of delay produced by linear transmission line, meander transmission line, 

and C-sections are also given. The design of prototype of the tag and further the 

transformation of the prototype into a chipless tag by adding cross polarized antennas at the 

two port of the prototype is also explained. The proposed idea is validated using simulation 

and measurement results.  

Microstrip Multi-Group of C-Sections and Delay Based ID Generation 

This chapter explains the possibility of increasing the coding capacity using multi-

group of C-sections. Two different C-section groups are cascaded which allows two group 

delay peaks at two different frequencies. The frequency dispersive characteristics of 

transmission line are utilized for this purpose. As an example, 2 bit coding is explained. The 

design of tag prototype by cascading two C-section groups is explained. Further, as in the 
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preceding chapter, transformation of tag prototype into chipless tag is also demonstrated. The 

proposed tag is validated with measurements using Digital Oscilloscope and pulse generator 

and also with commercially available UWB radar.  

Multi-Layer C-Sections and Delay Based Id Generation Using Flexible 

Substrates 

A novel multi-layer design using flexible substrates is presented here. The proposed 

design is obtained by sandwiching the folded flexible substrate in between the base and top 

substrates. Pyralux AP and white PET are used as the flexible substrate and Rogers R4003 is 

used as the base and top substrate. The broad side coupling enables a significant amount of 

delay with highly selective delay peaks and hence a significant increase in coding capacity. A 

coding capacity of 5.78 bits is possible with multi-layer single group of C-sections and 

12.05bits are possible with multi-group of C-sections, within the unlicensed ISM bands at 

2.45 GHz and 5.8 GHz. Moreover, with UWB regulation, it offers a coding capacity of 43.27 

bits with a 22 MHz of frequency resolution.  

Chipless RFID Humidity Sensor Using Silicon Nanowires  

  An application of the proposed chipless tag as a humidity sensor tag can be seen here. 

The proposed sensor tag is based on silicon nanowires. Silicon nanowires have been manually 

deposited on the strips of the C-section. The nanowires vary permittivity and losses upon 

humidity absorption which in turn changes the backscattering characteristics of the tag. In the 

first section, the measurement using a tag prototype can be seen. Influence of change in 

ambient temperature is also tested here. A change in the magnitude of S21, phase and group 

delay has been measured here. Further, the real environment backscattering measurement of 

the chipless tag sensor is also done. The variation of magnitude, phase and group delay of the 

reflected signal have been observed. 

 FUTURE WORKS 

The thesis proposes an idea of increasing the coding capacity in time domain chipless 

RFID tags. To do so, a temporal multi-frequency tag is proposed. So far, the measurement 

using the multi-layer structure is not yet completed. It currently faces the problem of presence 
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of air and also lack of techniques to affix the flexible layers together. A highly professional 

industrial packing can be used for this purpose and the measurement can be continued. 

Moreover, the proposed technique can also be used for other RF devices like filters and 

antennas for miniaturizing the structure. Work can be continued in this area also. Again, the 

proposed prototype should be transformed into a chipless tag by adding the tag antennas. 

Measurement has to be repeated in this case also. So far, the tag size is more important. Two 

tag antennas can be replaced with a single tag antenna which in turn will reduce the tag 

dimension. Some of the preliminary results of humidity sensor are proposed in the thesis. 

Measurement needs to be conducted in the humidity sensing application also. The influence 

of change in ambient temperature in the real environment performance of tag has to be 

monitored. Moreover, measurement can be performed outside the building with lot of 

interfering objects, in order to monitor the atmospheric humidity level.  
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APPENDIX I 
METHODOLOGY 

 

The simulation and experimental methodology utilized for the analysis of the 

respective chipless tags are explained here. CST microwave Studio is used to perform the 

parametric analysis of the designs. Photolithographic process is used to develop each 

chipless tag. Vector Network Analyzer and Agilent Digital Oscilloscope are used to do the tag 

characterization. 
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METHODOLOGY  

TECHNIQUES USED FOR DESIGN AND OPTIMIZATION OF VARIOUS 

CHIPLESS RFID TAGS 

A short description of the software used for the design and optimization of various 

chipless RFID tags is explained. CST Microwave Studio is used as the design platform for all 

the tags presented in this thesis. The fabrication method and measurement technique is also 

presented. 

CST MICROWAVE STUDIO  

  CST Microwave Studio is the specialist tool for the 3D EM simulation of high 

frequency components [1]. It enables the fast and accurate analysis of high frequency devices 

such as antennas, filters, couplers, planar and multi-layer structures. In spite of the time 

domain and frequency domain solvers, CST offers further different solver modules such as 

fast resonant solver option for highly resonant circuits, multi-layer solver option etc. A key 

feature of CST Microwave Studio is the Method on Demand 
TM

 approach which gives the 

choice of simulator or mesh type that is best suited to a particular problem. With CST, 

engineers can extract parasitic parameters (S, Y and Z) and visualize 3D electromagnetic 

fields.  

Since the tag design is based on time domain, it is important to use the time domain 

representation of the signals. CST offers transient solver which results in getting the results in 

time domain itself, hence allows coding the information in time domain. Moreover, it is also 

possible to use user defined time domain excitation signals so that we can impose the 

excitation signal used in practice. CST also provides results in frequency domain also which 

we have used for the group delay calculation when the tag acts as a two port network (tag 

without antennas). Thus, transient solver is utilized for the design and optimization of chipless 

tags throughout this thesis. It is using a hexahedral grid, which can obtain the entire 

broadband frequency behavior of the simulated device from only one calculation run (in 

contrast to the frequency step approach of many other simulators). This solver is remarkably 

efficient for most high frequency applications such as connectors, transmission lines, filters, 
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antennas, amongst others. The optimization tool available in CST is very useful for antenna 

designers to optimize the antenna parameters very accurately. E, H and J simulation value 

representation gives a good insight into the problem under simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.1: Modelled structure in CST 

The first step in simulating a structure in CST involves determining the most 

appropriate template for the corresponding design. CST allows automatically assignment of 

the boundary conditions by selecting the appropriate template. PEC and open boundary 

conditions are used throughout this thesis. The next step is to determine the units for 

frequency and structure dimensions and further draw the intended architecture using the 

drawing tools available in the software as shown in Fig. A.1.  

The designed structure is excited using the suitable port excitation schemes. Now the 

simulation engine can be invoked by giving the suitable frequency of operation. Finally the 

simulations results such as the scattering parameters (Fig. A.2), port impedance information, 

animated electric and magnetic fields, current pattern, radiation pattern etc. is displayed.  

Boundary 

C-sections 

2 ports 
Substrate 
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Fig. A.2: S-parameter plot of the simulated structure. 

Another special feature of CST which can exploited to design the chipless tags is the 

excitation using plane waves and collecting the backscattering information such as RCS or 

time domain signals by placing appropriate probes at a particular distance. The visualization 

of signal information in time domain gives deep insight into the problem. Fig. A.3 (a) and (b) 

shows the excitation using plane wave and placement of different probes at a particular 

distance.  

(a)        (b) 

Fig. A.3: Plane wave and probe assignment in CST. a) Plane wave assignment, b) probe 

assignment. 
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CST allows the user to define the excitation signal. Fig.A.4 (a) shows such an 

excitation signal. It is a Gaussian modulated signal at a carrier frequency of 3.5 GHz. Fig. A.4 

(b) shows the corresponding time domain results of the back scattered signal. CST took the 

FFT of the time domain signal and will produce the corresponding response in frequency 

domain also. 

(a)         (b) 

Fig.A.4: The user defined excitation signal and the corresponding back scattered response. 

a) Excitation signal b) Back scattered signal collected by the far-field probe placed at a 

particular distance.  

Advanced version of CST provides multi-layer solver and fast resonant solver in frequency 

domain which gives a fast solution for the highly resonant multi-layer structures. 

TAG FABRICATION  

The optimized tags are fabricated using photolithographic process and also using digital 

printing technique (inkjet printing) [2-3]. The standard deposit thickness by inkjet is 1-5 µm. 

Photolithography is a chemical process by which the unwanted metal regions of the metal 

layers are removed so that the intended design is obtained [4]. Depends on the design of tags, 

single or double sided substrate is used. The tags can also be printed on paper substrate. 

Different tags were fabricated on four different types of substrates. In the beginning of the 

thesis FR-4 was used. Later, designs were developed on Rogers R4003 because of its low 

tangent loss (tanδ=0.0027) which enhances the backscattering properties of the tag. FR-4 has 

a permittivity of 4.4 and that of Rogers is 3.55. Both of them have a thickness of 0.8 mm. It 

was found that the high tangent loss of FR-4 (tanδ=0.025) deteriorates the tag mode 

amplitude. However, Rogers is costlier than FR-4. For developing multi-layer structures, 
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Kapton and PET are used because of its low thickness and tangent loss (thickness h=50 

microns and tanδ=0.005). Kapton has a permittivity of 3.25 and that of PET is 3.4. In this case 

the mode of fabrication is different; it is not the classical etching process, but the inkjet 

printing technique. The geometry of the different tags are given below which is designed for 

82 Ω impedance. The reason why 82 Ω is chosen is explained in chapter 3. 

a) Planar Tag containing single group of C-sections 

These kinds of tags always contain a ground plane. It has microstrip design. In the 

following representations, for better view, the dielectric layer and ground plane are omitted 

results just the copper trace representations.  

Geometry of the planar tag containing single group of C-sections is shown in Fig. A.5. 

l is the length of the C-section 

w is the width of the C-section 

g is the gap of the C-section 

w’ is the gap width of the C-section 

Tag dimensions in Rogers R4003 substrate are.  

w=0.7 mm 

g=0.1 mm 

w’=0.7 mm 

l=14.9 mm   Fig. A.5: Layout of planar tag with single group of C-sections. 

b) Planar Tag containing multi-group of C-sections 

Geometry of the planar tag containing multi-group of C-sections is shown in Fig. A.6. 

In this case g’ is the gap between two groups.  

Rest all parameters remains the same. Tag dimensions in Rogers R4003 substrate are.  

w=0.7 mm 

l 

g 

w’ 

w 
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g=0.1 mm 

w’=0.7 mm 

g’=1 mm 

l1=21.5 mm   

l2=9.5 mm 

 

 

Fig. A.6: Layout of planar tag with multi- group of C-sections. 

c) Multi-layer Tags  

Multi-layer tags are printed on flexible substrates (Kapton and PET). Further, the flexible 

substrate is sandwiched between a top and base substrate. The base substrate always contains 

a ground plane but the top substrate will not have a ground plane. It is used just to affix the 

flexible substrate with the base substrate. The following part represents the outline of the 

folded C-section.  

TAG MEASUREMENT 

The digital Oscilloscope DSO 91204A, Impulse generator Picosecond Pulse Labs-

Model 3500, Vector Network Analyzer (VNA) Agilent 8720D and Performance Network 

Analyzer (PNA) N5222A is used for the measurement. A Short description of this equipment 

is presented in this section. Measurement with oscilloscope and a pulse generator resembles 

with a practical reader measurement.  

A digital storage oscilloscope is an oscilloscope which stores and analyses the 

signal digitally rather than using analogue techniques. It is now the most common type of 

oscilloscope in use because of the advanced trigger, storage, display and measurement 

features which it typically provides. The input analogue signal is sampled and then converted 

into a digital record of the amplitude of the signal at each sample time. The sampling 

frequency should be not less than the Nyquist rate to avoid aliasing. The Oscilloscope DSO 

l1 

l2 

g’ g 

w' 

w 

w 
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91204A is capable of producing 40 GSa/s. DSO 91204A has 12 GHz bandwidth and four 

analogue channels. It has an analog bandwidth of 12 GHz. Its analog to digital converter has a 

resolution of 8 bits to a signal at zero frequency. But increasing the frequency to a few GHz, 

the effective resolution decreases to 4.5 bits because bits are found drowned in the noise. To 

artificially increase the number of bits and optimize sensitivity, an averaging operation using 

repeated measures can be performed. And with 64 records the number of bits of the analog / 

digital converter changes from 4.5 to 6 bits for a full scale of 40 mV. This gives sensitivity of 

the order of power -50 dBm (see [5]. Fig. A.7 shows the measurement set-up used for the 

back scattered time domain measurement. 

 

 

 

 

 

 

 

 

 

 

 

Fig.A.7: The back scattering measurement set-up using DSO 91204A. 

As shown in the figure, the entire system is piloted by homemade software. The signal 

generator is connected to the one port of the double polarized horn antenna. The horn antenna 

receives the back scattered signal produced by the tag which is kept at a distance R from the 

horn antenna. The other end of the horn antenna is connected to the digital oscilloscope which 

is controlled by the PC and does the necessary post processing for the received signal in time 

domain. The dual polarized horn antenna used can operate in 2-32 GHz with an average gain 

LCIS- Soft 

Horn 

Antenna 

DSO 

DUT R 

Signal Generator 
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of 17 dBi. Single polarized antennas were also used in another instance which can operate 

within 700 MHz-18 GHz with a gain of 12 dBi. The pulse generator Picosecond 10060A that 

was used is able to send a Gaussian pulse of 110 ps of width, with maximum amplitude of 2 V 

into a 50 Ω load. That gives a maximum instantaneous power of 19 dBm. The same 

experimental set-up explained in [5] is used in this thesis also.  

The frequency domain tags possess a high complexity calibration technique in order to 

recover the tag information. In all frequency domain tags, three measurements are needed; an 

empty measurement, measurement with a reference object and the measurement of the tag. 

This reference allows removing all the static noise due to the environment. All tag 

measurements are subtracted from empty measurement and divided by the reference 

measurement [5][6]. Finally the RCS can be calculated using the equation;      

[
   
   

    
         

   
   

    
         

]
 

      , where ζ
tag

 is the complex RCS value of the tag, ζ
ref

 is the complex 

RCS value of the metallic rectangular plate obtained using an analytical formula and S21 are 

the three measured complex values obtained using bi-static configuration. 

Vector Network Analyzer (VNA) Agilent 8720D and Performance Network 

Analyzer (PNA) N5222A were used to measure the scattering parameter characteristics. 

These analyzers can be used to measure the magnitude, phase and group delay of the two port 

networks. These analyzers are also capable of displaying a network’s time domain response to 

an impulse or a step waveform by computing the inverse Fourier transform of the frequency 

domain response.  

VNA 8720D is able to measure in a range of 50MHz-20 GHz [7]. The dynamic range 

of this analyzer is 105 dB. PNA N5222A is capable of doing measurement in a range of 

10MHz-26.5GHz [8]. Its receiver dynamic range is 135 dB with an IF bandwidth of 15MHz. 

The Agilent PNA is used to test a wide variety of passive and active devices such as filters, 

duplexers, amplifiers and frequency converters. The high-performance characteristics of the 

PNA make it an ideal solution for these types of component characterizations as well as 

millimeter-wave, signal integrity and materials measurements. 

Calibration has to be done in the two-port measurements (tag without antenna), before 

connecting the device under test. The vector network analyzer can be calibrated for full two 

ports by connecting the standard short, open and thru loads suitably whereas PNA provides 
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electronic calibration facility using a load which allows to perform a full 2-port or 4-port 

calibration. The two port device can be connected to the ports of the VNA/PNA. The 

magnitude and phase of S11, S22 and S21 are measured and stored in ASCII format.S11 and 

S22 indicate the return loss at the two ports of the DUT and S21 indicate the insertion loss 

(transmission characteristics) of the DUT from which the resonant frequency and the 

bandwidth are calculated. The DUT used is a two port tag prototype throughout this thesis.  
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APPENDIX II 
EQUATIONS 

Some of the equations for dispersion and a microstrip coupler can be seen here.  

DISPERSION 

Dispersion is a phenomenon in which the phase velocity is a function of frequency or 

alternatively the group velocity depends on the frequency. There is dispersion in microstrip so 

that the effective dielectric constant εre is a function of frequency and can in general be 

defined as the frequency dependent effective dielectric constant εre (f)[1]. To take into account 

of the effect of dispersion, the formula for εre (f) reported in eq. (1) and (3) in chapter three 

can be rewritten as, 

 

εre (f)= εr-
       

   
 

   
  

     

 

where, 

 f50=
    

                  
         

 

 fTM0=
 

   √      
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 m= m0 mc≤2.32 
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  1           for W/h≥1 
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Where c is the velocity of light in free space and whenever the product m0 mc is greater 

than 2.32 the parameter m is chosen equal to 2.32.  

The dispersion model shows that the εre (f) increases with frequency and εre (f)  εr as 

f  . 

The effect of dispersion in the characteristics impedance can be estimated by  

Z0(f)=Zc
         

     
√

   

       
   

where Zc is the quasi static value of the characteristic impedance. This equation can be 

used in the case of C-section, in order to calculate the characteristic equation. 

 

EVEN AND ODD MODE IMPEDANCE FOR A COUPLER 

The even and odd mode characteristic impedance in eq. (14) in chapter three can be explained 

as follows [2], 

Z0e=  √
      

       
  

 

    
     

   
               

   (15) 

, where Q4=(
   

  
)                       

With Q1=0.8695u
0.194 

Q2=1+0.7519g+0.189g
2.31 

Q3=0.1975+(16.6+(8.4/g)
6
)
-0.387

+ln(g
10

/(1+(g/3.4)
10

)/241) 

       denotes the effective dielectric constant of a single microstrip of width W.  

       =                      
  

 
              

, where                 



199 APPENDIX 

 

GRENOBLE-INP LCIS-ORSYS R.S.NAIR 
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And u=W/h, g=S/h.  

Similarly the quasi static odd-mode characteristic impedance of coupled microstrip line is 

expressed by  

Z0o=  √
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Contribution au Développement des Tags Chipless et des Capteurs à Codage dans le Domaine Temporel 

Mots-clés: tag sans puce, chipless RFID, mesures dans le domaine temporel, C-sections, antennes UWB, 

nanofils de silicium, capteurs sans fil, capteur d'humidité, structures multi-couches.  

Résumé: La RFID sans puce en raison de tu très  faible coût des tags a ouvert une nouvelle voie pour les 
systèmes d'identification. Les étiquettes RFID sans puce fonctionnant dans le domaine fréquentiel ont  
l’avantage d’être compatibles avec de grandes distances de lecture, de l'ordre de quelques mètres, et de 
pouvoir fonctionner dans les bandes de fréquence ISM. Cependant, les tags de ce type développés 
jusqu’à lors n’offraient qu’une faible capacité de codage. Cette thèse propose une nouvelle méthode 
pour augmenter la capacité de codage des tags fonctionnant dans le domaine temporel en utilisant des C-
sections, c’est-à-dire des lignes de transmission repliées de manière à avoir des zones fortement couplées 
ce qui leur donne un caractère dispersif. Une autre approche basée sur un tag multi-couches a également 
été introduite de façon  à augmenter considérablement la capacité de codage. Pour terminer, la preuve 
de concept d’un tag-capteur d'humidité basé sur l’utilisation de nanofils de silicium  est également 
présenté. 

 

Contribution to the Development of Time Domain Chipless Tags and Sensors 

Keywords: Chipless tags, time domain measurement, C-sections, UWB antennas, structural mode, 

humidity sensor, nanowires, chipless RFID sensor, multi-layer. 

Abstract: Chipless RFID owing to their low cost has opened a new way to the identifications systems. 

Time domain chipless RFID tags have significance because of their large read range, of the order of few 

meters, and their ability to operate in the unlicensed bands with allowed emission power. However, there 

were not a lot of work in this area and the existing time domain tags offers poor coding capacity. This 

thesis provides a new method to increase the coding capacity of time domain tags by using highly 

dispersive coupled transmission line sections (also known as C-sections). It also explains a multi-layer 

design with which the coding capacity of the time domain tags can be increased considerably. As a 

perspective of the thesis, a humidity sensor tag using silicon nanowires is also explained.  
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