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Furthermore, novel hourglass structures, which have more compact forms and 

enhanced RCS performances in comparison to the standard structures, are 

investigated. Finally, fabricated tags are tested in anechoic chamber by using various 

calibration techniques. While satisfactory results are obtained with PCB-based tags, 

improvements are needed to construct RFID systems involving inkjet-printed tags. 
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CHAPTER 1  

 

1. INTRODUCTION 

 

In the context of this study, identification refers to constructing a relationship between 

a physical item, which can be a stationary or a moving object, and its information that 

is networked to a computer database. The information of stationary items is directly 

accessible from database. However, more advanced concepts are required for moving 

items. Automatic identification (Auto-ID) is a well-known method, which was 

developed in order to identify moving items [1]. Auto-ID is mainly used for tracing 

and distinguishing items and it is commonly employed in supply chains where 

contactless data transmission is needed [2]. Auto-ID concepts have been proposed to 

satisfy identification process requirements that exceed human abilities [3]. In general, 

there are two commonly used contactless ID technologies: (i) Barcodes and (ii) radio-

frequency identification (RFID) [4]. 

1.1. Barcodes 

Evolution of Auto-ID technologies has started with barcodes. This well-known 

technology encodes the information typically into black and white parallel stripes as 

shown in Figure 1.1. Characters or numbers of the data are represented by varying 

width of the stripes. The first commercial use of barcodes was occurred in 1966 even 

if they were firstly introduced in 1950 by Woodland and Silver [5]. The data on the 

barcode is read via special optical scanners. Although there are diverse types of 

barcodes, they can be classified into two sub-categorizes: 1D and 2D (also known as 

QR codes [6]). Barcode labels have favorable properties, including their low-costs, 

small sizes, and light weights. Also, barcodes systems are easily implemented due 

their inexpensive and simple photosensor-based readers. Today, billions of barcode 

labels are in use for identification purposes [6].   
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Figure 1.1. A barcode tag 

Barcodes are commonly employed in production, transportation, and library systems 

[7]. However, the main drawback of them is that they should be placed in the direct 

line of sight of readers that limits their reading operation. For example, barcodes are 

insufficient for fast moving items, such as products on conveyor belt systems. 

1.2. Radio-Frequency Identification  

RFID systems have become major tools in many applications involving the 

identification and tracking of living and nonliving objects, particularly in the areas of 

healthcare, manufacturing, transportation, and security [3]. RFID is the abbreviation 

of radio-frequency identification, since radio-frequency (RF) waves are used to 

encode and transfer data wirelessly during the identification of the items [3].  In the 

literature, RFID technology has attracted much attention due to its wide range of 

application areas, which open a new chapter to contactless identification systems. 

Such systems provide efficient, fast, and practical identification for supply chain 

managements, while eliminating physical sight requirements [8]. RFID tags appeared 

in 1930s for identifying airplanes in IFF systems by the U.S. government; however, 

they were firstly presented in 1948 [9]. RFID gained its popularity in 2003 thanks to 

Wal-Mart, one of the largest retailers, which replaced barcode tags of products with 

item-level RFID tags to efficiently solve their inventory management problems [10, 

11]. The acceptance of RFID systems by such large institutions has lowered their costs 

and further developed the technology. Today, 600 billions RFID tags are sold per year 

and the cost of each tag is only about 4 cents [12].  They are most commonly used in 

supply chains, transportation, logistic, personal tracking, communication, medical 

services, security, and document tracking. Table 1.1 provides a general comparison of 

RFID and barcode systems.  
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Figure 1.2. An RFID tag 

The most important advantage of RFID tags over barcode tags is that they do not have 

to be in line of sight of the readers since RFID is based on communication via RF 

waves instead of optical beams.   

In general, an RFID system consists of two main elements: (i) A tag and (ii) a reader 

[3]. The reader contains transmitter antenna (TA) and receiver antenna (RA), and an 

RF circuitry. It is directly connected to a host computer that controls the whole system 

via its user interface. The reader is basically a transceiver structure. The interrogator 

signal is generated and transmitted while the received signal reflected from the tag is 

captured and decoded at the same time. The RFID tag usually consists of a coupling 

antenna and an integrated circuit (IC) chip to encode the information indicating the 

item as shown in Figure 1.2 [13, 14]. RFID tags can be categorized into three groups; 

active, semi-active, and passive tags depending on their power sources. An active tag 

generally has its own power source, e.g., a battery that runs the IC chip when the 

interrogator signal reaches the tag. On the contrary, passive tags need external power 

supplies to activate their circuits. In such a system, interrogator signal energy is often 

used as a power source in the tag [3]. Semi-passive tags are hybridizations of passive 

and active tags. In this thesis, passive tags are particularly focused, since they are more 

common and they also demonstrate all advantages of the RFID technology, including 

being energy-efficient and friendly to environment. 
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low-cost items as well. Using paper or plastic substrates is not sufficient to reduce the 

cost of the conventional RFID tags, particularly due to the IC chips located on the tags 

[16]. In order to overcome this bottleneck, chipless RFID tags have been proposed and 

developed. The main motivation of this thesis is presenting effective and low-cost 

chipless RFID tags. 

1.3. Outline of the Thesis  

The organization of this thesis is as follows.  

In Chapter 2, the basic concept of chipless RFID technology is presented in detail. 

Also, the main elements of a chipless RFID system, data encoding methods, and tag 

identification techniques are discussed. Lastly, the simulation environment used in 

this study is presented. 

In Chapter 3, U-shaped chipless RFID tags, which are commonly used in the literature, 

are introduced. Simulation results of the designed tags are also presented. Moreover, 

a block diagram of constructing a chipless RFID library and the design methodology 

are shown in detail. 

In Chapter 4, novel array strategies for U-shaped tags are presented. The performances 

of the designed chipless RFID tags depending on various parameters are also 

discussed.  

In Chapter 5, a novel type of hourglass-shaped chipless RFID tags is proposed in order 

to enhance the performance. Simulation results for different hourglass-shaped tags are 

presented.  

In Chapter 6, fabrications of chipless RFID tags using PCB and inkjet printing 

technology are considered in detail. Also, a sensitivity analysis for the printed tags is 

presented. Finally, measurement techniques for chipless tags are investigated, 

followed by the presentation of initial measurement results for different tags. 

Chapter 7 concludes the thesis, with the emphasis on future work. 
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CHAPTER 2  

 

2. CHIPLESS RFID  

 

In this chapter, general aspects of chipless RFID tags are discussed. First, some 

milestone studies in the literature are reviewed to describe the state-of-the-art. Then, 

system parameters for chipless tags, as well as basic concepts of data encoding and 

tag identification are presented. 

2.1. Definition 

As contactless identification systems gain popularity, their capabilities and costs have 

become major issues, especially considering large volume of production in all areas 

of science and society. Although barcodes are the most affordable ones among all 

auto-ID technologies, they are not sufficient to meet expectations in terms of accuracy 

and effectiveness [17]. In order to obtain an efficient solution, RFID systems have 

been particularly focused. These systems do not only accelerate reading processes, but 

also eliminate the need for line of sight between readers and tags. On the other hand, 

the developed RFID systems have had to be revised to reduce their costs, particularly 

contributed by IC chips. For this purpose, chipless RFID tags have become innovative 

solutions for contactless identification technologies. As their names state, these tags 

do not contain any IC chip to encode data. This way, chipless RFID tags provide 

advantages of both conventional RFID tags and barcodes at the same time [7]. Due to 

their longer read range, accuracy, and faster identification processes, they are superior 

to barcodes. At the same time, they have advantages over the conventional RFID tags 

with their inexpensive costs. It is even possible to reduce the price of a chipless RFID 

tag to 0.4 cent [18].  Most of the chipless RFID tag designs are fully printable and the 

tags are environmentally friendly because of the elimination of IC chips.  
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For chipless RFID systems, there are many different data encoding methods; however, 

they can be classified into three basic categories: Time-based (time domain 

reflectometry), frequency-based (spectral signature), and phase-based [19]. 

2.2. Literature Review 

Hartmann et al. presented the first chipless RFID design in [20]. The proposed tag 

structure is fabricated with surface acoustic wave (SAW) technology and it is a type 

of time-based chipless RFID tag. The data is encoded with respect to pulse position 

modulation (PPM) via acoustic reflectors on the tag. The reader sends pulses and 

receives the echoes reflected from the tag. Each one of the acoustic reflectors 

generates pulses at specific time delays as soon as the interrogator signal reaches the 

tag. In the overall tag response, the pulse positions specify the encoded data since each 

pulse represents 1-bit information. 

Chipless RFID tag proposed by Shretha was a printable delay-based tag [21]. The 

design converts the SAW-based tags into microstrip concept, where the data is 

encoded via transmission-line-based structures. It is indicated that the transmission 

line is equivalent to an LC circuit that corresponds to time delay. Therefore, it is 

possible to generate different time delays by varying the L and C parameters, which 

are controlled by the length of the transmission line. Similar to the SAW-based tags, 

time delays from the incoming signal encodes the data. Depending on the length of 

the line, it is possible to create different ID codes. 

Space filling curves were proposed by Jalaly et al. and they form the basis for 

frequency-based chipless RFID tags [22]. These types of tags encode the binary data 

by generating resonances via Peano and Hilbert space filling curves, which can be 

considered as frequency-selective surfaces [23]. In the proposed design, each surface 

resonator encodes each bit individually. Then, resonances are observed as peaks in the 

frequency spectrum, and this phenomenon is called spectral signature. Basically, 

radar-cross-section (RCS) values indicate the spectral signatures of the tags. 
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frequency bands, as opposed to the regular RFID systems. Therefore, the signal 

generator sweeps the frequency over the operating band and the generated signal is 

called the interrogation signal. There are two antennas placed on input and output. The 

interrogation signal is transmitted via the output antenna. After the reflection from a 

tag, ID-encoded backscattered signal is captured by the input antenna. Then, the 

collected data is sent to the controller for decryption.  

 

Figure 2.1. Chipless RFID system diagram 

The controller module links the user with the data on the tag via a user interface. It 

runs the whole system and arranges the transmitting and receiving sequences. After 

receiving a signal, the response of the signal is decoded via detection algorithms so 

that the ID code is determined. The controller also has an access to an ID library to 

match the ID code with the information about the object.   

2.5. Identification Procedure 

In this study, frequency-coded chipless RFID systems are investigated, in which the 

ID codes are embedded in the frequency spectrum. Such systems utilize resonator 

structures for different frequencies in order to assign ID codes to tags. In a chipless 

RFID system described in Figure 2.1, the transmitter antenna starts the sequence by 

sending interrogation signals at different frequencies. When an interrogation signal 

reaches the tag, the multi-resonator structure on the tag reflects the incoming signal.  
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Figure 3.1. Dipole and U-shaped resonator 

 

 

Figure 3.2. Surface electric current density induced on a dipole and the corresponding U-shaped 
resonator  
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Figure 3.3. RCS response of the 10-bit tag for circular polarization 

 

 

Figure 3.4. RCS response of the 10-bit tag for different polarizations 
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Figure 3.5. RCS results for single-bit deletions  
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Figure 3.6. RCS results for three-bits deletions 

 

3.2.1.2. Three-Bit Deletions 

Figure 3.6 presents sample results of RCS responses for three-bit deletions. For all 

scenarios, the first and the last bits are always extracted. In addition, depending on the 

trial, the third deleted bit is selected as 5, 6, 7, and 9. As opposed to single-bit 

deletions, RCS levels are reduced due to the decreased numbers of reflecting elements. 

Moreover, deletion of a bit affects the next bit as observed in single-bit deletions, 

while several peaks remain at their high positions. On the other hand, peaks with high 

amplitude levels are not strongly affected. It is remarkable that, despite negative 

effects due to the coupling between resonators, the bits corresponding to the remaining 

resonators are clearly observed in all cases. 

3.2.1.3. Cascaded Deletions 

Now, we consider cascaded deletions to observe the effects of subsequent removals 

of resonators. In the first trial, bits 2, 3, 4, and 5 are deleted consecutively, while the 

first resonator is always extracted.  



 

 
 

24 
 

 

Figure 3.7. RCS results for cascaded bit deletions 

 

 

Figure 3.8. RCS results for cascaded bit deletions 

 

Figure 3.7 shows that the base RCS level decreases as more resonators are removed. 

In all results, the resonance related to the smallest undeleted bit seems to be affected 
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Figure 3.9. RCS results for three-bit block deletions 

 

significantly, while the remaining resonances keep their strong characteristics. 

In the second set of trials, 1, 3, 7, and 9 are removed subsequently while 5 is always 

missing. The plots in Figure 3.8 displays the reduced values of the base RCS, as well 

as remarkably decreased peaks. Once again, deleted bits strongly affect the resonances 

of the next peaks, leading to quite low levels, particularly when five resonators are 

removed from the tag. 
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Figure 3.10. RCS results for four-bit block deletions 

 

3.2.1.4. Block Deletions 

In Figure 3.9, we consider sample trials of three-bit block deletions. Deleting larger 

labelled bits significantly decreases the RCS level since the corresponding resonators 

cover larger physical areas. Similarly, in each case, the amplitude of the first undeleted 

peak is affected drastically. Figures 3.10 and 3.11 present the RCS results for four-bit 

and five-bit deletions. The general RCS level decreases greatly when deleting a five-

bit block, while the amplitudes of the peaks are still at sufficient levels to be detected.  
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CHAPTER 4  

 

4. ARRAY STRATEGIES  

 

In this chapter, array strategies for chipless RFID tags are discussed. Arrays obtained 

by following various strategies are compared with each other to reach suitable designs 

for effective RFID systems. 

4.1. Motivation 

Chipless RFID systems are considered to be more suitable for practical identification 

and tracking applications due to their low-cost implementations compared to other 

state-of-the-art systems. However, chipless RFID tags may suffer from readability and 

reliability issues and a chipless RFID tag should provide sufficient RCS levels to 

achieve long reading ranges as much as possible in order to have an advantage over a 

barcode. In addition, peak sensing is the main principle of an RFID recognition. 

Therefore, the difference between a resonance peak level and the average RCS level 

should also be sufficiently large to reduce the risk of misidentification.  

Performance of a chipless RFID system can be enhanced by arranging multiple tags 

into an array structure, while this brings a trade-off between size and performance 

[36], [37]. Inkjet printing technique can be particularly suitable to fabricate these kinds 

of arrays since it is an additive fabrication process. In this chapter, many different 

array scenarios are studied for developing enhanced performance for chipless RFID 

tags.  

4.2. Simulation Results 

Figures 4.1 to 4.7 show geometrical drawings of various arrays of the 10-bit structure 

as well as their RCS responses for linear (XX and YY) and circular (CC) polarizations.  
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5.1.2. Array Configurations of the New Tag 

In Chapter 2, the importance of the readability and reliability of a chipless RFID tag 

are discussed. In order to improve the readability, the RCS levels should be at 

relatively high levels such that the peaks can be detected. Chipless tags are fully 

passive structures, thus environmental factors that bring extra losses and cause many 

reflections may significantly affect the RCS responses of the tags.  At the same time, 

the reliability, i.e., accurate identification, mainly depends on peak-to-dip difference 

levels, since adjacent peak and dip pairs should be well-separated to avoid mixing 0 

and 1 bits. According to the results presented in Chapter 4, array configurations can 

be suitable for enhancing readability and reliability. Hence, a similar array 

methodology can be employed on the new 10-bit tag, without losing its advantages in 

terms of compactness. Figures 5.3, 5.5, 5.7, and 5.9 demonstrate the geometries of 

various array configurations that are discussed below. 

5.1.2.1. Simulation Results 

The first scenario depicted in Figure 5.3 is face-to-face (hourglass) configuration. 

Figure 5.4 shows the corresponding RCS response for different polarizations. For 

linear polarizations, the overall RCS level increases by 10 dB in comparison to the 

single tag. On the other hand, the RCS level is improved by 5 dB for the circular 

polarization. In general, the YY polarization leads to higher peak-to-dip differences in 

comparison to the XX and circular polarizations, especially at higher frequencies.  

Figure 5.5 presents the geometry of a side-by-side arrangement, while Figure 5.6 

shows the corresponding RCS responses. For all polarizations, the RCS level increases 

by 3 dB.  

Figures 5.7 and 5.9 present two configurations where the tags are arranged vertically. 

The corresponding RCS results are shown in Figures 5.8 and 5.10, respectively. For 

both types and all polarizations, the RCS level increases by 3 dB with respect to the 

RCS of the single tag. On the other hand, peak-to-dip difference levels are not affected 

significantly. 
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Figure 5.15. RCS results for single-bit deletions 
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Figure 5.16. RCS results for single-bit deletions 
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Figure 5.17. RCS results for three-bit deletions 












































































