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i 

 

Chipless RFID is an emerging field which is still in its infancy and 

expected to be a promising cost effective alternative to conventional RFID. 

The frequency domain Chipless RFID tags are very attractive in terms of data 

encoding capacity compared to other developed Chipless tags (except SAW 

tags). Moreover, they are fully printable, planar, robust and low cost. The 

thesis is focused on the development of frequency domain Chipless RFID 

tags. Without any embedded integrated circuits and power sources in the tag, 

data is encoded using microstrip resonators as spectral signatures. Stepped 

impedance resonators and Cross loop resonators are presented as the basic 

elements of the tags. Tags with and without transmitting and receiving 

antennas are presented. For the tag with antenna,  resonators coupled to the 

transmission line are seen to be more effective than resonators connected to 

the transmission line. The tag achieved a surface encoding capacity of                 

1.68 bits/cm2 on RT Duroid 5880 (εr = 2.2, tanδ = 0.0009). Tags without 

antennas are designed with special focus given to polarization independency, 

Compactness and high encoding capacity. Two polarization independent tags 

using cross loop resonator and SIR are developed and surface coding capacity 

of 1.71 bits/cm2 and 1.08 bits/cm2, respectively are obtained (using RT Duroid 

5880 with εr = 2.2 and tanδ = 0.0009). SIR based polarization independent tag 

is modified to get high bit encoding capacity and compactness and the highest 

surface encoding capacity obtained is 3.54bits/cm2. Time-Frequency domain 

duality is exploited for tag detection in time domain using UWB Gaussian 

pulse. Using Matlab, the received data in time domain signal converted into 

Frequency domain and decoded the tag information. Finally, all the developed 

tags are tabulated along with their properties.  
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1.1.  Introduction 

Automatic identification is an ever interested topic which finds countless 

applications in different fields like industrial, medical, banking, day to day 

life etc., Barcodes, Optical Character Recognition (OCR), fingerprint, smart 

cards, RFID systems, voice identification etc., are some of the existing 

automatic identification systems [1]. Among them Radio Frequency 

Identification (RFID) is a contactless, non-line of sight technology which 

relies on Radio Frequency (RF) waves for communication. Being originated 

in World war-II to identify friend and foe aircrafts, this technology extended 

to several other domains. With the updates in the Electronics and information 

technology RFID developed as an integral part to fulfil the needs of mankind. 

Electronic article surveillance, Supply chain management, vehicle tracking, 

animal tracking, fare collection, factory automation, health care etc., are some 

of applications [2-8] of RFID. 

RFID is one among the many technologies developed to meet the 

needs of World War I & II. Identification of Friend and Foe (IFF) was done 

by attaching a transmitting antenna to friend aircrafts which reflects back 

particular signal to the radar base stations thus informing their identity. ‗The 

Thing‘ developed by Leon Theremin in 1945 was another interesting form 

of RFID in the context of World War II. Figure 1.1(a) shows its front view 

and its exploded view. It was a tool developed for Soviet Union to spy the 

conversations in U.S Embassy and was hidden in the Great Seal and 

presented to the U.S. ambassador in Moscow [11]. The working of ‗the 

thing‘ is shown in figure 1.1(b) and is as follows. The sound waves from the 

scene make vibrations in the diaphragm connected to the resonant cavity 
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which is coupled to an antenna. This will change the impedance of cavity 

according to the sound waves and thus modulates the antenna load accordingly.  

 
Figure 1.1(a):  Great seal of United States and an exploded view of the device. 

Courtesy: Wikipedia 

 
Figure 1.1(b): Working principle of “The Thing” of Leon Thermin 

 
 

The electromagnetic wave transmitted from the reader (in this case located 

in car parked outside U.S Embassy) induces currents on the tag antenna and 

get modulated with the sound waves. The backscattered signal from this spying 
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tool is demodulated at the receiver. Though ―the thing‖ had been used for 

spying not for identification, it is considered as the predecessor of RFID 

because the device was likewise passive, being energized by electromagnetic 

waves from an outside source. 

The basic theory of RFID is reflected power communication or 

backscatter modulation [12] and is developed on the heels of RADAR. The 

technology is a combination of different aspects of radio broadcasting and 

RADAR.  Basic radar operation enables to know whether there is an object 

present or not. If the target to be detected is subjected to some sort of 

modulation, the identity of the target can be obtained from the backscattered 

power. More clearly, the information embedded in the reflected power from 

loaded scatterers [13] is used to identify the target.  Tag, the data carrying 

device attached to the object to be tracked or identified is the scatterer here.  

The operation of conventional RFID tag is depicted in figure 1.2. Radio 

waves transmitted by the reader antenna will be received by the tag antenna 

and is modulated by the tag‘s data which is stored in the silicon chip 

connected as a variable load to the tag antenna. The modulated RF wave 

will be retransmitted or backscattered towards the reader antenna. The 

backscattered signal is processed for the identification of the target. 

 
Figure 1.2: Basic Elements of RFID tag 
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1.2.  Components of RFID System 

Typically an RFID system consists of a reader/interrogator which is 

usually connected to a computer with internet and multiple number of 

tags/transponders [14]. The basic block diagram of RFID system is shown 

in figure 1.3. A brief description of each component is given here. 

 
Figure 1.3: Block diagram of RFID system 

1.2.1. Reader 

Reader/Interrogator/Scanner Sends and receives electromagnetic data 

to and from the tags that enter its field of view. The reader houses decoder, 

RF module and one or more antennas. One side of the reader is connected to 

the computer which will process the detected data and the other side with 

antenna or antennas to communicate with the tags. The reader antenna 

would be continuously scanning or observing its operating area and once 

one or more tag enters the reading zone, it gets the identity of tag/tags. The 

decoded identity is then passed to the computer. So the reader can be viewed 

as a device connecting tags and host computer. 

The complexity and functions of the reader, size, number and gain of 

reader antenna, all depends on the specific application for which it is 



Chapter -1 

6                       Department of Electronics, CUSAT 

designed. The reader can be fixed (in a room or factory) or portable (like the 

one integrated in handheld scanner). 

1.2.2. Transponder/Tag [15] 

Tags are the data carrying devices attached to the object to be 

detected. Conventional RFID tags consist of an antenna which is connected 

to a silicon chip, the associated control circuits and the substrate on which 

all the other components are printed or attached. The whole device can be 

used as such or can be encapsulated with different materials depending upon 

the application. The tag antenna receives the electromagnetic waves at its 

frequency once it is within reader‘s reading zone; modulates it with the tag‘s 

identity stored in the chip and backscatteres the modulated wave towards the 

reader antenna.  

Tag‘s identity is stored in the silicon chip in conventional RFID 

technology. Due to the availability of several bytes of data, the identification 

code can include more information other than a simple serial number which 

identifies the tag like that in Electronic Product code (EPC). 

The tags can be read only, read-write and write once-read many type 

depending on the application. Conventional RFID tags are classified into 

three as Passive, Semi-passive and Active tags depending on the method 

used to activate the tag.  Some of the tags available in the industry are 

shown in figure 1.4. 
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Figure 1.4: Some of the tags available in the industry 

1.2.2.1. Passive tags 

Passive tags house an antenna, silicon chips and the associated control 

circuits. No battery is provided to power the tag. The silicon chip and the 

control circuits are energised from the incident reader‘s signal. These tags 

are less expensive (Tag prices range from a few pennies to $10) due to the 

absence of battery but they would offer short reading ranges (typically less 

than 3 meters) and slow reading speeds. But these tags have longer shelf life 

and can use any frequency band. They are generally used to tag low cost 

items and are not reusable. 

1.2.2.2. Semi- passive tags 

The semi- passive tags work similar to the passive tags that they also 

use power from the reader signal to communicate with it. The difference is 

that they house a battery to power the chip electronics within the tag              

just like battery in watches and are also known as battery assisted tags. 

Semi-passive tags also have short reading ranges and slow reading speeds 

but offer better performance than passive tags. Battery assisted tags usually 
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provide more memory than passive tags. These are generally used when some 

sensing function is also needed to be included in the low cost tags. The 

presence of the battery makes this tag a little more expensive than passive tags 

($10 to $50). Although the battery life limits the tags life, semi passive tags 

have longer shelf life than active tags. Usually they use UHF frequency band. 

1.2.2.3. Active tags 

Active tags contain an on board battery to broadcast the RF waves and 

to power the electronics within the tag. They also contain an RF transmitter 

and transmit their data independently without relying on the reader signal. 

These tags use two frequencies for the transmission and reception (down 

link and uplink). Sensing applications can also be effectively incorporated in 

these types of tag. Active tags are most reliable and they provide greater 

reading ranges (1000m), speeds and memory. But the tags are expensive 

than the other two tags ($20 to over $100) due to the presence of battery and 

other related circuits. For these tags battery life limits the tag‘s life though 

precautions like sleeping mode are available. Active tags can use UHF and 

microwave frequency bands. 

Conventional RFID tags use unlicensed spectrum space i.e., ISM bands. 

However, the exact frequency may change according to the regulations of 

different countries. The frequency of operation is also greatly dependent on the 

application. Generally it can use any of the four bands like Low Frequency 

(LF), High frequency (HF), Ultra High Frequency (UHF) and microwave and 

are  given in the table 1.1 [16]. LF and HF tags are less affected by the 

environmental effects like water content or presence of metals whereas UHF 

and microwaves don‘t penetrate into the metal, fluids and dust.  RFID tags in 
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these bands depend on their working environment. Both HF and UHF RFID are 

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

reading range. However, it offers 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. 

Table 1.1: Classification of RFID tags based on frequency 

Typical RFID 

frequency 

LF(125-

134 KHz) 

HF     (13.56 

MHz) 

UHF (433 MHz, 

860-960 MHz) 

Microwave 

(2.45 GHz~, 

5.8 GHz) 

Communication 
range 

< 0.5m ≤1.5m 1-10m 3m≤ 

Data transfer 
rate 

Low Low to 
moderate 

Moderate, 
moderate to high 

High 

Reader cost Low Medium High Very high 

Coupling Inductive Inductive Backscattering backscattering 
 

1.2.3. Host computer and middleware 

RFID reader is connected to a host computer through a software 

interface known as middleware. The middleware maintains the interface and 

the software protocol to encode and decode the identification data from the 

reader into a mainframe or personal computer. The decoded data from the 

reader is given to the computer for further processing according to the 

application and make it useful for the end user.  This block of the RFID 

system includes software to monitor, configure and control the reader 

hardware and hence reader functions. The computer is connected to internet 

so that features like remote identification can be supported. 
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1.3.  Applications of RFID [2] - [10] 

Commercial applications of RFID have been found place in market 

since 1960‘s. Sensormatic and Checkpoint are two among the early 

manufactures of RFID applications. Electronic Article Surveillance (EAS) 

equipment developed to counter theft of merchandise was the first and most 

wide spread commercial RFID application. These types of systems often use 

1bit tags; only the presence or absence of a tag could be detected, but the 

tags are less expensive and provided effective antitheft measures. These 

systems used either microwave (generation of harmonics using a 

semiconductor) or inductive (resonant circuits) technology. The 1970s were 

characterized primarily by developmental work of RFID systems intending 

applications like animal tracking, vehicle tracking, and factory automation. 

The 1980s became the decade for full implementation of RFID technology, 

though interests developed somewhat differently in various parts of the 

world. RFID has been successfully implemented in transportation, personal 

access, animal tracking, toll collection etc. A key to the rapid expansion of 

RFID applications was the development of the personal computer (PC) that 

allowed economically convenient data access and management from RFID 

systems. Since 1990‘s wide spread deployment of RFID has been 

continuing in various fields of everyday life. Its applications are increasing 

and are updated with the technology advancements. It can replace or can be 

co-functioned with any existing automatic identification technologies and 

for this reason RFID is one among world‘s top ten technologies. Some of its 

popular applications including supply chain management and transport are 

shown in figure 1.5. 
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Table 1.2:  History of RFID Development [8] 

The Decades 

of RFID 

Event Decade 

1940–1950 Radar is refined and used, As a major World War II development 
effort RFID is invented in 1948. 

1950–1960  Early explorations of RFID technology, laboratory experiments. 
1960–1970  Development of the theory of RFID. Start of applications and 

field trials. 
1970–1980  Explosion of RFID development. Tests of RFID accelerate. Very 

early adopter Implementations of RFID. 
1980–1990  Commercial applications of RFID enter mainstream. 
1990–2000  
 

Emergence of standards. RFID widely deployed. RFID becomes 
a part of everyday life. 

2000– RFID explosion continues 
 

 
Figure 1.5: Applications of RFID 
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1.4.  RFID Vs Optical Barcode [1] - [10] 

Optical barcodes have major role in product identification in markets 

and is used worldwide. These are very cheaper than any other identification 

systems. They can be printed directly on paper or plastic materials and can 

perform with the same accuracy in different working environments. Two 

types of barcode: 1D (represent data in the widths and the spacing of the 

lines) & 2D (data in patterns of squares, dots, hexagon and other geometric 

pattern) are common in use [5]. 2D barcodes have more data capacity 

(maximum capacity 128 bits) than 1D(maximum capacity 41 bits)  and the 

former is used in applications where more information is needed like in 

industrial products and the latter is used in household products. 

Table 1.3: Comparison between RFID and Barcode 

                                              
Electronic device Printed symbol 
Uses RF waves Uses light 
Sensitive to EMI(noise), metal and water Not sensitive to EMI(noise), metal, water 
Non line of sight Line of sight  
No human labour needed in most cases human labour needed in most cases 
Can be hidden, protected Subject to dirt, abrasion etc. 
Read multiple tags simultaneously Read only one tag at a time 
Small to large reading range can be 
obtained depending on the application 

Small reading ranges and crucial positioning 
is required 

Strong authentication (access control, 
non-duplication) 

No authentication, except encryption  

$0.1 to $200+ tags, expensive reader Virtually free label, inexpensive reader 
Emerging for some uses, mature in other 
areas 

Mature- Ubiquitous 

Barcode   RFID 
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Though barcodes are widely adopted identification technology, it has 

many limitations. RFID technology by itself or combined with optical 

barcodes has overcome these limitations and also opened new horizons of 

identification. The most advantage of RFID technology over barcodes is non 

line of sight communication. A comparison of barcodes and RFID is given 

in the table 1.3. 

Though the RFID technology is offering many advantages over 

barcodes, it is far away from the point to replace barcodes. As already 

mentioned, the reason behind this is the cost. Researches are actively 

conducting in this field to reduce the cost of RFID systems. No significant 

advancements have been achieved in this regard but a suggested approach is 

Chipless RFID tags introduced in the next section and is the topic of the 

thesis. 

1.5.  Chipless RFID: New era of RFID [11], [14] 

Despite the fact that the use of RFID tags with an IC is a well-

established and broadly used technology, the need for an all passive 

technology exhibiting very low cost, high robustness and the ability to be 

used in severe environments is very attractive and highly desirable for many 

applications. Chipless RFID system is a system whose transponders or tags 

do not contain silicon chip. This can drastically reduce the cost. With the 

chipped RFID tags, the cost of silicon chip is inevitable. The cost of RFID 

tag is due to the substrate, handling of the die and placing them onto label. 

By eliminating integrated circuits from the tags the cost can be reduced 

significantly with a lossless low cost substrate. Besides the similarity in 

function with optical barcodes, these RF barcodes are envisaged with more 
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advantages like non-line of sight readability, automated reading, incorporation 

of sensors, etc. It is an emerging technology and active researches are going on 

in this field to raise this technology into a commercially and economically 

acceptable level. Still a long way has to be climb to reach the aim.  

The Chipless RFID tags do not require an IC and communication 

protocol. The challenge is how to encode data without a chip within an all 

passive structure using a low cost substrate. Chipless RFID tags are viewed 

like radar targets and the system simply relies on the radar principle with the 

tag information encoded in the reflected wave as an electromagnetic 

signature of the structure. The electromagnetic signature depends on the size 

and shape of the tag. So this signature, added by the tag to the reflected 

power serves like a unique ID of the tag. 

Chipless RFID tags are classified according to the way in which the 

identity of the tags is encoded [11]. The first one defines a set of symbols as 

Chipless tags and uses their electromagnetic properties as their signature or 

ID. The second technique is to use a compact and simple RF circuit to 

encode data. This design should have an antenna to communicate with 

reader and RF processing unit. The second approach has strong similarity 

with RF filter design. The third technique combines features of first and 

second. Here, the antenna and filtering functions are combined in RF 

circuits with strong scattering properties. 

RFID tags are also classified according to the domain in which the 

identity is stored. They are time domain reflectometry based Chipless RFID 

tags, spectral signature based Chipless RFID tags and phase/amplitude 

backscatter modulation based Chipless RFID tags [11].  



Introduction 

Design and Development of Planar Chipless RFID Tags   15 

1.5.1. Time Domain Reflectometry (TDR) Based Chipless RFID Tags [14] 

As the name implies, in this type of tag data is encoded in the time 

domain. This type of tags are interrogated by an extremely short duration 

broad band RF pulse lasting only a few Pico seconds. Data is encoded by 

the tag by creating a reflection of the interrogation pulse in different time 

intervals. So there should be structures in the signal path to create 

discontinuities that in turn create reflections. These tags have the advantages 

of better noise immunity, long reading range, and low cost. But at the same 

there are disadvantages like lower encoding capacity and difficulty to 

generate and detect narrow UWB pulses. The time domain tags are again 

classified into printable and non-printable tags.  

1.5.1.1. Non-printable TDR tags: SAW tags [17] - [18] 

 
Figure 1.6: Working principle of SAW devices based Chipless 

RFID system Curtsey S.Preradovic et al. [15] 

 

This type of tags relies on SAW (Surface Acoustic Wave) devices. 

SAW devices are based on the unique characteristics of piezoelectric 

materials that allow transformation of electromagnetic waves into much 

slower acoustic waves. These fully passive tags merely reflect the reader 
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signal in a coded form that represent their identity. Reflecting reader signal 

in coded format means reflections at predetermined time intervals, which is 

accomplished by using SAW delay lines. SAW delay lines boast low losses, 

large delay times and small dimensions. 

Piezoelectricity is the operation principle behind SAW devices and is 

a coupling between a material‘s electrical and mechanical properties. A 

piezoelectric crystal experiences a mechanical distortion when an electric 

field is applied. Interdigital capacitors (IDT) are inevitable part of SAW tags 

and are used to convert or transduce electrical waves to acoustic waves or 

vice versa. Figure 1.6 depicts the principle of operation of a reflector based 

SAW tag. The interrogation pulse emitted by the reader is picked up by the 

reader antenna that is directly linked to an IDT. The IDT transforms the 

electrical signal to surface acoustic wave, which is a mechanical wave of 

particle displacements. The generated SAW pulse then propagates along the 

surface of the substrate, which is usually made of a strong piezoelectric 

material. At precisely determined positions on the substrate is embedded 

with so called code reflectors usually made of one or a few narrow PEC 

(Perfect Electric Conductor) strips. The propagating mechanical wave gets 

partially transmitted and partially reflected by the above mentioned 

reflectors. The reflected SAW returning to the IDT thus bears a code, based 

on the positons of the reflectors. The modulation used here is based on time 

delay between reflected pulses and hence is pulse positon modulation. 

Similarly the phase and amplitude of the reflected signal can also be 

modulated to encode information. The IDT reconverts the reflected SAWs 

returning towards it to electrical form which is retransmitted by the tag 

antenna. The response is then detected and decoded by the reader. 
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SAW tags offer many advantages over conventional chipped RFID 

tags like compactness, robustness, ability to withstand in harsh environments, 

better read range comparing fully passive chipped systems etc. These are the 

only Chipless tags commercially available in the market to the date and 

offer a data capacity of 128 bits. Successful researches are taking place in 

this field to enhance the properties and to reduce the cost of SAW tags.  

Comparing Chipless RFID tags under research, these tags are costlier, 

not fully printable due to the presence of piezoelectric material. Active 

researches are going on to make both technologies competent with the 

chipped ones. 

1.5.1.2. Printable time domain Chipless RFID tags [19] - [21] 

Printable time domain tags include Thin Film Transistor Circuit (TFTC) 

tags and microstrip delay line. TFTC tags can be printed on low cost plastic 

at high speed. Comparing Chipless tags they offer more functionality since 

they include most of the functions of integrated circuits but consume more 

power and manufacturing cost. The delay line based tags consist of a 

microstrip discontinuity after a section of delay line. The operation of these 

tags is similar to SAW tags and these tags can be viewed as microstrip 

counter part of SAW tag. The tag when excited by a short RF pulse 

retransmits echoes of the same due to discontinuities in the propagation 

path. The discontinuities placed at predefined distances determine the delay 

between echoes of interrogation signal and hence the identity of the tag. 

Time encoding can also be done by terminating transmission lines by 

different loads. An example of microstrip delay line based tag is shown in 

figure 1.7. 
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One key feature of the time domain tags is the two backscattering 

modes from the tag antenna. One is the structural mode and the other is the 

antenna mode. The structural mode is inherent to each antenna and is 

independent of antenna loads. Antenna mode backscattering is a load 

dependent scattering and changes with impedance of load [29], [30].  While 

examining antenna or tag backscattering, the early time pulse is the 

structural mode and the late time pulse is the antenna mode. Controlling the 

time difference between structural and antenna modes (by controlling the 

length of transmission line) and controlling the phase difference between 

different antenna modes are the techniques used for coding in time domain 

reflectometry based tags.  

 
Figure 1.7: An Example of Microstrip delay line based time 

domain Chipless RFID tag [17] 

The time domain tags are simple and immune to noise. These tags use 

narrow band of frequency and due to the availability of high emission for 

short frequency bands, UWB tags offer greater reading ranges than other 
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Chipless RFID systems. Left handed artificial delay lines are under active 

research to use in time domain tags which in turn increase the information 

density by reducing the size. But the disadvantage is lower data encoding 

capacity. Generation of short pulses, width of which determines the shortest 

delay between echoes and hence the coding capacity is a difficult task with 

time domain tags. Also the length of delay lines to provide long delay is a 

limiting factor in terms of tag size.  

Though the time domain tags offer better reading range and immunity 

to noise, researchers are most interested in frequency domain tags. This is 

because of the fact that frequency domain tags can encode more number of 

bits than the time domain tags (except SAW tags).  Duality between time 

and frequency domains enables to use Time domain reading techniques to 

read frequency domain tags and hence to enhance their performance. 

1.5.2. Spectral signature based/Frequency domain based Chipless RFID 
tags [11], [14] 

This type of tag encodes data or identity in the spectrum or frequency 

domain using resonant structures. The presence or absence of a resonant 

peak or dip indicates a data bit. Resonant peaks or dips can be either phase 

jumps or amplitude jumps. Spectral signature based tags are fully printable, 

planar, low cost and robust. These tags also have higher encoding capacity 

than time domain tags. But large spectrum requirements, wideband RF 

readers and exact tag orientation with reader antenna are some draw backs 

of frequency domain tags. Understanding the advantages of high encoding 

aspect of frequency domain tags, researches are going on to overcome the 

disadvantages of this class of tags. 
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Depending upon the nature of tag, spectral signature based tags can be 

classified into two: chemical and planar. Chemical tags have deposition of 

chemicals on low cost paper substrates. These chemicals upon the incidence 

of electromagnetic waves resonate at different frequencies. Though these 

tags are extremely low cost, they operate at low frequencies (a few kilo 

hertz) [22]. Planar tags are made of microstrip, coplanar and strip line 

technologies. They can be printed on thin, thick or flexible substrates 

depending upon the application. Multiple scatterers [23], multiple resonators 

coupled to microstrip transmission line [24], space filling curves [25], LC 

resonators, multiresonant antennas [26] etc., are used as the basic elements 

of frequency domain based Chipless RFID tags. With these resonant 

structures data bits can also be encoded in phase- frequency domain [31] 

and it can be viewed as a type of frequency domain coding. To increase 

coding capacity data can be coded in multiple domains [32]. Some of 

spectral signature based tags reported in literature are shown in figure 1.8. 

 
Figure 1.8: Different spectral signature based Chipless RFID tags 

found in literature [23], [24], [32], [33] 



Introduction 

Design and Development of Planar Chipless RFID Tags   21 

1.6.  Motivation of the thesis 

Chipless RFID is an emerging field which is still in its infancy and 

expected to be a promising cost effective alternative to conventional RFID. If 

the technology and researches turn effective, it also offer a better replacement 

of optical barcodes with improved features like fully automated and non-line of 

sight identification. The frequency domain Chipless RFID tags are very 

attractive in terms of data encoding capacity compared to other developed 

Chipless tags (except SAW tags). Moreover, they are fully printable, planar, 

robust and low cost. Time domain tags at the same time have better resistance 

to noise and offer better reading ranges with flexible positioning freedom. 

Most of the frequency domain tags proposed in the literature should obey 

stringent positioning with respect to the reader. Less readable range and limited 

frequency spectrum availability are the other dominant disadvantages of 

frequency domain tags. Also, frequency modulated continuous wave readers 

designed for reading frequency domain tags are very expensive due to the 

requirement of wide band VCOs [27], [28]. For time domain tags, the 

disadvantages are the lower bit encoding capacity, difficulty to generate 

narrow width pulse and the size. 

The dual nature of time and frequency domains enables to combine 

technologies of both domains so that benefits of both can be incorporated in 

the tag. The idea is to use time domain techniques to read or post process 

frequency domain tags or data. A hand full of such techniques is proposed 

in the literature. 
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The main concerns of this thesis include identification of effective 

resonating structures for frequency domain tags with distinguished features 

that can mitigate some of its limitations. Also a study on time domain 

techniques that improve the performance of frequency domain tags is also 

considered. 

1.7.  Thesis outline 

Chapter 1: Introduction 

This chapter provides an introduction to the conventional 

RFID system, its basic working principle and its applications. 

Evolution of Chipless RFID system, a general classification of 

the Chipless RFID tags and commercially available Chipless 

tags are given special narration in the chapter. The motivation 

of this thesis and an outline of the entire thesis are also 

provided in the chapter. 

Chapter 2: Methodology and literature review of Chipless RFID tags 

This Chapter deals with the methodology of research and the 

tools used in the study. It includes the software used for 

prefabrication studies, fabrication procedure for prototyping 

the tags and measurement setups. Literature survey on frequency 

domain Chipless tags and time domain techniques to post 

process backscattering from frequency domain tags is provided. 

Finally Chipless RFID tag reader architecture is also reviewed 

from the literature. 
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Chapter 3:  Chipless RFID tags with reception/transmission antennas 

This chapter presents frequency domain Chipless RFID tags in 

which multiresonators are coupled to the transmission line 

connecting transmitting and receiving antennas. Quarter wave 

Stepped Impedance Resonator is the basic element constituting 

the proposed tag. A brief report on SIR characteristics are 

provided in this chapter. Performances of resonators connected 

to and coupled to the transmission line are compared. 

Parametric studies to optimize tag performance are conducted 

and finally measurements of the tag composed of 

multiresonating circuits, ransmission and receiving antennas 

are performed.  

Chapter 4:  Multiscatterer based Chipless RFID tags 

This chapter deals with Chipless frequency domain tags in 

which scatterers perform the function of transmitting and 

receiving antennas in addition to filtering function (to add their 

signature in the backscattered spectrum). Two types of 

scatterers are presented that are suitable for multiscatterer 

based Chipless RFID tags with distinguished properties. Focus 

is given to polarization insensitivity, high bit encoding 

capacity and compactness of the tag. Different parametric 

studies are included for the optimization of the tag. Finally the 

tag performance is validated through measurement results and 

discussed elaborately. 
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Chapter 5: Time domain analysis of frequency domain Chipless RFID tags 

UWB IR (Ultra Wide Band Impulse Radar) technology based 

reading techniques are summarized in this chapter. Time 

domain analysis of backscattered signal from the tag is 

presented in the chapter. Quality of antenna mode extraction is 

improved by using hamming window. Validation of the results 

is conducted by analyzing the backscattered data measured 

using PNA E8362B. 

Chapter 6: Conclusion 

This chapter gives the summary and conclusion of the overall 

work and a brief description on the scope for future investigations. 

The thesis also includes the bibliography and a list of publications by 

the author in the related field 

Appendix 

Appendix presents a compact chip inductor loaded microstrip 

patch antenna for multiband application. The antenna is 

fabricated on a substrate of dielectric constant 4.4 and thickness 

1.6 mm. The proposed antenna is of circular geometry with a 

circular patch of radius 7mm surrounded by four different 

inductors which are connected to small rectangular metal 

patches. 
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This chapter includes software tools employed for simulation studies, 

fabrication procedure of the tags and measurement system. Ansoft HFSS 

and CST Microwave Studio are used for the simulation studies and the tags 

are fabricated using photolithographic process. The main instrument used 

for the tag detection is the vector network analyser. Post processing of the 

received data is done in MATLAB.  The chapter also presents a survey on 

the Chipless RFID tags, reported in the literature. The techniques to 

improve tag performance are also surveyed. Finally, reader architecture 

and reading techniques are also reviewed.  
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2.1. Introduction 

Chipless RFID is an emerging technology in the field of automatic 

identification and the objective is to reduce the tag prize by eliminating the 

integrated circuits from the tag. This thesis highlights the design and 

development of frequency domain Chipless RFID tags. This chapter present 

the software tools used for prefabrication studies, fabrication procedure for 

the tags, measurement setup and a thorough survey of the previous works.  

Literature survey part is organized into three sections. First section is 

concerned with the survey of two classes of frequency domain Chipless 

RFID tags; Tags with transmitting/receiving antennas and Tags without 

transmitting/receiving antennas. Second section deals with the review of the 

time domain techniques used to improve frequency domain tag detection. 

The last part of literature review is a survey on the reported frequency 

domain Chipless RFID readers. 

2.2. Pre-fabrication studies 

For the simulation and optimization of Chipless RFID tag geometries, 

professional softwares Ansoft HFSS (High Frequency Structure Simulator) 

and CST Microwave studio are used. HFSS is a Finite Element Method 

(FEM) based solver for electromagnetic structures. Multiresonator based 

Chipless tags are studied in HFSS using its PEC and radiation boundaries. 

Lumped or waveguide port excitation can be used for the studies of two port 

multiresonating circuit and the resonant characteristics are studied by 

observing the S21 (transmission coefficient). The simulation setup is shown 

in figure 2.1. The geometry of the multiresonator circuit is drawn using the 

drawing tools and by specifying material properties and boundaries for 3D 
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or 2D elements in the HFSS window. After that, suitable port excitation and 

boundaries have to be assigned. A radiation boundary filled with air is used 

and the size of air column is defined equal to quarter of the free space 

wavelength of the lowest frequency of operation. The simulation engine is 

invoked by adding solution setup and then defining a suitable frequency 

sweep. Discrete type frequency sweep is defined for accurate results and the 

solution frequency is selected as the highest operating frequency of the 

multifrequency structure. The vector and scalar representation of E, H, and J 

fields of the excited tag geometry under consideration provides good insight 

into the performance of the tag.   

 

 
Figure 2.1: HFSS simulation window for the multiresonator circuit of 

Chipless RFID tag. Lumped port excitation is employed at both 

the ends of microstrip line 

Multiscatterer based tags or the second class of tags concerned in this 

thesis are studied using both HFSS and CST microwave studio and the 

simulation setups are shown in figure 2.2. The tag structure is drawn in CST 
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by specifying the coordinates for each point of structure in the built in 

GUI(Graphical User Interface). When the structure is drawn, dielectrics and 

metallization are assigned. CST provides pre-defined templates that suit for 

problems in which parameters such as boundary conditions, mesh size, type 

etc. are pre-defined or that can be user defined. Once the tag structure is 

modelled, plane wave excitation is given to excite the Chipless tag and then 

the frequency sweep is defined for the required frequency spectrum. Electric 

probe is then defined at the required distance to measure the backscattered 

electric field both in time and frequency domains. The transient solver is 

executed to start the simulation. The parametrization and optimization tools 

in CST can optimize parameters such as the dimensions or position of a 

component and the material properties. The position and gap between 

resonators on the tag surface are optimized for minimum coupling effects 

and the most suitable substrate is also identified. 

 

 
Figure 2.2(a): Simulated Chipless RFID tag in CST microwave studio with plane 

wave excitation. The field probe is polarized along x direction                 

(E- vector) and Propagation is along z direction (K-vector). 
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Figure 2.2(b): Simulated Chipless RFID tag in Ansoft HFSS with plane wave 

excitation. Here also, the field probe is polarized along x direction 

(E- vector) and propagation is along z direction (K-vector). 
 

2.3. Fabrication  

RT Duroid 5880 (εr = 2.2 and tanδ = 0.0009) is selected as the 

substrate for the tags based on the prefabrication studies. Prototype of the 

tag is fabricated using photolithographic process. Using chemical etching 

process the unwanted metal regions are removed. For this first a negative 

mask of the tag geometry is created. Then the substrate‘s copper surface has 

to be cleaned thoroughly to remove oxide layer or any kind of impurities. 

The clean substrate is then dipped in negative photo resist and dried to get a 

thin film of the photo resist on the laminate. It is then exposed to ultra violet 

(UV) radiation through the negative mask for 20 minutes. UV exposure 

hardens the exposed portions. The substrate is then immersed in the 

developer solution and agitated for a few minutes. It is then washed in 

Ferric Chloride (FeCl3) solution to remove the unwanted metal portions. 
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Fecl3 dissolves the copper parts which are not hardened during UV 

exposure. Finally, the laminate is washed in Acetone solution to remove the 

hardened negative photo resist. 

2.4.  Tag measurements 

The tag measurements were done by using the network analyzer as the 

reader. Measurements are carried out at the antenna research facility at 

CREMA, Dept. of Electronics, CUSAT. The test facilities available include 

Network Analyzers (R&S ZVB20 and Agilent PNA E8362B), spectrum 

analyzer, automated antenna positioner, broadband double ridged horn 

antennas (2-20 GHz) and anechoic chamber.  

For the concerned frequency domain Chipless RFID tags, both frequency 

and time domain measurements are needed. The important measurements to be 

conducted are S11 (Reflection coefficient), S21 (transmission coefficient) and 

group delay in frequency domain and backscattering in time domain. Both 

frequency and time domain measurements are taken using Agilent PNA 

E8362B with 0dBm transmitted power and medium gain horn antennas. The 

network analyser is calibrated using the standard calibration kit before 

performing the measurements and the calibration can be stored and recalled 

at any time. 

Two types of measurement setup are needed for the tags proposed 

in the thesis. First type of tag is multiresonator based Chipless tag with cross 

polarized transmitting-receiving antennas. For this type of tag, reader 

(analyzer) should be provided with two cross polarized antennas corresponding 

to the tag antennas and the measured quantity is S21 (Figure 2.3(a)). The 
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second type of tag proposed has no transmitting/receiving antennas and with 

a single antenna at the reader side, S11 is measured (figure 2.3(b)). This type 

of tag can also be designed to encode data in two polarizations and the 

measurement setup should contain two mutually perpendicular antennas at 

the reader side since both S11 and S22 are to be measured (figure 2.3(c)). For 

spectral signature based tags, measuring backscattering in time domain is 

also significant. The measurement setup is same as detailed above and a 

transformation to time domain is needed. Cross polarized antennas at the 

reader is needed in some cases for the second class of tags when data is 

encoded in both polarizations. Different measurement setups used in the 

thesis are shown in figure 2.3. 

 

 
Figure 2.3: Measurement setup used to read Chipless tags (a) Multiresonator 

circuit based Chipless RFID tag measurement (b) Multiscatterer 

based Chipless tag (tags without transmitting and receiving antenna) 

measurement with one reader antenna (c) Multiscatterer with cross 

polarized reader antennas 
 

2.5. Literature Survey-Introduction 

As already stated in the introductory chapter, the Chipless RFID is an 

emerging technology and is an attempt to reduce the cost of RFID tags by 
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eliminating the silicon chip. Without the chip, the major concern with 

Chipless tags is how to encode data. Based on the type of encoding 

technique the tags are classified as Chipless Tags in time and frequency 

domains. Definitions and other sub classifications are already detailed in the 

previous chapter.  

The first Chipless RFID tag reported [1] is a time domain tag based on 

SAW technology. Data is encoded according to the location of reflections 

from the tag in time domain and hence using the pulse position modulation. 

The SAW tag developed subsequently by RFSAW [1-3] is the only 

commercially available Chipless RFID tag with a coding capacity of 256 

bits and reading range of the order of a few meters. The tag is operated at 

2.54 GHz and uses a power of 10mW. The SAW based tags are a good 

alternative to chipped RFID tags. But the piezoelectric crystal made these 

tags not fully printable, bulky and costly. 

Several time domain tags are developed subsequently based on TFTC 

(Thin Film Transistor Circuits) [4-5] and delay lines [6-9].  In [6] information 

is encoded as impedance mismatches along a transmission line. It is similar 

in coding to passive SAW tags whose reader listens to the reflections of 

transmitted pulse and their timings. Though this type of tag can obtain the 

planar nature and better resistance to noise, they can only encode a few data 

bits. The disadvantages of time domain tags and their principle of operation 

are already briefed in the introductory chapter. A narration about time 

domain tags is done in this survey just to show the evolution of this young 

technology started with time domain tags. 
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2.6. Review of Frequency domain Chipless RFID tags 

As the name implies, frequency domain tag encodes data in the 

frequency domain as magnitude dips/peaks. Tags in which data is coded as 

phase frequency signatures can also be included in the frequency domain 

tags. Frequency domain tags generally employ two types of coding, 

Presence/absence coding and Frequency Shift Coding (FSC). The former 

has a 1:1 correspondence between data bits and resonances. Presence of a 

resonance represents bit 1 and absence represents bit 0 and vice versa.  A 

single resonator can represent only two states. In frequency shift coding the 

resonance presented by a single resonator is made to vary in a band of 

frequency. Each slot in the band can represent one state. Thus the data 

encoding can be increased by using FSC. 

A third type of coding in frequency domain is possible if the resonator 

employed has control over its harmonics. Then multiple bits can be 

represented by a single resonator. This technique also aids in enhancing the 

coding capacity of the Chipless Transponders. Multiple bits/per resonator 

can also be achieved with multiband resonators which have independent 

control over their individual bands. 

Following two sections present an extensive survey on frequency 

domain Chipless RFID tags. The section ‗2.6.1‘ deals with frequency 

domain tags with antennas and section ‗2.6.2‘ deals with frequency domain 

tags without antennas. 

2.6.1. Tags with transmitting/receiving antennas 

A Chipless RFID tag encoding data as phase-frequency signature 

which is achieved by reactively terminating the tag antenna is presented in 
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[10]. A typical L-C ladder implemented in microstrip technology is used to 

reactively terminate the tag antenna. The technique offers operations with 

low transmit power, more resistance to multipath propagation and 

interference. An algorithm to extract the phase frequency signature from the 

composite backscattered signal is also presented. 

The concept of frequency signature based Chipless RFID tag with 

cross polarized tag antennas is introduced by S.Preradovic et al. [11-13]. A 

multifrequency signal (between 2-2.5 GHz) generated in the reader is the 

interrogation signal and data is encoded in both magnitude and phase of the 

signal when it passes through the multiresonator circuit (cascaded spiral 

resonators) on the tag surface. Monopole circular disc antenna with simple 

geometry and relatively wide bandwidth is used as the tag antenna. The 

received and retransmitted signals are cross polarized in order to achieve 

good isolation between them. The read range of this system is more than 10 

cm with an interrogation power level of -28 dBm. Data in phase of the 

signal is useful in noisy environments. A complete Chipless RFID system 

which is suitable for low cost item tracking is detailed in [14]. 35 bit 

Chipless RFID tag prototype having 1:1 correspondence for data bits is 

demonstrated on Taconic TLX-0 (εr = 2.45, h = 0.787 mm, tanδ = 0.0019) 

substrate with a size of 88 mm × 65 mm. The tag is designed to operate in 

between 3.1- 7 GHz. For the ease of coding, a technique of shorting of spiral 

resonators (which effectively shifts the resonance to higher frequency) is 

also presented. The paper also details performance of tag antenna (disc 

loaded monopole antenna) and the reader antenna (LPDA-Log Periodic 

Antenna). The tag offers a read range of 10cm for magnitude coding and 
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40cm for phase coding. The tag also claims to be useful in applications like 

low-cost item tagging such as banknotes and secured documents. 

The design, analysis and measurement results of a novel 6- bit 

Chipless RFID tag based on dual multiresonant dipole antenna are presented 

in [15]. Here the multi-resonator circuit and the second antenna on the tag 

reported in [14] had been replaced with the dual multiresonant antenna. The 

multiresonant antenna acts as a group of loop antennas arranged in parallel. 

The tag uses the spectrum between 3.1-5 GHz and the main advantage is 

size reduction. 

A fully printable Chipless RFID tag designed on Taconic TF290                   

(εr = 2.9, h = 90 μm, tanδ = 0.0028) with multiple stop band spiral resonator 

is presented in [16]. The substrate used has very similar characteristics to 

plastic and paper. The usage of flexible and thin substrates causes 

substantial drop in spiral resonator quality factor. To overcome this adverse 

effect corner coupling and spiral repetition are adopted. The tag is designed 

to operate in between 5 and 10.7 GHz. S. Prerdovic et. al proposes[17] a 

similar tag but with improved features like less sensitivity to tag orientation 

and more compactness. The presented tag has a single antenna loaded with 

spiral EBGs. The authors claim that operation of the tag is based on 

backscattering rather than re-transmission. To get freedom in tag 

orientation, it is advised to have a circularly polarized reader antenna. 

Resonator repetition and corner coupling are also suggested for the design 

on flexible and thin substrates. 

Another Chipless RFID tag having transmitting and receiving antenna 

aligned to same polarization is proposed in [18]. The tag has a single 
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bandstop resonator. By varying the position of slot on the resonator, 

frequency can be varied over 2-2.7 GHz. By using frequency shift coding, 

within the assigned spectrum with a resolution of 100 MHz, it can access 

eight combinations and hence has 3-bits encoding capacity. The transmitting 

and retransmitting antennas are wideband tapered monopoles. 

An interesting application of Chipless RFID system for intelligent 

traffic information system is presented in [19]. The system used the tag 

presented in [14] and is embedded in the road for this application. The reader 

antennas (Planar disc loaded monopole antennas with UWB bandwidth      

3.1-7 GHz) are placed under the vehicle and the reader is installed in the 

vehicle. Detailed review of Chipless RFID tag reader is provided in later part 

of this chapter. With the same microstrip spiral resonators on thin substrates, 

an RFID system for paper/plastic item tagging is demonstrated in [20]. 

A novel fully passive ID generation circuit based on spectral 

signatures is proposed in [21]. The paper employs frequency re-usage to 

yield more bits per bandwidth. Compared to time domain based Chipless 

tags, frequency domain tags have higher encoding capacity and reduced 

size. But the definite bandwidth required even for very high Q resonators 

(about 20 MHz) and the occurrence of higher order modes of resonance are 

the factors limiting the total usable bandwidth. The technique of frequency 

reuse is a good solution for the utilization of limited available bandwidth 

more efficiently. In this paper with this technique, 8 bits are encoded in the 

spectrum 4.5 GHz-6 GHz to validate the concept. The tag consists of cross 

polarized receiving and transmitting antennas, one broadband power divider, 

a time delay circuit and two multiresonator circuits (constituted by the high 
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Q spiral resonators). The readout signal consists of two retransmitted 

signals, each from the two multi resonator sections which are delayed by a 

time determined by the delay circuit. 

Chipless millimeter wave based RFID (MMID) tags are proposed 

in [22-23]. The frequency range is around 30 GHz.  Compact size, better 

isolation between reader‘s interrogation signal and greater reading ranges 

are advantages of the proposed MMID. Slots loaded in the patch antennas 

are the encoding elements of MMID proposed in [23]. 

Stub loaded dual band resonators are integrated in the Chipless RFID 

tag in [24] and can encode 3N words with N resonators. Romboid antenna 

with integrated stepped adapter is used in the tag to ensure increased 

bandwidth and improvement in return loss. Background subtraction and 

time gating are employed to enhance the read range. Background subtraction 

is an effective calibration technique that consists of subtracting the 

measurement of a scene data including the calibration tag (identical to the 

designed tag but without resonators) from the measurement of the tag data. 

Time gating effectively minimizes multipath effects by neglecting the 

multiple reflections at the objects in the measurement scene. Another 

compact quarter wave open stub loaded Chipless tag is reported in [25]. The 

width of transmission line for optimum performance is calculated and an 

impedance transformer is used to minimize impedance mismatch with 

transmission line feeding the tag antenna. The tag antenna used is a circular 

monopole disc antenna. A low loss substrate with dielectric constant of 4.4 

and tanδ = 0.0018 is used for the tag design and the frequency band of 

operation is between 2-4 GHz. 
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A Chipless UWB RFID system employing uniplanar Chipless tags is 

proposed in [26]. The tag consists of two UWB monopole antennas 

connected by coplanar waveguide and multiresonators embedded on the 

coplanar waveguide. The multiresonators are designed in the frequency 

band 3 to 6 GHz. The reader antennas employed are high gain Vivaldi 

antennas. Cross polarization of the receiving and transmitting antennas and 

usage of copper plate in between the reader antennas are presented to reduce 

the mutual coupling effects between transmission and reception. 

The concept of prototyping Chipless RFID tag based on Surface 

Integrated Waveguides for microwave identification is illustrated in [27]. 

The tag is based on a single high Q (366) substrate integrated cavity 

resonator. Data is encoded as frequency signature in the reader signal by 

varying the effective dielectric constant of the substrate by the air holes 

made inside the resonator structure. The SIW based tag operates in the 

frequency range of 10.5-11 GHz and it has the advantages of low cost, 

compactness and passive. The concept is transferrable easily to other low 

cost substrates. 

A multiresonator circuit based on dual band modified complementary 

split ring resonator is presented in [28]. The modified complementary split 

ring resonator is embedded in the transmission line and is capable of 

encoding multiple bits per resonator. Symmetric alignment of the 

resonators with respect to the feed line is presented as a means to suppress 

the second harmonic and hence to enhance the total realizable bandwidth. 

Triangular microstrip filter is used along with circular UWB disc monopole 

antennas to form Chipless RFID tag (frequency band 3.5-4.3 GHz) in [29]. 
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Presence/absence coding is used and the resonance is removed from the 

spectrum simply by making a slot in the resonator. 

Multiresonators based on defected ground structures are employed to 

constitute Chipless RFID tag in [30]. The tag claims to have excellent band 

notch characteristics and is capable of avoiding error arising from the                     

re-radiation from normal resonators. The prototypes of the tag are fabricated 

on both thick FR4 and thin polyamide substrates and are found to be working. 

Open circuited stub multiresonators positioned within bifurcated transmission 

line [31] and open loop multiresonator circuit [32] based Chipless RFID tags 

are reported as suitable candidates for nearfield identification and security 

systems because of their high Q and compact size. Another work reported 

introduces meandered microstrip transmission line resonator as a modification 

to open stub resonators to constitute a 6 bit Chipless tag operating in the 

frequency range of 3-5 GHz [33]. Meander complementary split ring resonators 

that have reduced size are employed in [34] to form electrically small (due 

to their quasi-static resonance) tag. 

Chipless RFID tags are generally designed in GHz frequencies to 

reduce the size of the tag. In [35], it is reported a micro-electro-mechanical 

system based Chipless tag that can operate at standard UHF band. The tag is 

fabricated using basic MEMs fabrication process and the backscattered 

signal is patterned by an array of MEMS-switching modules with different 

pull-in voltages. An N-bit tag with 2N MEMs switches is also presented. 

An open ring microstrip resonator which can act as multiresonant 

element of Chipless RFID tag in combination with cross polarized 

transmission and reception antennas is presented in [36]. With a single 
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resonator a 3 bit tag is realized. The resonances of Open ring resonator are 

adjusted by changing the relative position of ring gap and excitation port. 

The tag is prototyped on RO3010 50mil Rogers substrate (tanδ = 0.0022 and 

εr = 10.2) and it is suggested that further compactness can be achieved by 

including high dielectric constant material in the center of the ring. 

A unipolar L shaped defected ground structure resonator based 

Chipless RFID tag operating in the range 3.1-6.1 GHz is reported in [37]. 

Though such a single resonator has 1 bit coding correspondence, the coding 

capacity is increased by increasing the number of resonators in parallel with 

tag size. Again cross polarized UWB monopole antennas are suggested with 

the resonator to form the complete tag.  The multiresonator circuit of [38] is 

based on half wave length shorted stub resonators and in [39] it is based on 

Archimedean spirals. Spur line [40] and microstrip E shaped [41] resonator 

based Chipless tags are also reported in a similar way  

Modified coplanar waveguide circular monopole antennas combined 

with a 7 bit multiresonator to form Chipless RFID tag is reported in [42]. 

The circular monopole antenna is modified with two steps and an offset 

circular slot. The antenna claimed to have good impedance matching                 

with stable radiation characteristics over the selected band of operation               

6-8 GHz. In [43], the same antenna is demonstrated with quarter wave open 

stub resonators. In [44], the mutiresonator circuit is formed by printing 

rectangular slotted split ring on the back of the substrate and is connected to 

50Ω transmission line. The metamaterial based resonator is an attempt to 

realize compact tags and is realized on fleece substrate (εr = 1.35, tanδ = 

0.025 and h = 1 mm). 



Methodology and Literature Review 

Design and Development of Planar Chipless RFID Tags   45 

2.6.2. Tags without transmitting/receiving antennas 

These types of tags have no antennas embedded with them for the 

reception and retransmission of reader interrogation signal and data encoded 

signal. The functions of reception, filtering (data encoding), and retransmission 

are assigned to each of the multiple resonators scattered on the surface of 

Chipless tag. The following section reviews such tags and the characteristics 

of resonators that should be selected for the design of them. 

The first tag of this category or might be the first frequency domain 

Chipless RFID tag is reported in [45], [46]. The paper presents the tag as a 

wireless equivalent of optical barcodes. The tag is formed of arrays of 

microstrip dipole-like structures that function as resonant bandpass or band 

stop filters tuned to predetermined frequencies. Enhancement of coding 

capacity by straddling many frequency bands and resonator width variation 

to control the resonance frequency are proposed to constitute a practical RF 

barcode. Detection of the tag is done by measuring the reflection from the 

tag and by analyzing the frequency content. The tag is realized on Taconics 

TLY-5 substrate (h = 0.53mm, εr = 2.2 and tanδ = 0.001).  

As already stated, tags encoding data as phase-frequency signature are 

also included in the category of frequency domain Chipless RFID tags.  

Such tags are more robust in presence of multipath and clutter. In [47] and 

[48] data is encoded as phase frequency signatures without any reception 

and retransmission antennas. Stacked multi-layer patches are used as basic 

scatterer in [47]. In the case of stacked patch resonators when the upper 

patch is resonant, the middle patch functions as a ground plane and for the 

middle patch the bottom acts as a ground plane. Since the frequency is 
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swept between resonances the magnitude of backscattering from such patches 

is relatively constant but the phase variation/delay is substantial. The structure 

claimed to have the potential to be used in multipath and clutter environment 

because of its inherent low structural scattering. A 3bit Chipless RFID tag is 

developed using the basic principle of vector backscattered signals from 

multiple planar reflectors in [48]. The tag consists of square stub loaded 

microstrip patch antennas. The phase of the backscattered signal changes in a 

predictable way for the changes in the length of the loaded stub and a unique 

code is extracted with a phase shift of 30. The substrate used for prototyping 

the tag is Taconic TLX-0(h = 0.787 mm εr = 2.45). 

A Chipless RFID tag suitable for secure identification systems like in 

credit cards (data transfer by contact) is reported in [49]. Giving importance 

to security and larger data encoding capacity a 23 bit tag is developed with 

the dimensions of credit card employing dipole like resonators [45]. Data is 

encoded by varying the length in addition to width to enhance coding 

capacity. Measurement is based on metallic cavity perturbation to get 

resolution of the order of 2MHz unlike the bistatic measurement of [45]. 

Various combinations of split ring resonator (SRR) are used to generate 

electromagnetic code in [50]. The SRR array used in the tag has frequency 

selective behavior and tuning of resonators to different frequencies is 

accomplished by varying the SRR parameters and the directions of the gaps. 

Performance of the tag on polycarbonate sheet is also effectively reported 

and the tag is read by placing it between two waveguides. 

Unlike the most reported chipless frequency domain tags, a 10 bit tag 

operating in the HF/VHF band using the sympathetic oscillations of array of 
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LC resonators is reported in [51]. The tag reported has a successful reading 

range of 21 cm, good resistance to water contained environment (unlike 

GHz range frequencies) and is reconfigurable. Letters of alphabets when 

etched with metallic strips on dielectric substrate create unique signature 

and are therefore used in [52] to encode data in frequency domain. 

Electromagnetic signatures of 26 letters in Ariel font 24mm are also 

presented.  

Chipless tag to replace the holographic band on banknotes is reported 

in [53] and is based on split-ring resonators. The tag is suitable for paper 

based materials and is demonstrated by printing SRR based patterns on 

paper. Phase deviation technique is used in [54] to encode data using single 

sided C shaped multiple phase shifters and a 10 bit tag is demonstrated. 

Coding capacity of the Chipless tag in [55] is enhanced by using both phase 

and magnitude to encode the information. The tag is based on single sided C 

shaped resonator which has an uncoupled resonant and an anti-resonant 

modes. Coding capacity of 22.9 bits is obtained with a few resonators 

having a small area of 2 × 4 cm2. A compact dual polarized Chipless RFID 

tag is presented in [56]. The tag is composed of single sided rectangular 

patches loaded with slots. Mutual coupling between adjacent frequency 

resonators is reduced by placing slots of adjacent frequencies on adjacent 

patches. Bandwidth utilization is doubled by using similar patches in both 

polarizations. Since the ground plane is absent and the tag is able to reradiate 

in both front and back directions, different reading methods are demonstrated 

with dual polarized antennas and with dual polarized waveguides. Tag 

rotations are limited to small angles so as to resist cross polar levels. 
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A compact single layer 20 bit tag is reported with a novel detuning 

technique [57]. Detuning is most needed in single layer Chipless tags since 

they are more sensitive to the material of tagged item. It is achieved here 

by employing two resonators to probe the effective permittivity of the 

surrounding environment. The resonators of the proposed tag can be 

configured easily by filling or not filling them depending on the binary 

code to be implemented. The same tag is also claimed to extend to a 

capacity of 40 bits within a surface smaller than a credit card. Another 

highly compact and single layer tag with similar detuning technique is 

reported in [58]. The tag employed coplanar strip line resonators with one 

side as a short circuit and other side as an open circuit. Multiple bits in one 

resonator and Frequency shift coding are also adopted to improve coding 

capacity. 

In [59], polarization diversity is used for the first time in the Chipless 

tag to encode data and is based on split ring resonators having strong 

polarization sensitivity. The tag utilizes narrow frequency bands and is 

robust to the detuning effect of tagged item due to the presence of ground 

plane. It is also reported for its effectiveness as a rotation sensor. For 

reading, a polarization agile antenna is needed at the reader side. A 

backscattering based Chipless RFID tag using triangle microstrip filter 

operating in 4-7 GHz is presented [60]. The tag is less sensitive to 

orientation and is easy to configure for coding by introducing simple 

opening on the sides. 

Chipless Frequency domain tags insensitive to polarization are 

reported in [61] and [62]. The tag [61] uses circular ring resonators and [62] 
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uses circular patch loaded with multiple slot ring resonator. The ring nature 

enables nesting of resonators and makes the tag more compact. Polarization 

insensitive tags provide a lot of freedom in positioning of the tag                 

with respect to the reader interrogation signal.  Both the tags utilize entire 

UWB from 3.1 GHz to 10.6 GHz and the former is prototyped on RO4003 

substrate (εr = 3.55, tanδ = 0.0027) and the latter is on Taconic TLX-9(εr = 2.5, 

tanδ = 0.0019). In [62], it is stated that the symmetric and continuous nature 

of the resonator inhibit the even and odd harmonic current paths from 

occurring. Also the tag has no ground and provide signature in both front 

and back directions. 

Chipless RFID tag printed on paper substrates is reported [63]. The 

tag uses phase modulation which is achieved by employing reconfigurable 

coplanar LC resonators. The tag is realized using all printing technique and 

overprinting is used to enhance conductivity of the tag. LC resonator in the 

tag is formed by a single loop inductor and an interdigital capacitor (IDC). 

The IDC permits single surface fabrication and capacitance modification by 

connecting or disconnecting a finger. The coding is achieved without 

changing the inductor structure and changing IDC structure. The size of 

inductor is selected in match with the tag reader antenna and that of 

capacitor is decided in accordance with resonance frequency and should be 

small enough to be accommodated by the inductor. A split wheel resonator 

based tag is presented in [64]. Tag could be made linearly polarized as well 

as polarization independent, by positioning of split and axial symmetry 

present in the split wheel resonator. Taconic TLX-0 substrate is used to 

prototype the tag and tag is easily configurable to encode data by simple 

layout modification. 
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Electromagnetic imaging technique is reported in [65] to form 

Chipless RFID tag in the millimetre wave range. Data encoding is based on 

diffraction of electromagnetic waves by a carefully positioned conductive 

strip. Synthetic Aperture Radar (SAR) technique is suggested to get high 

resolution and the proposed tag has an encoding capacity of 2 bits/cm2 in 

100 MHz bandwidth. Size reduced unit cells derived from U folded dipole 

loaded with meander line inductor or interdigital capacitor are used to 

constitute uniplanar Chipless RFID tag [66]. Loading of interdigital 

capacitor or meander line inductor is relied to bring size reduction. 

A Chipless RFID tag in [67] is formed by multiresonant metamaterial 

absorbers. High impedance surfaces (HIS) comprising of frequency 

selective surfaces are used as metamaterial absorbers and concentric loop 

resonators function as unit cells. The number of bits encoded in the tag can 

be increased without much increase in tag size. The symmetry of unit cells 

made the tag polarization independent and the tag can be mounted on 

metallic objects because of the isolation provided by the ground. 

Tailorable band rejection property of log-periodic (LP) antennas is 

used [68] to form Chipless RFID tag. Large number of dipole radiators on 

the LP aperture is used to encode data. Functioning of LP antenna as both 

radiator and coding element makes the tag design simple. The tag is 

frequency scalable so that designing at millimetre wave is feasible. Also it is 

broadband in nature due to the intrinsic property of LP radiator. In [69] 

space angle information is used to encode data and the scatterer is identified 

by the complex scattered field in two perpendicular directions. 
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A Chipless RFID tag (3-6 GHz) inkjet printed on a polyamide 

substrate using both conductive and resistive ink is reported in [70]. The 

conductive ink contains silver nanoparticles that will contribute to radiating 

performance and the resistive ink containing carbon nanotubes makes the 

printing near-transparent. The usage of organic ink makes the configuration 

flexible and easy to reconfigure. Also, the resistive properties of the organic 

ink allow amplitude shift coding technique along with frequency domain 

coding to enhance coding capacity. The basic resonator is a double rhombic 

loop resonator. Chipless RFID tag employing sewn scatterers on cotton 

textile is presented in [71]. The scatterer is sewn by computer aided sewing 

machine using electro thread plated with silver. Sewn stretchable sensor can 

also be realized on the tag and preliminary results are also reported. The 

results are validated in the frequency band 3-6 GHz. A 19 bit Chipless RFID 

tag realized using the flexography technique on paper substrate is reported 

in [72]. The tag is designed to operate within the UWB with comparable 

size with similar tags. Performance comparison with chemical etching and 

catalyst inkjet printing is also provided in the paper.  

A depolarizing Chipless RFID tag for robust detection is reported by 

Vena et al. [73]. Multiple scatteres on the tag surface depolarizes the incident 

wave and backscatters in an orthogonal direction. Backscattering in 

orthogonal direction claims to enhance the detection capability of the tag. A 

reading system based on UWB impulse radar is also presented. 

An experimental validation of the LP based tag is reported by 

Gupta et al. [68] and is discussed in detail with special emphasis to the design 

flexibility in [74]. The multi-octave bandwidth property of LP antenna has 
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been effectively utilized for the design of Chipless RFID tags. A study on 

influence of mutual coupling on scatterer based frequency domain tag is 

conducted in [75] employing inductively/capacitively loaded       U- folded 

dipoles. A 20 U-slot resonators in metallic plate which has improved RCS than 

its complementary array of U folded dipoles is demonstrated in [76]. 

Distribution of the resonators to get minimal coupling and detuning effects 

is also studied. 

Cross RCS- based uniplanar Chipless RFID system is reported                   

in [77] - [78]. Well designed and carefully oriented conductive strip and 

meander line are the key elements of the tag and would act like EM- 

polarizers. The RFID tag is operating in the 60 GHz band and has high data 

encoding capacity in a small area equal to or less than a credit card. The tags 

reported are robust against multipath and clutter effects. SAR (Synthetic 

Aperture Radar) based reader as well as signal processing techniques are 

also suggested for the presented tags. A grounded periodic surface is used to 

encode data as the phase difference between reflection coefficient of 

incident TE and TM plane waves [79]. The tag is having relatively small 

foot print and could avoid use of any calibration techniques with considerable 

performance.  

A uniplanar orientation independent Chipless RFID tag formed by 

circular patch loaded with multiple discretized circular slot resonators is 

reported in [80]. The resonator is compact comparing the corresponding 

circular slot resonator and eliminates 2nd and 3rd harmonic frequencies. The 

tag is designed in a frequency band of 6-14 GHz. The substrate used is 

Taconic TLX-9 (εr = 2.5, tanδ = 0.0019) with a thickness of 0.5 mm. 
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Multibit data capacity per resonator is achieved in [81] by utilizing 

scattering from an array of perpendicularly polarized identical split wheel 

resonators. The tag is based on those identical split wheel resonators of 

mutually orthogonal polarization which do not interfere in their fundamental 

mode. The technique of re-usage of the same frequency band is utilized to 

increase the data encoding capacity. 

A multiresonant FSS based Chipless RFID tag using Matryoshkas 

geometry is reported in [82]. The geometry unlike from concentric ring 

stays open and interconnected as a single ring increases the resonant length 

and exhibits multiresonant behavior. 

Complex-natural-resonance-based design of Chipless RFID tag having 

high-density of data is reported in [83]. The late time response from the tag is 

the summation of complex natural resonances (CNR) that are aspect 

independent parameters of the tag. Encoding and decoding of the data is 

successfully carried out by properly embedding and extracting the CNRs. The 

low profile tag presented here is designed in the frequency band 3.1-10.6 GHz 

and has 24 quarter-wavelength open-ended slot resonators inserted into a 

metallic object. The damping factor of the resonators which is a function of 

slot width is chosen as low as possible to confine the overall structure to a 

narrow spectrum. The design has the advantages of acceptable RCS 

(improved RCS due to the uniform metallic part of the tag) and high Q 

resonant frequencies. The distance between slots is decreased to improve 

quality factor and coupling between adjacent resonators is not changing much 

when nulling a bit. Effects of different parameters on structure are used to 

optimize the dimensions of the tag. Backscattered signal from the tag is 
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processed using short time matrix method which is a time- frequency approach 

having better performance compared to Prony and matrix pencil method. The 

pole diagram representation is also presented here to get more insight of the 

electromagnetic behavior. 

Multibit encoded Chipless RFID tag reported by Nijas [84], perhaps is 

the highest bit encoded microstrip Chipless frequency domain tag reported 

so far. The basic resonator of the tag is stepped impedance resonator (SIR) 

and a single SIR can represent four different combinations (00, 01, 10, and 11) 

by suitably applying different boundary conditions and by using both 

fundamental and first harmonic frequencies. A tag comprising N number of 

such resonators therefore represents 22Ncombinations. Study on the scattering 

property of the tag for different angular directions is presented. The property 

of SIR, for the independent control over harmonic frequencies is effectively 

utilized in the tag. Structural information of the tag is encoded in both 

magnitude and group delay of the backscattered signal. 79 bit data is encoded 

using 5 resonators with the aid of frequency shift coding technique. A simple 

post processing technique of the backscattered signal based on difference 

operation is also reported to enhance detection in noisy environment. 

A high capacity polarization independent tag employing angle based 

encoding of data is presented in [85]. The basic scatterer is V-shaped 

resonator and data is encoded with respect to the space angle between the   

V-shape. Tag identity is decoded by measuring the scattered field in two 

orthogonally polarized directions. A single scatterer can encode 3 bits of 

data and is sensitive to the reader even in the tilted positions. Both UIR 

(Uniform Impedance Resonator) and SIR (Stepped Impedance resonators) 
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are used as the scatterers by introducing suitable bends in the geometry to 

have V- shape and hence to define a space angle in between. Both vertically 

and horizontally polarized I shaped slot resonator of different lengths are 

employed in [86] to form dual polarized as well as orientation insensitive 

Chipless RFID tag. I slot resonators do not produce the second harmonics 

but create the third harmonic for symmetric excitation. These resonators add 

signature to both phase and magnitude of backscattered signal and the 

resonators are easily reconfigurable. For the reader side of the proposed 

system, a low profile wideband dual polarized aperture coupled microstrip 

patch antenna is employed. The tags developed are single layer and are 

directly printable using conductive ink. 

A new coding technique based on the control of RCS magnitude of 

depolarizing tags together with frequency coding is reported in [87] to 

increase coding capacity of Chipless RFID tag. A specific auto-compensation 

approach is also reported to reduce the dependency of RCS magnitude 

coding to the environment. An FSS (frequency selective surface) based 

Chipless RFID tag on PET and paper substrates are reported along with a 

new semi-automatic reader technique for reducing the time per tag [88]. A 

proposal for the application of the tag in evacuation procedures under crisis 

is also suggested. The tag is also reported to have orientation insensitivity. 

Another Chipless RFID tag in which encoding is done as phase-frequency 

signature in the backscattered signal using HIS (High Impedance Surface) is 

presented in [89]. The tag is based on metallic nested rectangular loops 

printed on the surface of a grounded substrate and having stubs of varying 

lengths attached in the four corners of the rectangular rings. 
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A Chipless RFID tag based on cross dipole elements and which gives 

emphasis to coding efficiency, operating bandwidth preservation, compactness 

and detection robustness is reported in [90]. Smart arrangement of resonators 

adds to detection robustness of the tag by reducing interfering reflections 

from environment. In [91] a transparent, stretchable Chipless RFID tag is 

realized on polydimethylsiloxane elastomer (εr = 2.8, tanδ = 0.02). Highly 

conductive silicon nanowires used in the tag make it useful in RFID 

strain sensors. A Chipless RFID tag with increased data encoding capacity 

is proposed in [92] which uses the same frequency spectrum in both 

polarization. Polarization sensitive closed loop ring resonators are the basic 

encoding particles of the reported tag realized on RO4003 substrate (εr = 3.5, 

tanδ = 0.0027). 

A two layer printed Chipless RFID tag realized on Teslin paper using 

inkjet printing technique is reported in [93] for the specific applications 

requiring date and time identification. The tag is based on nested loop 

resonators with circular inner wall and truncated rectangular outer wall. The 

resonator geometry reduces mutual coupling effects between multiple 

resonators. Surface coding density of 3.56 bits/cm2 is obtained for the tag. 

This is good value compared to the so far reported Chipless tags on paper 

substrate. Another Chipless RFID tag realized on low cost flexible materials 

using screen printing is reported in [94]. The tag is based on FSS and the 

inherent high RCS response of FSS structures provides enhanced reading 

range (3.5 m). The unit element is a multi-octagonal ring structure consisting 

of concentric octagonal rings with an additional octagonal patch at the centre. 

Effects of bending and folding of the flexible tag is also corroborated. The 

symmetric nature of resonators assures orientation insensitivity to the tag. 
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Comparison of methods like inter element rearrangement of resonators 

and element geometry modifications like tapering of edges to reduce 

coupling effects between resonators is conducted in [95]. In [96] orientation 

insensitivity is added to the Chipless RFID tag by relying on circularly 

polarized reader signal. Detection robustness is enhanced by introducing 

depolarizing effect on the backscattered signal. The tag is based on ladder 

shaped resonators. Performance comparison of several uniplanar capacitively 

loaded scatterers for frequency domain Chipless tag is conducted in [97] and 

from that a thin spiral three arm scatterer based tag is also corroborated. The 

idea of an unclonable Chipless RFID based on manufacturing variations is 

reported for the first time [98]. The basic resonators are concentric slot 

resonators. Resonant frequency of these resonators is sensitive to slot 

parameters as well as to the substrate dielectric constant. The substrate 

dielectric constant could be varied during manufacturing and hence is varied 

to encode IDs in frequency. 

2.7. Review on techniques to analyse backscattering from 

Chipless frequency domain tags 

Backscattering from Chipless frequency domain RFID tags can be 

recorded either in time or frequency domain. This is possible due to the 

duality existing between both the domains and due to the availability of 

powerful transforms between the domains. Application of time domain 

techniques on backscattered data from frequency domain tags helps to 

accommodate advantages of the time domain tags like better noise 

resistivity and freedom in orientation. Backscattering from a tag in time 

domain is constituted mainly by two components namely early time 

response (structural mode) and late time response (antenna mode). The 
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structural mode or early time response is inherent to any reflective object 

and it has a broadband response and a short time existence. It does not 

contain any information regarding the scatterers/resonators on the tag 

surface. It is arising due to the specular reflections emanating from the local 

current distributions on the discontinuities in the tag surface. Interaction 

between these local current distributions in the early time leads to late time 

response which is spread over time. Late time response represents the source 

free response of the tag and is directly related to the stored energy 

retransmitted from the scatterers on the tag surface, their quality factor and 

their resonant parameters. In Chipless frequency domain tags, these antenna 

modes in late time response are controlled and processed to decode the tag 

ID. In the literature various techniques to process these modes are reported. 

Pole- residue representation of scattering from a finite body is used for 

the design and backscattering analysis of Chipless RFID tags in [99]. 

Decoding of data is done by recording backscattered time domain wave and 

then extracting the poles and residues. The time domain impulse response is 

obtained by taking IFFT of scattering parameters in frequency domain. Late 

time response free from source effects is obtained by employing gating to 

time domain waveform. From the gated time domain, data poles and 

residues are extracted using matrix pencil method. A method to improve 

noise reduction using matrix pencil method is given in [100]. It proposes 

autocorrelation function that could reduce random signals including noise to 

extract poles more accurately. In [101] Data encoding is considered in 

context of complex natural frequencies of the structure and data retrieval is 

done using Singularity expansion method based concepts along with target 

identification techniques. The paper also provides background information 
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for singularity based coding needed for Chipless RFID tags. Singularity 

expansion method is based on the assumption that an object‘s response to 

electromagnetic excitation can be defined completely by the singularities in 

complex frequency plane. The inherent pole singularities representing 

aspect independent source free (natural) solutions of the Chipless RFID tag 

can be controlled by changing the parameters of resonator embedded on the 

tag surface. Real and imaginary parts of Complex frequency poles are 

extracted from the late time response using matrix pencil method (which has 

considerable noise resistance than Prony‘s method). Notched-elliptical 

dipole tag is considered in the paper and its successful detection via its scattered 

fields in time domain is reported . A space- time-frequency target identification 

technique which enables the detection of Chipless RFID tag in multi-object 

scattering environment is reported in [102]. Here the poles are separated based 

on time and direction of scattered fields. Concept of time variant time window 

is applied to the matrix pencil method to improve the accuracy of pole 

detection. A four element receiving antenna array at the reader side is suggested 

as method for location finding with collision avoidance. 

Moving average filtering as a simple de-noising technique is used in 

[103] to enhance the performance of dedicated low cost Chipless RFID 

reader. The selection of the technique is justified by its simplicity in 

implementation and suitability for removing random noise. Validation of the 

technique is done for a mid-range microcontroller. In [104] zeros of 

derivative of the group delay of the received signal are used for the 

detection. A filtering based on prolate spheroidal wave function is employed 

to filter the received signal and hence to accurately determine the zeros. The 

filtering method also reduces the noise in group delay. 
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Time domain analysis of frequency domain Chipless RFID tag and the 

components of backscattered time domain signal are given in [105]. 

Structural and antenna modes are clearly identified and meandering of 

transmission line is illustrated as an effective way to increase the separation 

between two modes. Windowing of antenna mode is done to extract the 

frequency signature of the tag. Analysis of backscattering in time domain of 

a Chipless RFID tag interrogated by an ultra-wideband impulse radar based 

reader is reported in [106]. The backscattering is explained using a semi 

analytical model and is validated by measurement results. The method does 

not need calibration and provide increased degree of freedom in the tag 

alignment with respect to the reader. A novel detection method named 

selective spectral interrogation (SSI) is also reported together with peak 

detection algorithm for the precise extraction of spectral signature of the tag. 

SSI is based on a set of interrogation pulses, each designed to maximize the 

unique resonance of the tag. In [107] spectral signature of Chipless RFID 

tag is represented in signal space. The frequency signature of the tag is 

specified using a set of orthonormal basis functions and the tag detection is 

based on minimum distance detection from the signal space representation 

of frequency signatures. 

An effective collision avoidance methodology useful for a multi-tag 

environment is accounted in [108]. The method utilizes linear frequency 

modulated signal for interrogation and employs fractional Fourier transform 

technique for time-frequency analysis of received signals. The received 

signal at the reader side is analysed as a summation of a number of chirp 

signals where the number corresponds to the number of tags present in the 

measuring environment. In the presented method, the received signal is first 
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transformed to fractional domain from which the number of tags in the 

reading zone is estimated. Then windowing is performed (number of times 

equal to the number of tags present) in the fractional domain itself in order to 

avoid overlapping of tag responses. The separated responses after windowing 

are restored to time domain using inverse fractional Fourier transform and the 

frequency spectrum is obtained through Fourier transform. Another collision 

detection algorithm is reported in [109] based on FMCW-RADAR technique 

which involves calculation of the time difference of arrival of tag responses 

from different distances. The method converts the received multi-response 

signal to an intermediate frequency (IF) signal using a mixer and examines 

the IF spectrum to get the information about the number of tags.  

In [110], a localization technique for frequency domain Chipless RFID 

tags based on UWB-IR ranging technique is described. Backscattered signal 

from the reading zone containing multiple tags is collected by means of 

multiple receivers. RTOF (roundtrip time of flight) calculation and time 

gating analysis for frequency domain Chipless RFID tag is also presented. A 

comparison of delay of structural mode and the interrogation pulse yields 

the RTOF and relative ranges between the tag and the receiver and then 

linear least square approximation is employed to find out the tag position. 

The tag mode RCS or antenna mode is processed to get the tag ID. Proper 

windowing of both RCS modes are used to determine the tag position and 

ID. Sets of equations are reported based on trilateration localization to aid 

the calculations. The reported calibration process are claimed to be useful 

for eliminating background noise, obtaining reference data for tag and 

RTOF reference. 
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The embedded poles of a Chipless RFID tag is extracted using short 

time matrix pencil method (STMPM) in [111]. STMPM is based on moving 

a right duration time window through the entire signal by small time steps and 

then employing matrix pencil method to extract the poles. Differentiation 

between the early time and late time response is done based on the time 

index obtained for the extracted singularities. Robustness of the technique in 

noisy environment can be enhanced by averaging complex poles over the 

time. An anti-collision algorithm for frequency domain Chipless RFID tags 

based on STMPM is presented in [112]. STMPM is used here to extract the 

turn-on times and complex natural resonances of the poles. Here tags are 

marked with definite resonances denoting the background additional to 

resonances corresponding to tag ID.  Round trip times of the tags are taken 

as the turn-on time of complex natural resonances of the tags. A method for 

determining the position of Chipless RFID tag by measuring angular 

position from multiple scanning antennas is reported in [113].  

A design of high density Chipless RFID tag based on complex natural 

resonances is described in [114]. Here the late time response containing the 

ID part of Chipless RFID tag is analysed as the summation of CNRs with 

some weighted residues. Also, application of STMPM, extraction of turn-on 

times, damping factors, and resonant frequencies of poles are explained 

clearly. 

Apart from data encoding, an analysis based on CNRs is effectively 

used to develop a space-time-frequency anti-collision algorithm to detect 

multiple Chipless RFID tags present in the reader‘s antenna main beam in 

[115]. Identification of multiple multibit tag is given emphasis here and a 
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new method for obtaining accurate turn on times and CNRs of the tag is 

reported. For time-frequency analysis STMPM is used and a space-

frequency representation is found by employing short-frequency matrix 

pencil method (SFMPM) realizing the duality between late time response in 

the time domain and early time response in the frequency domain.  An 

accurate space-frequency technique for Chipless RFID tag localization is 

described in [116].  Division of reader zone into triangular unit areas and 

distribution of three antennas to each unit cell are relied in the measurement 

setup . Distance of the tag from the antennas is found from the space-

frequency diagram by applying narrow frequency matrix pencil method 

(NFMPM) to the frequency response of the tag. 

The more advanced application of fractional Fourier transform and 

usage of minimum distance detection are reported in [117], [118] for the 

detection of multiple frequency domain tags without collision. The time 

shifting and index additivity of fractional Fourier operator are explored to 

achieve better detection in a multi-tag scenario. Maximum likelihood (ML) 

technique is used in [119] - [121] for detection and channel estimation of 

Chipless RFID tags. The technique derives a decision by comparing the 

received signal with all possible combinations. In [122], the fact that the 

total received Radar Cross Section (RCS) is directly proportional to the 

number of Chipless tags located within the interrogation zone of the tag 

reader is used for counting the tagged objects. 

 Range of detection of Chipless RFID tag is improved [123] by 

receiver diversity with maximal ratio combining (MRC) at the reader side. It 

is demonstrated that the detection range has improved considerably by 
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increasing the number of antennas at the reader side without increasing the 

transmitting power. 

Design of Chipless RFID tags using characteristic mode theory 

(CMT) is described in [124]. The paper explains CMT as a generalized 

Eigen-mode expansion method and illustrates its efficient use in the design 

and analysis of Chipless RFID tags. The quality factor, resonant frequency 

and the characteristic fields from the tag are monitored based on this theory. 

It is also demonstrated that CMT is an effective tool for analyzing the 

coupling mechanism between resonators, its effect on the quality factor and 

effect of low Q resonances of the structure. A solution for the challenges in 

distinguishing early and late time responses of multibit tags having closely 

placed scatterers is explained in [125]. The method consists of sliding a 

window along the time axis and then the application of STMPM to 

distinguish the poles corresponding to early time and the late time 

responses. The paper reports that the damping factor of poles is equal to 

zero when the early time response is located at the centre of the sliding 

window. Also the poles of early time, unlike the late time poles vary as the 

window slides along the time axis. These observations are used to 

distinguish the early time response. Based on window based singular value 

decomposition and adaptive energy detection two smart notch detection 

techniques are presented in [126] to improve Chipless RFID (frequency 

domain) system readability. The techniques are reported to have immunity 

to environmental effects like cluttering, fading and multipath components. A 

study on determination of theoretical detection ranges of UWB Chipless 

RFID tags is reported in [127] and the detection ranges are estimated based 

on both continuous wave based radar technique and the impulse radio based 
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radar technique. In [128], a mathematical framework for Notch Position 

Modulation scheme which is presented as Medium access control (MAC) 

algorithm to handle multi-tag identification for frequency domain Chipless 

system is described. An advanced UWB signaling scheme is also reported 

for maximizing transmitted power and correspondingly the reading range.  

A method avoiding common calibration techniques but ensuring 

enhancements in tag detection is reported in [129]. The method is based on 

differential encoding achieved by subtracting the tag response measured 

simultaneously using two orthogonally polarized antennas. Before applying 

the subtraction, the time domain response is subjected to filtering to remove 

unwanted antenna coupling and multipath effects. The method is more 

practical than the other calibration techniques needing more reference 

measurements. Another method to avoid calibration with reference 

measurements is reported in [130]. The method utilizes short time Fourier 

transform (STFT) and is applied to depolarizing Chipless RFID tag 

measurements realizing the fact that they have long time signatures than the 

normal frequency domain Chipless tags. 

A 3D localization method for frequency domain Chipless RFID tags is 

reported in [131] and is utilizing the time domain RCS, delay time and the 

relative positions of reader antenna for its calculations. 

2.8. Frequency domain Chipless RFID readers 

The reader is the complicated part of the Chipless RFID system where 

there exists a master-slave relationship between the reader and the tag.  The 

Chipless tag cannot make any response without the interrogation from 

reader and is the reason behind the master (reader) – slave (tag) saying. The 
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duality between time and frequency domain enables the development of two 

classes of frequency domain Chipless RFID readers. The one class of readers 

decodes tag ID directly from frequency domain measurements while the 

other takes measurements in time domain.  

S. Preradovic et al. reported 3 generations of Chipless RFID readers 

that are taking measurements in frequency domain directly [132] - [134]. 

The first generation reader is reported to detect amplitude only and the 

second generation reader is able to detect both phase and amplitude. Both 

generations operates over a narrowband (2-2.5 GHz) and have a capacity of 

5 bit reading. The third generation reader operates over a wide band of 

frequencies from 5-11 GHz and is capable of reading 23 bits of data. General 

blocks of all the 3 generations include a digital section and an RF section. The 

digital section deals with the necessary signal processing of transmitted and 

received signals and consists of microprocessor, memory block, ADCs, 

DACs, and communication block for the software applications. The RF 

section includes voltage controlled oscillators (VCO), Low noise amplifiers 

(LNA), demodulator (gain/phase detector) and antenna. Two VCOs are used 

in the RF section of these readers; one is for generation of interrogation signal 

and the other in the mixer to down convert the backscattered signal to an 

intermediate frequency signal. The VCOs makes the system very expensive. 

These readers also need reference tag measurements and recalibration for 

dynamic environmental conditions. No additional signal processing techniques 

are used in the readers. 

Design and implementation of digital control section for a UWB 

Chipless RFID reader is reported in [135]. The same system can read tags 
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with different data capacity and can control multiple RF sections. In [136], 

it reports a direct frequency domain Chipless tag reader architecture based on 

coherent frequency modulated continuous wave radar that can decode tag ID 

both from amplitude and phase of the backscattered signal. Hilbert transform 

based signal processing is also reported to improve and simplify detection. 

The reader relies on a single VCO and hence results in low cost design. 

Without any calibration tags accurate detection of 9 bit tag is performed. 

Ultra-wideband chirp signal interrogation based reader architecture to detect 

dual polarized Chipless RFID tags is described in [137].  This architecture 

also doesn‘t require calibration tags and needs a single VCO. A UWB reflect 

array antenna system enhancing the Chipless RFID reader performance is 

reported in [138]. The basic cell used in the design is the double circular ring 

and antenna panel has 100 elements. A dual polarized aperture coupled 

microstrip patch antenna array for a millimeter wave Chipless RFID reader 

is reported in [139]. 

The dual relationship between frequency domain and time domain is 

effectively utilized in [106] to read frequency domain tags using UWB-IR 

based interrogation. The reader architecture reported does not require any 

wideband VCOs and hence is low cost than the frequency modulated 

continuous-wave based readers. Also it does not require any calibration tags 

and ground planes, provides greater degree of freedom in tag - reader 

alignment and improves the reading range considerably. Realization cost of 

the UWB-IR based reader reported in [140] is reduced by using equivalent 

time approach (based on reproducibility of the measurement) in the design 

and repeating the tag interrogation sequence. [141] reports low sampling 

noise Chipless RFID reader based on the same equivalent time approach.  
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2.9. Conclusion 

Tools for the pre-fabrication studies of research work, fabrication 

procedure and measurement facilities are presented in this chapter. A 

detailed survey on two main classes of frequency domain Chipless RFID 

tags is conducted. Also various time domain techniques and Chipless RFID 

tag reader architecture in the literature are also reviewed in this chapter. 
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This chapter presents Chipless RFID tags with embedded antennas in them 

for reception and transmission of reader signal by the tag. Tags have 

multiple resonators coupled/connected to microstrip line in between the 

transmitting and receiving antennas. The basic resonator proposed is the 

quarter wave stepped impedance resonator. The tag utilizes the entire UWB 

which increases the data encoding capacity. Frequency Shift coding is also 

applied to increase the efficiency of spectrum usage. Prototype of the tag is 

fabricated on RT Duroid 5880 (εr = 2.2, tanδ = 0.0009) and the measured 

results are compared with the simulated one. Characteristics of UWB 

antenna used in the tag are also given in the chapter. 
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3.1.  Introduction 

In the literature survey part of the thesis, classification of frequency 

domain tags based on the presence/absence of transmission and retransmission 

antenna is mentioned. This chapter is devoted for tags with embedded antennas. 

The basic data encoding part of this type of tags is the multiresonator 

circuit connected in between the receiving and retransmitting antennas. 

The UWB electromagnetic wave transmitted from the reader antenna will 

be received by the tag’s receiving antenna (Rx) which is then guided to the 

tag’s transmitting antenna (Tx) through multiresonator circuits connected to 

the transmission line. Block diagram of the tag with antennas is shown in 

figure 3.1. 

 
Figure 3.1: Block diagram of Chipless RFID tag with reception 

and transmission antennas 
 

The multiresonators are either connected or coupled to the transmission 

line in between the Tx and Rx antennas. The coupled or connected resonators 

become resonant at their resonant frequencies within the UWB frequencies. 

The resonators thus absorb the EM energy corresponds to their resonant 
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frequency to produce a notch in the retransmitted signal. The notch is 

considered as logic 1 and absence of resonator as logic 0. The absence of  

the frequency in the output is considered as logic 1 and the reverse case is 

logic 0 [1]. Apart from this presence or absence of notch, the resonators can 

be tuned in an assigned band to increase data encoding capacity.  

Though the Chipless RFID technology is still in its infancy, a variety 

of resonators for these tags are available in the literature. High Q compact 

resonators are preferred for the multiresonator circuits due to increased 

coupling, increased efficiency in spectrum usage etc. Some of the resonators 

proposed in the literature are shown in figure 3.2.  

 

 
 Figure 3.2: Some of the Chipless tags with antennas found in literature 

 [1], [2], [3], [4], [5] 
 

The resonator proposed in this chapter is microstrip quarter wave 

stepped impedance resonator. The resonator is very dominant in filter 

applications due to its unique properties and flexible design. An overview of 

the stepped impedance resonators is provided in this chapter. 
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3.2  Data encoding techniques for frequency domain Chipless 

RFID tags 

The two methods commonly employed for data encoding in frequency 

domain tags are Presence/absence coding and Frequency shift coding. As 

mentioned in the previous section, the former technique is very simple that 

the presence or absence of a resonator and hence the respective resonance in 

the frequency spectrum would be considered as bit 0 or bit1 and vice versa. 

The technique has 1:1 correspondence between the number of bits and the 

number of resonators in the tag. This type of coding is illustrated in figure 3.3. 

The ease of removal of a resonance without much alteration to the geometry 

adds an advantage to this coding technique along with the desirable properties 

like high Q and compact size. The total bit encoding capacity with N resonators 

is N and can access 2N items. So the total number of resonators, resonance 

bandwidth and the available spectrum are the major factors determining the 

encoding capacity. An increased number of resonators inversely affect the 

compactness of the tag. With normal resonators, frequency spectrum up to first 

harmonic frequency (twice the fundamental frequency) of the lowest frequency 

resonator is the normally available spectrum. 

 
Figure 3.3:  Presence/ absence coding technique (a) presence of resonator is bit 1 

and absence is bit 0 (b) presence of resonator is bit 0 and absence is 

bit 1 
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Figure 3.4: Frequency shift coding technique. Entire frequency 

spectrum is divided into bands of ∆f bandwidth which is 

further divided into bands of df resolution bandwidth. 

Each df section is assigned a digit 
 

Frequency shift coding technique (illustrated in figure 3.4) is like 

assigning multiple bits for a single resonator. The entire frequency spectrum 

would be divided into a number of sub bands (∆f) equal to the number of 

resonators. Each of these sub bands are again divided into further smaller 

subbands (df). This second division (df) is dependent on the resonance 

bandwidth of each resonator. For high Q, narrow bandwidth resonators, df 

would be even smaller and is known as the resolution bandwidth. Each 

resolution bandwidth is assigned a digit. Then each resonator is tuned in its 

allocated bandwidth and takes the digit corresponding to frequency division 

in which it appears. ∆f and df can vary with resonator. Thus the total 

encoding capacity of frequency shift coding systems is given below. 

       ∏ (
   

   
) 

      .................................................................... (3.1) 

where N is the number of resonators,     is the bandwidth allotted for „i
th

‟ 

resonator and     is the resolution bandwidth assigned to the same. 
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3.3  Stepped Impedance Resonators (SIR) [6] 

Stepped impedance resonators are cascaded transmission line of 

different impedance steps along the length of transmission line. They 

provide great advantage compared to uniform impedance transmission 

(UIR) lines like control over harmonic frequencies with compact and high 

flexibility in design. Evolution of stepped impedance resonator from half 

wavelength transmission lines is shown in figure 3.5.  

 

 

Figure 3.5: Evolution of stepped impedance resonator from 

uniform impedance resonator 

The capacitance loading of UIRs is a common practice in the VHF 

band to control its harmonic frequencies and to make the structure more 

compact. Loading capacitance at the open ends of uniform impedance 

transmission line as shown in figure 3.5(b) is relied to control harmonic 

frequencies which otherwise appear at the integer multiples of fundamental 

resonant frequency. The value of capacitor should be    
     

   
 where ω is 

the angular resonant frequency, Z1 and θ1 are the characteristic impedance 
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and angular length corresponding to the physical length l1 of the UIR shown 

in figure 3.5(a). This lumped capacitance technique brings size reduction 

and control over harmonic. However, lumped element capacitor is lossy 

above 1 GHz. 

The same electrical characteristics can be obtained using an open ended 

transmission line having different impedance, Z2. All the three resonators in 

figure 3.5 will resonate at the same frequency if        
           where 

          are the characteristic impedance and angular length corresponding 

to the physical length l1 and           are the characteristic impedance              

and angular length corresponding to the physical length l2. Resonator in figure 

3.5(c) will be most compact if              
    . The stepped impedance 

transmission line resonators mitigate the losses at high frequency. Compact 

size with high Q is the major advantage of SIR.  

Since the thesis is concentrated on planar Chipless RFID tags, 

microstrip SIRs have been elaborately discussed in this chapter. The 

frequency response of half wavelength UIR and the SIR resonating at the 

same frequency are shown in figure 3.6. The dimensions are detailed in 

table 3.1. The response is simulated in CST with plane wave excitation. 

From the table the difference in dimensions of SIR and UIR is obvious. 

Overall length of the UIR is 26.32 mm whereas that for the SIR is only 7.81 

mm. Also the response shows that the SIR provides higher Q than the 

corresponding UIR.  
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Figure 3.6:  Frequency response of UIR and SIR designed at same 

frequency (dimensions of the structures are given in 

table 3.1 with respect to figure 3.5)  

 

Table 3.1: Dimensions of UIR and SIR resonating at 3.8 GHz. Substrate 

height = 1 mm and εr = 2.2 
 

Structure Length (mm) Width (mm) 

Overall dimension 

of the resonator 

(mm) 

UIR 26.32 0.5 26.32 
SIR l1 = 5.39 l2 = 2.42 w1 = 0.5 w2 = 5.89 7.81 

 
 

3.3.1. Basic Stepped Impedance Resonator 

Basic stepped impedance resonator configurations are shown in 

figure 3.7. They are λg/4, λg/2, λg stepped impedance resonators. The 

angular length (θ1 and θ2) and characteristic impedance (Z1 and Z2) of the 

sections corresponding to l1 and l2 transmission lines are also shown in the 

figure 3.7. 
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Figure 3.7: Basic SIR Configurations with their design 

parameters (a) λg/4 (b) λg/2 (c) λg 

 
Obviously the basic element of three types of SIRs is a non-uniform 

transmission line having both open and short circuited ends and a step 

junction in between. Both λg/2 and λg resonators can be viewed as a 

combination of multiple number of this fundamental λg/4 elements. The 

division of λg/2 and λg  into fundamental elements is shown in figure 3.7(b) 

and (c) by marking l1 and l2. From the figure it is clear that two λg/4 SIRs are 

joined to form λg/2 resonator and λg resonator could be viewed as 

combination of two λg/2 resonators or as combination of 4 λg/4 resonators. 

So analysis of the fundamental element (λg/4) is enough to describe the 

characteristic of both λg/2 and λg resoators. Resonant conditions and other 

important characteristics of the fundamental λg/4 SIR is given in the 

following sections. 
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The most important electrical parameter of SIR is termed as 

impedance ratio (K). It is defined as the ratio of transmission line impedances 

Z2 to Z1.  

K =   

  
 .............................................................................................. (3.2) 

3.3.1.1. Resonant condition 

 
Figure 3.8: λg/4 SIR with all design parameters 

 

Condition for resonance of SIR is addressed in this section.             

The expression for input impedance (Zi) of the basic λg/4 SIR shown in 

figure 3.8 is derived using transmission line theory as given below [6-9]. 
 

The input impedance of a lossless transmission line is   

      
               

               
  ........................................................... (3.3) 

 
By letting input admittance, Yi = 0 the parallel resonant condition is 

obtained as  
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                = 0  ................................................................. (3.4) 

            
  

  
    ................................................................... (3.5) 

For the case of uniform impedance resonator, the length of the 

transmission line determines the condition for resonance. But from the 

resonance condition of SIR stated above, it is clear that the length and 

impedance ratio have significant influence on the resonance condition. 

Further, the condition for odd and even modes can also be derived 

separately [10] as 

              for odd modes(f0,fs2,…)  .................................... (3.6) 

              for even modes(fs1,fs3,…) ................................ (3.7) 

Where f0,fs1,fs2, fs3… are the fundamental and higher harmonic frequencies. 

Equations (3.6) and (3.7)  are further arranged as equations (3.8) and (3.9), 

respectively by defining a new term length ratio, α. 

                             .................................................... (3.8) 

                           )  ................................................. (3.9) 

Where the length ratio,            ⁄  and total electrical length         . 

From the above equations, it is obvious that the selection of K and α 

determines the fundamental and higher harmonic frequencies. Value of θt 

for odd and even modes can be calculated separately by solving 

transcendental equations (3.8) and (3.9). The resonant modes of SIR can 

be found using the relation   
  

 
   

  
 where    corresponds to total electrical 
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length of the respective resonant mode. The effect of step junction at the 

high impedance and low impedance junction is neglected in the present 

analysis. 

3.3.1.2.  Relationship between K, α, fundamental frequency and first 

harmonic frequency 

 
Figure 3.9: Relationship between impedance ratio (K =    ⁄ ), 

Length ratio (           ⁄ ) and ratio of first 

harmonic and fundamental frequencies (      ⁄  [6] 

 

The relationship between impedance ratio, length ratio and the separation 

between fundamental and first harmonic frequency is shown in figure 3.9. 

From the figure, it is clear that the proper selection of impedance and length 

ratio defines accurately the separation between the fundamental and first 

harmonic frequency. For Chipless frequency domain RFID tags, the worst 

problem reported in the literature is the limited frequency spectrum due to 

the occurrence of first harmonic frequency. This affects the data encoding 
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capacity badly. By the above mentioned property of SIR, even the entire 

UWB (3.1 GHz-10.6 GHz) spectrum can be made available for encoding 

data. For example, if the lowest frequency resonator is designed at 3.2 GHz, 

the selection of K and α as 0.25 and 0.6, respectively shifts the first harmonic 

frequency out of UWB (     ⁄  >4, beyond 10.6 GHz). 

3.3.1.3. Relationship between K and physical size of SIR 

As said earlier, the importance of the parameter „impedance ratio‟ is 

not just confined in determining the separation between fundamental and 

higher harmonic frequencies. Selection of K also determines the compactness 

of the resonator. This is shown in figure 3.10. From the figure, it is noted 

that the resonator length will be short compared to a conventional UIR for 

K<1 and long for K>1. The resonator length can be shortened by choosing 

smaller values of K while the maximum resonator length is limited to twice 

that of corresponding UIR [6]. Compactness is always a desirable feature for 

resonators designed for Chipless RFID tags. So K<1 SIR is used for the 

present study. 

 
Figure 3.10:  Dependence of Impedance ratio on the compactness 

of resonator [6] 
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3.4.  A single SIR connected to microstrip transmission line 

 
Figure 3.11: (a) Quarter wave resonator connected to transmission line                 

w1 = 3.07 mm, w2 = 0.5 mm, L = 17.6 mm, substrate height = 1 mm 

and εr = 2.2. (b) Transmission characteristics of the structure shown 

in figure 3.11(a)  

 

 Nijas et al. [2] proposed a spectral signature based tag using quarter 

wave open stub resonator connected to transmission line. The basic 

encoding element of the tag and its S21 characteristics are shown in figure 

3.11(a) and (b), respectively. The Chipless RFID tag presented in this 

chapter is motivated from this structure with an added advantage of 

increased spectrum availability with an impedance step in the microstrip 

resonator. The presented tag uses stepped impedance resonator instead of 

open stub resonator. As discussed in the previous sections, the flexible 

design and control over harmonic frequency of this resonator brings a lot of 

advantage to the design of Chipless RFID tag. Moreover, the resonator 

length can be made short compared to quarter-wave open stub resonator. A 

17.6 mm long open stub resonates at 3.2 GHz whereas a quarter-wave SIR 

of the same frequency can have greater, smaller or even equal lengths 

depending on the impedance ratio chosen. Such an SIR which is shorter than 
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open stub resonating at 3.2 GHz is shown in the following figure and is 

discussed subsequently. 

 
Figure 3.12: (a) A single SIR connected to microstrip transmission line.                

W = 3.07 mm, w1 = 0.5mm, w2 = 5.89 mm, l1 = 4.77 mm, l2 = 3.99 mm, 

substrate height = 1 mm, substrate height = 1 mm and εr = 2.2.           

(b) Transmission characteristics of the structure 

 

Figure 3.12(a) and (b) shows a single quarter wave SIR connected to 

transmission line and its transmission characteristics, respectively. The 

substrate used is RT Duroid 5880 with substrate height 1mm, permittivity 

2.2, and tanδ = 0.0009. The impedance of microstrip line is 50Ω. The SIR 

dimensions are also shown in figure 3.12. The frequency response of 

transmission coefficient (S21) over the entire UWB and the surface current 

distribution are shown in figure 3.13(a) and (b), respectively. From the 

quarter-wave (λg/4) current distribution, the mode of excitation is the 

fundamental one.  
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Figure 3.13: (a) Frequency Response and (b) Current distribution on the SIR 

shown in figure 3.12 

 

The resonator frequency response is given for the entire UWB in figure 

3.13(a). The band gap between the first harmonic and the fundamental 

resonant frequency can be controlled as per the selection of impedance and 

length ratio. In the above case, the fundamental resonance alone is seen in the 

frequency band up to 10 GHz. This observation validates the rejection of first 

harmonic in the entire UWB frequency band. This is the beauty of using SIR 

as a resonator. 

3.4.1. Equivalent circuit of the stepped impedance resonator connected 

to transmission line 

Equivalent circuit of stepped impedance transmission line can be 

derived by knowing the capacitance and inductance of each section in the 

microstrip line.  Effects of open end fringing and microstrip step are also 

to be incorporated into the analysis for the accurate calculation of 

resonant frequency. The distributed resistance of the stepped impedance 

resonator is taken as zero ie., stepped impedance resonator is assumed to 
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be lossless. Equivalent circuit of the microstrip line having an impedance 

step in between is shown in figure 3.14. Ls1, Cp1 and Ls2, Cp2 are the 

series inductance and shunt capacitance of the high impedance and low 

impedance sections of the microstrip line, respectively. L1, L2 and C are 

the inductances and capacitance incorporated to bring the effect of 

impedance step. ∆c is shunt capacitance due to open end fringing field. 

Expressions for the unknown inductances and capacitances are given 

below [11]-[16]. 

      
 

Figure 3.14: Equivalent circuit of a microstrip line having an 

impedance step between high impedance and low 

impedance sections 
 

Series inductance and shunt capacitance of a microstrip transmission 

line (Ls1, Cp1 and Ls2, Cp2) can be calculated using equations given below [11] 

   
  

√       
  *

      

       
+ Ω  ....................................................... (3.10) 

   
                   

  [               ⁄ ]
 pF/m  .................................................... (3.11) 

       
        .....................................................................  (3.12) 

where εr, h, W, t are the permittivity, height of substrate, width of microstrip 

line and thickness of the metal, respectively. Parallel capacitance and series 
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inductances concerned with a symmetrical impedance step can be computed 

by [12] 

            
√    

   
(  

  

  
) (

        

          
) (

   ⁄       

   ⁄     
)  (pF) .. (3.13) 

   
   

       
      

   

       
   ............................................... (3.14) 

where        √     ⁄ ,              (  
   

   
√

    

    
)
 

 (nH)  

Where      for i= 1, 2 are the inductances per unit length,               

denote the characteristic impedance and effective dielectric constant 

corresponding to width    for i= 1, 2. c is the velocity of light in free space, 

and h is the substrate thickness. 

Capacitance associated with open end fringing effects of microstrip 

line is given by [13] 

    
  √   

   
 where    is the extended length due to fringing field and is 

given by 
  

 
  

      

  
  ................................................................................... (3.14) 

where            
   

            ⁄              
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where     is the effective dielectric constant of microstrip line.  

The calculated values of inductances and capacitances of stepped 

impedance resonator are detailed in Table 3.2.  

Table 3.2: Calculated values of inductances and capacitances of equivalent 

circuit for an SIR having w1 = 0.5 mm, w2 = 5.89 mm, l1 = 4.77 mm, 

l2 = 3.99 mm, substrate height = 1 mm and εr = 2.2 
 

Ls2 (pF) 0.046 

Cp2 (nH) 0.412 

L1 (nH) 0.866 

C (pF) 0.686 

L2 (nH) 0.127 

Ls1 (pF) 1.043 

Cp1 (nH) 0.704 

c (pF) 0.014 

 

 

The lumped element equivalent circuit of stepped impedance 

resonator with 50Ω transmission line is modelled in Agilent ADS software 

with values given in table 3.2. The frequency response obtained in ADS         

is validated with HFSS simulation. The equivalent circuit designed in  

ADS software connected across the 50 Ω transmission line is shown in 

figure 3.15. Comparison of frequency response between equivalent circuit 

and 3D numerical result is shown in figure 3.16. Equivalent circuit response 

shows good agreement with numerical results. 
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Figure 3.15: Equivalent circuit of SIR connected to 50Ω transmission line 

(Figure 3.12; w1 = 0.5 mm, w2 = 5.89 mm, l1 = 4.77 mm, l2 = 3.99 mm, 

substrate height = 1mm and εr = 2.2) modelled in ADS software. 

Inductance and capacitance values are detailed in Table 3.2 

 
 

 
Figure 3.16:  Comparison of frequency response obtained for ADS 

software and HFSS 
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3.4.2. Selection of Substrate for the tag 

The performance of the tag on different substrates is studied by 

designing a resonator at 3.2 GHz connected to microstrip transmission line. 

The substrates used are tabulated in table 3.3 along with their dielectric 

constant, loss tangent and thickness.  

Table 3.3: Different substrates used for study with their properties 

Substrate 
Dielectric 

constant 
Loss tangent 

Substrate 

Height(mm) 

CMET_4.3(*) 4.3 0.0018 1.6 

CMET_6.5(*) 6.5 0.002 1 

FR4 EPOXY 4.4 0.025 1 

RT DUROID 2.2 0.0009 1 
(*Substrates indigenously developed by Center for Materials for Electronics Technology 
(CMET), Thrissur, Kerala, India.)    
 

Dimensions of resonators on different substrates are given in table 3.4. 

High Q resonances (narrow resonances) are observed for low loss substrates 

(<<tanδ) [16]. A high permittivity substrate offers a more compact resonator 

[16]. Also, loss tangent of a dielectric is inversely related to the permittivity. 

Table 3.4: Resonator and microstrip transmission line dimensions on different 

substrates detailed in Table 3.3 

Substrate 
Txn line width, 

W(mm) 
l1(mm) l2(mm) w1(mm) w2(mm) 

CMET_4.3 3.07 2.72 3.51 0.5 7.45 

CMET_6.5 1.4 3.07 2.35 0.5 5.65 

FR4 EPOXY 1.91 3.65 2.87 0.5 5.75 

RT DUROID 3.07 4.77 3.99 0.5 5.89 
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Experimental transmission coefficients for the circuit designed on 

different substrates are shown in figure 3.17 and the observed characteristics 

are given in the table 3.5.  From the results it is clear that the lossy FR4 

provides the smallest Q[22] and the low loss RT Duroid 5880 shows the 

highest Q. CMET_6.5 provides the most compact resonator dimensions 

(Table 3.4) owing to its high dielectric constant with a Q factor of 215.82. 

As mentioned earlier, high Q resonators are most desirable as the number of 

bits that could be encoded per frequency spectrum can be maximized with 

them. Also, resonators with high Q increase the time of existence of 

resonance, ease identification in noisy surroundings and provides better 

reading ranges. In this context, considering the best spectrum utilization and 

better reading ranges offered by high Q resonators, RT Duroid 5880 is 

selected for the tag design. 

 
Figure 3.17:  Performance of resonator designed at 3.2 GHz on 

different substrates. Dimensions are detailed in 

table 3.4 
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Table 3.5: Observed Q factor and resonant depth with different substrates 

(with respect to table 3.3 and table 3.4) 

Substrate Q factor [22] Resonant depth(dB) 

CMET_4.3 169.46 -37.93 

CMET_6.5 215.82 -45.99 

FR4 EPOXY 52.005 -29.52 

RT DUROID 376.79 -45.89 
 

3.4.3. Optimization of the microstrip resonator and transmission line 

resonator 

For making the structure more compact, K<1 SIR is selected for the 

tag design. For the design of the resonators, the width of l1 (w1) is fixed at 

0.5 mm. This width is seen as optimum for compact design.  Optimization 

study of the width w1 is tabulated in table 3.6. When w1 is less than 0.5 mm, 

value of w2 is very near to w1. This makes it difficult to realize the step 

junction in our inhouse etching setup. From table 3.6, it is also noted that 

very low values of w1 result in longer l1 and l2. That is for w1 = 0.2 mm         

(K = 0.4 and α = 0.4) the overall length of the resonator is 8.6 mm while that 

for w1 = 1 mm the resonator length is 8 mm. Another observation from the 

table is that increment in w1 results increment in w2. It can be justified by 

examining the values of w2 for w1 = 0.2 mm and 1 mm given in table 3.6. 

Here, w2 is 2.05 mm and 4.65 mm for the 0.2 mm and 1 mm case, respectively. 

Though this increment in width reduces the overall length of the resonator, 

compactness will not be achieved due to the increment in w2. These 

observations are true for different values of length ratio and are given in 

table 3.6. As a compromise, w1 is fixed at 0.5 mm.  
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As stated earlier, value of K and α are selected according to the 

required separation between fundamental and first harmonic frequency, 

keeping in mind the compactness of the structure. 

Table 3.6: Optimization of width w1 of an SIR designed at 4.1 GHz and           

K = 0.4, substrate height = 1 mm and εr = 2.2 
 

w1(mm) 
 

w2(mm) 

α = 0.4 α = 0.5 α = 0.6 

l1(mm) l2(mm) l1(mm) l2(mm) l1(mm) l2(mm) 

0.2 2.05 5.18 3.41 4.10 4.34 3.12 5.37 
0.3 2.45 5.14 3.35 4.06 4.27 3.09 5.30 
0.4 2.8 5.11 3.30 4.04 4.21 3.08 5.24 
0.5 3.13 5.09 3.25 4.02 4.16 3.06 5.18 
0.6 3.5 5.07 3.19 4.00 4.10 3.04 5.12 
0.8 4.07 5.03 3.11 3.97 4.01 3.02 5.02 
0.9 4.38 5.01 3.06 3.96 3.97 3.00 4.97 
1.0 4.65 5.00 3.02 3.94 3.93 2.99 4.93 

 
Width of transmission line is varied to study its effect on resonance. 

The results are shown in figure 3.18. Of course, the frequency shifts 

downwards with increment in width owing to the overall increment in size. 

There is slight decrease in 10 dB fractional bandwidth of resonances as the 

width of transmission line increases where the fractional bandwidth is 

calculated as ((∆f/f0)*100). Change in fractional bandwidth for different 

transmission line width is shown in table 3.7. For an SIR connected to 

transmission line, this change is not as substantial as for the open stub 

resonator [2] connected to transmission line (for open stub resonator FBW 

changes from 39.42% to 12.57% for widths from 2 mm to 7 mm). Also, 

increased width of the transmission line reduces the compactness of the tag. 
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Impedance transformers are also needed to match with the antenna feed 

lines. So it is decided to design uniform width transmission line of 50 Ω 

(3.071 mm).  

 
Figure 3.18: Response of transmission for different width (W) of 

transmission line. SIR dimensions: l1 = 5.27 mm,           

l2 = 3.99 mm, w1 = 0.5 mm, w2 = 5.89, substrate 

height = 1 mm and εr = 2.2. 

 
Table 3.7: Change in fractional bandwidth (FBW) for transmission 

line width (W) variation. SIR dimensions: l1 = 5.27 mm, 

l2 = 3.99 mm, w1 = 0.5 mm, w2 = 5.89, substrate height = 

1 mm and εr = 2.2 
 

Width 

(mm) 

FBW 

(%) 

2 19.90 
3 15.65 
4 13.97 
5 13.40 
6 12.64 
7 12.37 
8 12.30 
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3.5.  Multiresonator circuit design using SIR 
 

 

 
Figure 3.19: (a) Geometry of Multiresonator circuit having 8 SIRs connected 

to 50Ω microstrip line. (b) Side view. (c) Fabricated prototype. 

Dimensions are detailed in table 3.8. 

 

Figure 3.19 shows the multiresonator circuit designed for the Chipless 

RFID tag. The circuit contains 8 resonators connected to transmission line. 

The resonators are positioned in the transmission line so that adjacent 

frequency resonators are separated. This arrangement does minimize the 

coupling between adjacent frequencies and is demonstrated in figures 3.20 

- 3.21.  
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Figure 3.20: Electric field distribution at 3.8 GHz for two different 

arrangements of adjacent frequency resonators (a) adjacent 

frequency resonators positioned nearby (b) adjacent frequency 

resonators positioned apart. R1 is designed at 3.2 GHz (K = 0.25, 

α = 0.5, l1 = 5.29 mm, l2 = 3.99 mm, w1 = 0.5 mm, w2 = 5.89 mm) 

and R2 at 3.8 GHz (K = 0.25, α = 0.4, l1 = 5.4 mm, l2 = 2.42 mm, 

w1 = 0.5 mm, w2 = 5.89 mm). Substrate height = 1 mm, εr = 2.2  
 

 

R1 and R2 represent two resonators operating at 3.2 GHz and 3.8 

GHz, respectively. Their individual frequencies and the shift in frequencies 

according to the positioning are shown in figure 3.21. From figure 3.21, it is 

clear that better isolation is ensured when the adjacent frequency resonators 

are placed apart. For that case, resonances experience minimum shift in 

frequency. The reason would be clear after examining the electric field 

distribution at one of the resonant frequency, say 3.8 GHz. When the 

resonators are nearby electric field coupling between them is obviously 

higher than the other case and if frequencies are too close there is chance of 

merging of resonances into one. So for the tag design, resonators need to be 

placed such a way that no adjacent frequency resonators came nearby. 
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Figure 3.21:  Frequency response of two adjacent frequency 

resonators R1 and R2 for different arrangements 

with respect to figure 3.20 

 

The dimensions and other design parameters of stepped impedance 

resonators are given in table 3.8. K and α value are different for each 

resonator according to the separation needed between the fundamental and 

first harmonic frequency. 

Table 3.8: Parameters of SIRs connected to microstrip line in figure 3.19. 

Substrate height =1 mm, εr = 2.2  
 

Resonators 

Parameters I II III IV V VI VII VIII 

K 0.25 0.35 0.5 0.45 0.45 0.5 0.5 0.5 

α 0.5 0.5 0.4 0.35 0.3 0.3 0.35 0.3 

l1(mm) 5.27 4.74 5.2 4.52 4.22 3.85 3.18 3.08 

l2(mm) 3.99 3.81 2.83 1.78 1.18 1.08 1.13 0.754 

w1(mm) 0.5 0.5 0.5 0.5 0.5 0.5 .5 0.5 

w2(mm) 5.89 3.73 2.16 2.56 2.56 2.16 2.16 2.16 
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The simulated and measured S21 without transmitting and receiving 

antennas for an eight bit tag are shown in figure 3.22. For this case, the 

multiresonator circuit is directly connected to ports through probes. The only 

noise present will be due to the mismatch and losses of probes connected. 

 
Figure 3.22:  Measured and simulated frequency response 

of the multi resonator circuit of the eight bit 

tag shown in figure 3.19 

 

The S21 plot shows 8 resonances over the band from 3.1 GHz to 10.6 

GHz. All the resonators are present in the tag and the shown S21 represents 

an all bit „on‟ combination. Slight shift in the resonance frequencies can be 

due to the slight coupling of multiple resonators. The resonances can be 

tuned for another combination either by the presence/absence technique or 

by the frequency shift coding. From the figure 3.22, it can be noted that the 

resonances are wider and hence the determination of resolution bandwidth 

for each resonance is difficult in case of frequency shift coding technique.  

For this reason, the presence/absence technique is preferred for the tag 

design. For removing a resonance from the spectrum, the corresponding 

resonator is simply disconnected from the transmission line. The resulting 
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λ/4 SIR will always get excited at its first harmonic frequency which is out 

of the used spectrum(to excite in the fundamental mode either a short circuit 

or a connection to the microstrip line is needed). The different coding 

combinations in tag geometry are shown in figure 3.23. Corresponding 

Spectral signatures are shown in figure 3.24.  

 
Figure 3.23:  Geometries for different codes using presence/absence technique 

(a) 11111111 (b) 01101111 (c) 11111100. Dimensions of the 

resonators are same as figure 3.19 and detailed in table 3.8 
 

 
Figure 3.24: Spectral signature for different codes encoded by the geometries 

of figure 3.23 
 

At the higher end of UWB, the resonances become feeble in appearance 

and are difficult to identify in a noisy environment. These feeble resonances at 

the higher frequency end of the UWB can be justified by the inherent losses 

and dispersion of microstrip structures with increasing frequency [12]. 
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With the SIRs connected to the microsrip line, it is not possible to 

utilize the full advantages of design flexibility owned by the Stepped 

Impedance resonators. Also the efficiency in spectrum utilization is at its 

minimum due to the inability to use frequency shift coding technique. This 

can be improved by another configuration with the same λ/4 SIRs. The new 

configuration is constituted by a set of SIRs coupled rather than connected 

to the microstrip transmission line. The advantage of the modified structure 

is demonstrated in the following section. 

3.6. Modified Chipless RFID tag with SIR coupled to transmission 

line 

The geometry of the multiresonator circuit is modified for better 

performance. The resonators are coupled to the transmission line rather than 

directly connected to it as shown in figure 3.25. 

 
Figure 3.25: Quarter wave SIR coupled to 50Ω transmission line. SIR 

dimensions: l1 = 4.27 mm, l2 = 3.99 mm, w1 = 0.5 mm, w2 = 

5.89, height = 1 mm, W = 3.071 mm, substrate height = 1 

mm, εr = 2.2 
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The high Q nature of stepped impedance resonators provides good 

coupling with the line. The spectral signature of such a configuration shows 

a much better resonance than a connected resonator at the same frequency. 

A comparison of frequency response of SIR connected and coupled to 

transmission line is shown in figure 3.26. 

 
Figure 3.26:  A comparison of frequency response of SIR 

connected and coupled to transmission line, SIR 

dimensions: l1 = 4.27 mm, l2 = 3.99 mm, w1 = 0.5 mm, 

w2 = 5.89, height = 1 mm, W = 3.071 mm 

 

The resonance bandwidth is narrower for coupled SIR though the dip 

of resonance is lesser. The 10 dB fractional bandwidth for coupled and 

connected SIR is 0.28% and 14.85%, respectively. Calculated Q is also 

large for the coupled case and is 436.25 while that for connected is 376.79. 

As stated previously narrow bandwidth resonance is an important factor 

which have direct relation to bit encoding capacity per spectrum of 

frequency domain Chipless RFID tags and high Q enables better detection 

in noisy environment. 
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Figure 3.27(a):  Current distribution on SIR coupled to microstrip line 

at its resonant frequency, SIR dimensions: l1 = 4.27 mm, 

l2 = 3.99 mm, w1 = 0.5 mm, w2 = 5.89, height = 1 mm,             

W = 3.071 mm, substrate height = 1 mm, εr = 2.2 
 

 
Figure 4.27(b):  Effect of removal of short to ground at the high 

impedance end of SIR when it is coupled to microstrip 

transmission line (with respect to Figure 4.27(a)). 
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Current distribution on the resonator at its resonance frequency is shown 

in figure 3.27(a). The resonator is excited at its fundamental mode and the 

distribution is quarter wave. Removing the short circuit to ground prevents the 

fundamental mode from appearing in the used spectrum (Shown in figure 

3.27(b)). Without the short, the lowest frequency that is appearing would be the 

first harmonic frequency which is set beyond the spectrum of interest. This 

adds another advantage of easy coding. The resonance can be removed simply 

by removing the short to ground in case of employing presence/absence coding 

technique. Frequency shift coding is also suitable for this type of tag 

considering the reduced bandwidth and flexible design of the resonator. 

3.6.1. Effect of coupling gap between transmission line 

The gap between transmission line and the resonator is optimized 

observing the performance for different gaps between two. The results are 

shown in figure 3.28. 

 
Figure 3.28: Parametric study on different coupling distance between 

microstrip line and SIR, SIR dimensions: l1 = 4.27 mm,              

l2 = 3.99 mm, w1 = 0.5 mm, w2 = 5.89 mm, height = 1 mm,         

W = 3.071 mm, substrate height = 1 mm, εr = 2.2 
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Table 3.9: Variation in fractional bandwidth and resonant dip for different 

gap between microstrip line and SIR, with respect to figure 3.28 
 

Gap (mm) FBW % Resonance dip (dB) Q factor 

0.2 1.1 -13.79 436.54 

0.5 0.67 -9.53 412.25 

0.7 0.54 -7.75 367.15 

1 0.36 -5.38 311.73 
 

As expected, it is clear from the figure that the attenuation is greater 

for minimum separation due to the strong coupling of the resonator to the 

microstrip line. The variations in 10 dB fractional bandwidth and resonant 

depth for different gaps are tabulated in table 3.9. It is observed that the 

fractional bandwidth is minimum for larger separation but depth of 

resonance is decreasing drastically even for small increment in the gap 

value. This decrease is also observed with the Q values for the gaps from 

0.2 mm to 1 mm as given in table 3.9 and is from 436.54 to 311.73. So a 

separation of 0.2 mm satisfying high attenuation and high Q is selected for 

the tag design which is more compact also. 

3.6.2. Distance between neighboring SIRs 

The distance between SIRs is selected to avoid coupling effects between 

them. The study on distance between two SIRs, SIR1 and SIR 2 designed at  

3.2 GHz and 4.1 GHz, respectively is shown in figure 3.29. The figure shows 

performance of individual resonators when they are present alone. Small 

separation may lead to couplings resulting in shift in resonances as can be seen 

for the case of 0.2 mm. Separations greater than 0.3 mm offer minimum 

coupling effects. So care is taken to provide a separation greater than 0.3 mm. 
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Figure 3.29: parametric study on distance between two adjacent 

resonators coupled to microstrip line. W = 3.071 mm, 

height = 1 mm εr = 2.2. SIR1 dimensions: l1 = 4.27 mm,  

l2 = 3.99 mm, w1 = 0.5 mm, w2 = 5.89, SIR2 dimensions: 

l1 = 4.74 mm, l2 = 3.81 mm, w1 = 0.5 mm, w2 = 3.73 mm.  
 

3.6.3. The multiresonator circuit design using SIRs coupled to microstrip 

line 

 

 
Figure 3.30: Multiresonator circuit with SIRs coupled to microstrip line (SIR 

dimensions are given in Table 3.10). Microstrip transmission line 

width = 3.071 mm, substrate height = 1 mm, εr = 2.2 mm 
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Table 3.10: Parameters of SIRs of the multiresonator circuit shown in figure 3.30 

Resonators 

Parameters I II III IV V VI VII VIII 

F(GHz) 3.2 4.1 5.2 6.3 7.4 8.4 9.3 10.5 

K 0.25 0.35 0.5 0.45 0.45 0.5 0.5 0.5 

α 0.5 0.5 0.4 0.35 0.3 0.3 0.35 0.3 

l1(mm) 4.27 3.74 4.2 3.52 3.22 3.28 2.58 2.52 

l2(mm) 3.99 3.81 2.83 1.78 1.18 1.08 1.13 0.754 

w1(mm) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

w2(mm) 5.89 3.73 2.16 2.56 2.56 2.16 2.16 2.16 

 
The geometry of the multiresonator circuit with eight SIRs coupled to 

microstrip transmission line is shown in figure 3.30. The dimensions of 

SIRs are given in table 3.10. The measured S21 of the multiresonator circuit 

is shown in figure 3.31. The simulated S21 is also shown for comparison. For 

the all eight resonators present in the geometry, eight resonances can be 

seen in the spectrum. Minimum coupling effects due to multiple resonators 

are anticipated in the tag performance due to the positioning of resonators. 

The coupling effects between multiple resonators and that between the 

adjacent frequency resonators however present and result in slight shift in 

resonant frequency. 
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Figure 3.31: Measured and simulated S21 of the multiresonator circuit 

(figure 3.30)  

 

 

 
Figure 3.32: Different coding combinations for presence/absence 

coding technique (a) 1111 1111 (b) 0110 1111 (c) 1101 

1110. Dimensions of SIRs and transmission line are 

with respect to figure 3.30 and Table 3.10 
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Different coding combinations for presence/absence technique are 

shown in figure 3.32. In present/absence coding technique, coding can be 

done simply by shorting/opening the high impedance end. Spectral 

signatures for different coding combinations of figure 3.32 are shown in 

figure 3.33. For this case the maximum coding capacity with 8 resonators 

is 256.  

 
Figure 3.33: Frequency response of the 8 bit multiresonator circuit 

for different coding combinations shown in figure 3.32 

 

The geometry is best suited for frequency shift coding (detailed in 

section 3.2) also. The flexible design of SIRs is effectively utilized in 

frequency shift coding technique to increase the coding capacity. In FSC, 

each resonator is tuned in an assigned sub-band with a definite resolution 

bandwidth. FSC for the multiresonator circuit of figure 30 is illustrated 

below. For 8 resonator the entire spectrum from 3.1-11.1 GHz is divided in 

to 8 frequency bands with ∆f = 1 GHz and df = 200 MHz. Each sub section 

of the band ∆f is assigned digits 0, 1, 2, 3, 4. Frequency response and SIRs 
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with changed dimensions to form different codes are shown in figure 3.34 

and table 3.11, respectively.  

 
Figure 3.34: Illustration of FSC with ∆f = 1 GHz, and df = 200 MHz. 

With this type of coding, the total bit encoding capacity obtained 

(equation 3.1) is 18.58. On close examination on the spectral signature, it is 

clear that for lower frequency resonators smaller resolution can also be 

assigned. The resolution bandwidth is determined by the bandwidth of each 

resonance. As the frequency increases, though the fractional bandwidth 

remains the same, bandwidth of resonances would increase. Assignment of 

smaller resolution bandwidth for lower frequency resonators will further 

increases the coding capacity. For example, if the first four resonators of the 

multiresonator circuit are assigned a resolution of 100MHz and for the 

remaining the same 200MHz, the total bit encoding capacity can be 

enhanced to 22.57. 
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Table 3.11: Dimensions of SIRs changed for demonstrating different codes 

using FSC 
 

Parameters I’ II’ III’ IV’ 

F(GHz) 3.8 4.6 5.8 6.25 

K 0.25 0.35 0.45 0.45 

α 0.4 0.5 0.3 0.35 

l1(mm) 4.4 3.24 4.4 3.58 

l2(mm) 2.42 3.41 1.66 1.8 

w1(mm) 0.5 0.5 0.5 0.5 

w2(mm) 5.89 3.15 2.56 2.62 
 

3.7.  Tag antennas 

 
Figure 3.35: Antennas used in frequency domain Chipless tags [4], [3], [1] 

Some of the antennas used in frequency domain Chipless tags are 

shown in figure 3.35. CPW or microstrip feed can be used for the antennas. 

The overall size of the antenna is determined by the lowest operating 

frequency, permittivity and geometry of the tag. Each has its advantage as 

well as disadvantage. As the thesis is dealing with ultra-wide band 

frequency domain tags, planar UWB antennas are needed for the tags [17].  

The tag antenna needs to have an omnidirectional pattern unlike the highly 
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directional reader antenna. It should also possess substantial impedance match 

over the operating bandwidth of Chipless RFID tag. Linear polarization 

property is mandatory since cross polarized antenna arrangement for 

reception and transmission antennas at the reader side has been used to reduce 

mutual coupling between antennas. Moreover, radiation pattern should be 

same throughout the spectrum. Of course simple layout, compactness and 

fully printable geometries are most desirable characteristics of Chipless RFID 

tag antennas.      

Giving emphasis to a simple layout, disc monopole UWB antenna [18] 

is selected as the tag antenna. The UWB characteristic of the disc monopole 

antenna is accomplished by the overlapping of the antenna modes that are 

closely occupied in the spectrum. The geometry of the disc monopole antenna 

along with the design parameters are shown in figure 3.36. 

 
Figure 3.36:  Disc Monopole antenna, εr = 4.3, h = 1.6 mm,           

tanδ = 0.0018, R = 19.5 mm, w = 3 mm,                               

L_gnd = 55 mm, w_gnd = 35 mm, g = 0.6 mm 
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Figure 3.37: Return loss of disc monopole antenna shown in figure 3.36 

 

 
Figure 3.38: Gain of above disc monopole antenna 

 

The measured return loss and gain of the antenna are shown in figure 

3.37 and 3.38, respectively. The antenna possesses good impedance match 

throughout the entire UWB. The measured radiation pattern of the disc 

monopole antenna both in H and E plane are shown in figure 3.39 at 

different frequencies. The excitation of higher order modes influences the 

antenna radiation pattern and consequently there is a distortion in the E 

plane figure of eight pattern. More clearly, at the fundamental mode of 

operation the antenna operates in standing wave oscillation. As frequency of 

operation increases antenna operates in a hybrid mode in which both 



Chapter -3 

128                       Department of Electronics, CUSAT 

standing and travelling waves are present. At higher frequencies travelling 

waves are more dominant hence there will be distortion to the corresponding 

radiation pattern [21]. As the higher frequency distortion is common to all 

UWB antennas the only choice is to select an antenna with better performance. 

Some papers propose methods to improve radiation characteristics like dual 

microstrip transitions [18]. Such method should be used to improve the 

performance at high frequency end of UWB. 

 

 
Figure 3.39: The measured radiation pattern of the disc monopole antenna 

both in (a) H and (b) E plane at different frequencies. 
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3.8.  Friss free space transmission formula to calculate free space 

losses in multiresonator based Chipless RFID system 

Friss free space transmission formulae can be used to calculate the 

expected power levels at the reader receiving antenna from the Chipless tags 

in a lossless environment [19]. The power density of the signal reaching the 

tag in free space is given by 

     
    

       ................................................................................... (3.15) 

Where Pt is the transmitted power, Gr is the gain of the reader transmitting 

antenna and r is the distance between the tag and reader antenna. The power 

collected by the transponder antenna is defined as 

       
     

  
   ........................................................................ (3.16) 

Where Ae is the effective area of the tag antenna, Gt is the gain of the tag 

antenna and λ is the operating wavelength. Both antennas used by the RFID 

reader for transmission and reception are assumed to be identical in this 

calculation. Similarly receiving and transmitting antennas in the tag is also 

taken as identical. With these assumptions, the signal received by the reader 

from the tag is 

   
    

   
       

      
    ...................................................................... (3.17) 

Where L(f)is the insertion loss of the tag‟s multi resonating circuit as a 

function of frequency f. To successfully identify the signal, the received 

signal strength Pr should be greater than the noise floor. Polarization 

isolation between the reader antennas and environment conditions like 
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interference from wireless systems, scattering from stationary objects, etc. 

are the factors determining the noise floor in Chipless RFID systems. 

3.9.  Chipless RFID tag with antennas 

In the preceding sections, the components of Chipless RFID tag: 

multiresonator circuit and tag antennas are individually discussed and 

analysed. Here the Chipless RFID system as a whole is presented. As 

discussed in chapter 2, PNA E8362B along with two horn antennas is 

employed as the reader.  The reader antennas are cross polarized like the tag 

antennas. The schematic of entire measurement setup is shown in figure 3.40. 

 
Figure 3.40: Schematic of measurement setup used to characterize 

the tag (specified in section 2.4) 
 

Measured backscattered response of the Chipless RFID tag is shown 

in figure 3.41. The typical responses of the RFID tag for the codes 1111 

1111, 0110 1111, and 1101 1110 are shown in the figure 3.41. As it is seen 
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all the bits can be identified from the backscattered magnitude. The 

performance at the highest frequency is deteriorated even when connecting 

the multiresonator circuit directly to the ports without the tag antennas. This 

decreased performance can be justified by the inherent microstrip losses at 

high frequencies. Further, decreased performance at the higher frequency 

resonances is due to the distorted radiation pattern of the disc monopole 

antenna at the higher frequencies. 

 
Figure 3.41:  Measured backscattered response of the Chipless RFID 

tag shown in figure 3.30 for different codes. The tag 

parameters are detailed in table 3.10 
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Figure 3.42:  Measured backscattered response of the tag shown 

in figure 3.30 at different distances  

 

The successful read range of the tag is 10 cm from the reader (shown 

in figure 3.42). The lower frequencies can be read at more distances than 

the higher frequencies. This is due to the poor radiation characteristics of 

tag antenna at higher frequencies. Coming to the tag antenna, it is a bitter 

task to find an antenna with a stable and constant radiation pattern 

throughout the frequency spectrum. Proposed system can be used for very 

near field automatic identification systems with the presented disc 

monopole antenna. With the realization of more efficient UWB antenna 

having much stable and good radiation characteristics throughout the 

entire band, the read range of the tag can be enhanced. By providing 

proper arrangements in the reader the tag can be proposed as a better 

alternative for barcode technology.   
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3.10. Conclusion 

A Chipless RFID tag with multiple stepped impedance resonators is 

proposed in this chapter. Quarter wave SIR (K<1) at its fundamental mode 

is used for the compactness and coding. The proposed system, owing the 

SIR‟s control over harmonic frequencies can use a larger spectrum for data 

encoding comparing similar tags in literature. For Chipless RFID tags, SIRs 

coupled to microstrip line is shown to have more advantages than directly 

connected to the line. Equivalent circuit model and different parametric 

studies are conducted on the resonator. The method presented in this chapter 

can be effectively implemented using low cost substrate materials which in 

turn reduce the overall cost. 
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Design and development of Polarization independent multiscatterer based 

Chipless RFID tags are discussed in this chapter. Backscattering phenomenon 

from Chipless Tags, calibration method and requirements of the multiscatterers 

to form efficient tags are also discussed. Two polarization independent tags, 

one using cross loop resonator and the other using stepped impedance 

resonators as basic scatterer are proposed in this chapter. Parametric 

analysis of basic resonators is presented to get optimum multiresonant 

characteristics. Depending on the application, emphasis is given to various 

tag properties like polarization insensitivity, high bit encoding capacity, 

size, and maximum reader ranges. 
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4.1.  Introduction 

The presence of transmitting and receiving antennas and the 

transmission line in the multiresonator based Chipless RFID tag(tags with 

transmitting-receiving antennas and resonators coupled to microstrip line) 

[1-5] increases the tag size and structural complexity. The transmitting and 

receiving antennas which occupy more than 50% of the tag surface area and 

whose inconsistent radiation characteristics in the operating UWB are the 

major problems with the multiresonator based Chipless RFID tags. 

Moreover, the multiresonator coupling to the microstripline and the mutual 

coupling between resonators should also be considered in the tag design. In 

this context we have to consider the efficiency of the multiscatterer based 

Chipless RFID tags [6-12]. These tags have more attractive features like 

availability of better readable range, effective calibration techniques and 

applicability of effective time domain techniques for processing the 

backscattered signal. Moreover, they are akin to the concept of electromagnetic 

barcodes.  

The multiscatterer based tag simply eliminates the trans receiving 

antennas and transmission lines. This will reduce the overall size of the tag. 

This type of tags combines all the three functions of reception, transmission 

and filtering in each scatterer [13]. Thus the tag generates a spectral 

signature similar to multiresonator based Chipless RFID tag with less 

structural complexity. The Multiple scatterers selected should have very 

high Q so that they can effectively add their signature to the frequency 

spectrum of the reader. Upon the incidence of the reader signal, currents are 

induced on the multiscatterers at their resonant frequencies. These currents 
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in the scatterers reradiate along with the backscattered signal as the 

signature of the tag and can be detected and decoded by the reader. The 

selection of basic scatterer is very crucial because it defines the effective use 

of bandwidth, polarization sensitivity, readable range etc.. Resonators with 

narrow bandwidth or with high selectivity are most interested for frequency 

domain Chipless RFID tags to enhance the coding capacity. The selectivity 

or Q factor depends on conduction, dielectric, surface wave and radiation 

losses [15]. Thin substrates with low loss tangent and small metal thickness 

are suitable for Chipless RFID tags to meet the high Q requirements. 

There are numerous multiscatterer based Chipless RFID tags reported 

and many are narrated in the literature review chapter of this thesis. Most of 

the reported tags should meet stringent polarization alignment with respect 

to the polarization of the incident wave. Polarization independent or 

orientation independent Chipless RFID tags offer more freedom in 

positioning and detection. Detection in cross polar level adds to 

considerable reduction in noise [8]. Only a few works on polarization 

insensitivity are available in the literature [15, 16, 17]. So developing 

Chipless RFID tags with polarization insensitivity along with other desirable 

properties of multisactterer based Chipless RFID tags deserves significant 

research. This chapter focuses on the development of polarization independent 

tags with high data encoding capacity. 

4.2. Backscattering from multiscatterer based Chipless RFID tag 

Multiscatterer based Chipless RFID tag contains carefully aligned 

high Q resonators without any antennas. Chipless frequency domain tags 

require high Q resonators embedded on them to create bit patterns with 
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resonant dips/peaks in the frequency response captured by the reader in 

response to these tags. These tags can be viewed like radar targets but with 

unique IDs. The IDs are stored as electromagnetic signature in the 

backscattered signal from the tag. Due to the duality between time and 

frequency domain, frequency domain tags can be analyzed in time domain 

also. If the backscattered signals are observed in frequency domain directly, 

the bit pattern will be dominant and is represented by the resonant 

peaks/dips. If it is analyzed in time domain, a conversion from time domain 

to frequency domain is needed to extract the ID. 

Time domain approach to detect or interpret response of frequency 

domain tags is more reliable and noise resistant [18-19].  The time domain 

response from a Chipless RFID tag has mainly two components named as 

structural mode and antenna mode. When the incident pulse illuminates 

scatterers on the tag, specular reflections from the scattering centers are 

scattered around. These reflections are due to the local current distribution 

on the discontinuities on the scatterer. This reflection which resembles the 

incident pulse constitutes the structural mode or early time response. After 

the incident pulse passes through the tag completely, there will be an 

interaction between local current distributions produced during the early 

time. These interactions converge to natural current modes of the scatterer 

and results in late time response or antenna mode [18]. A. Vena et al. also 

explained the scattering mechanism behind multiscatterer based Chipless 

RFID tag in a much simple way [13]. The structural mode depends only on 

the geometry of the tag while the antenna mode depends on the Q factor and 

other resonant characteristics of the scatterers embedded on the tag. 
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Figure 4.1:  (a) Typical impulse response of RFID tag showing the structural 

and the antenna modes. (b) Frequency response of the scatterer. 

The addition of the two modes creates a destructive interference 

when they are 180° out of phase. Courtesy: A. Vena et al. [13]. 
 

Figure 4.1 shows the two modes or responses contained in the 

backscattered signal from the Chipless RFID tag. As seen from the figure, 

the total response of the tag is a superposition of structural mode (which is 

characterized by a constant level along the magnitude as well as phase) and 

antenna mode with a very selective response. It is not possible to encode 

any data in structural mode but it can be used as a reference for determining 

the starting time of antenna mode and for locating the tag.  

4.3.  Characteristics of the scatterer used in Chipless Frequency 

domain RFID tags  

Elements of Multiscatterer based Chipless tags have to perform 

multiple functions like transmission, reception, and filtering. Because of this 

multiple functionality assigned to each scatterer, the selection of the basic 

scatterer is very important for the performance of the tag. The desired 

properties for scatterers are detailed below. 

 High Q: High Q factor or narrow bandwidth of the basic resonator 

is a desirable characteristic of frequency domain Chipless RFID 
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tags. With high Q, more number of bits can be encoded in a given 

spectrum. Also sharp narrow resonances can be identified more 

easily even in noisy surroundings. This can also be considered as 

an advantage to achieve better reading ranges.  

 Compact size: Compactness of the resonator is also a plus point 

in the modern gadgets. Compactness can be easily achieved by 

using nested resonators [15], [17].   

 Harmonics: Control over the higher harmonics is another 

favourite factor regarding the selection of scatterers. If the ratio 

between higher harmonics and the fundamental frequency can be 

controlled independently, a wide spectrum can be used for data 

encoding. Also, this control enables to define multiple bits per 

resonator [10]. Only a few resonators are reported in the literature 

with such a degree of freedom.  

 The number of bits per resonator: The number of bits per resonator 

is another preferred property which may increase the coding 

capacity of the tag. Compact and flexible multiband resonators [5] 

with control over harmonic frequencies can offer this property.  

 Polarization: Polarization independent RFID tag is a desirable 

feature of Chipless RFID system. This property defines the tag‟s 

ability to respond without concerning the polarization of the 

reader signal. With polarization insensitive tags, restrictions on 

tag orientation with respect to the reader antenna would be 

mitigated. Alignment of the trans receiving antennas at the reader 

side can be chosen independently to offer minimum coupling 
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effects between them since the tag is being insensitive to their 

polarization. Compact symmetric resonators, symmetric repeated 

distribution of resonators [17], [11], [16], [15] etc. are the 

methods utilized to attain polarization independency. 

  Isolation: Isolation between resonances is a crucial factor which 

is very difficult to achieve. Careful positioning of the resonators 

is the only relied way to reduce coupling between resonators. It 

would be advantageous if such a geometry could be realized. 

This chapter gives emphasis to polarization insensitivity of the tag to 

the incident reader signal and therefore the selected structures are symmetric 

in x-y plane. Two types of microstrip multiscatterer based Chipless RFID 

tags are proposed in this thesis, one is cross loop resonator and the other is 

Stepped impedance resonator tags. Both type of tags offer polarization 

insensitivity either by geometry or by arrangement. 

The simulation setup (Section 2.2) and measurement setup (Section 2.4) 

mentioned in this chapter are detailed in chapter 2. Both CST microwave 

studio and Ansoft HFSS are used for the simulation studies. Plane wave 

excitation is used in both tools. Backscattered field is measured using an 

electric probe oriented along the plane wave polarization and placed in front 

of the plane wave source.  

4.3.1. Cross loop resonator 

Geometry of the cross loop resonator is shown in figure 4.2. The 

structure is symmetric in x-y plane and hence it will generate a response 

independent of its orientation in x-y plane. Besides from the symmetric 



Chapter -4 

144                       Department of Electronics, CUSAT 

appearance, the polarization independency of the structure is verified by 

measuring the backscattered signal from a single scatterer for different 

angles. The response is given in figure 4.3. As it is clear from the figure the 

resonance is detected in the backscattered signal for all the orientations of 

the tag in the x-y plane. 

 
Figure 4.2: Single cross loop resonator, L = 4 mm, W = 3.5 mm, 

strip width = 0.5 mm, substrate height = 1 mm, εr = 2.2

             
 

 

 
Figure 4.3: Measured backscattering from a cross loop resonator          

W = 3.5 mm, L = 4 mm, strip width = 0.5 mm, substrate 

height = 1 mm, εr = 2.2) for different orientations with 

respect the axis of tag surface 
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Detailed explanations about the current distribution and resonant 

frequency of the resonator are provided later in this chapter. The zig-zag 

nature of the cross loop is the advantage of the resonator compared to the 

circular ring as it brings considerable reduction in surface area occupied. 

The cross loop resonator is compared with a circular ring resonator 

operating at the same frequency (7.47 GHz) and is shown in figure 4.4. 

Figure 4.4(a) shows the dimensions of the resonators resonating at the same 

frequency and 4.4(b) shows the simulated frequency response of both 

resonators. An area reduction of approximately 54% is obtained for cross loop 

resonator. Moreover, the reduced area can be utilized for embedding other 

electronic components. The loop nature supports nesting [17] of resonators and 

thus offers a compact tag. 

 
Figure 4.4: Comparison between Cross loop resonator and circular ring 

resonator of same frequency (a) Geometry of cross loop resonator 

(W = 2.5 mm, L = 3.5 mm) and circular ring (mean radius = 4.9 mm). 

Substrate height = 1 mm, εr = 2.2 and strip width 0.5 mm for both 

geometry (b) Backscattered Electric Field 

 



Chapter -4 

146                       Department of Electronics, CUSAT 

The cross loop resonator is polarization independent and offers 

reduction in surface area occupied but it doesn‟t have any mechanism to 

control the higher harmonic frequencies. So the first harmonic of the lowest 

frequency resonator should be expected at twice the fundamental frequency. 

Hence spectrum available for the tag is limited between the lowest frequency 

and its first harmonic.  

4.3.2. Orthogonally aligned SIRs based scatterer 

 

 

Figure 4.5: (a) scatterer geometry, L1 = 5.4 mm, L2 = 2.42 mm, W1 = 0.5 mm, 

W2 = 5.82 mm εr =2.2, Substrate height = 1 mm (b) Electric field 

distribution on single SIR and orthogonally aligned SIR based 

scatterer for X directed excitation (c) Scattering property of a 

single SIR for different orientations (d) Scattering property of 

scatterer for different orientations 

 
The basic scatterer (shown in figure 4.5(a)) consists of two identical 

λ/2 stepped impedance resonators which are orthogonally placed in such a 

way that they cut each other at the electric field zero point (shown in figure 
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4.5(b)). The scattering property of a single SIR (3.7 GHz) for different angles 

in x-y plane is shown in figure 4.5(c). It can be seen that up to ±60 angular 

rotations, SIR responds to the incident wave (say y polarized for this case) 

with the same resonance. After that the resonance gradually diminishes from 

the spectrum and at 90, the resonator will be completely insensitive to the 

incident wave. When two identical resonators orthogonally joined to form 

the scatterer, it will behave as a polarization insensitive system and responds 

for all polarization of incident wave. Measured scattering from the scatterer 

is shown in figure 4.5(d) 

Electromagnetic devices with multiple resonators of course suffer 

from coupling effects from adjacent resonators. If the resonators of these 

particular scatterers are placed simply orthogonal without joining each 

other, the coupling effects encountered by each resonator will be different. 

Different environments encountered by the SIRs may make them resonate 

differently. So that polarization insensitivity can‟t be ensured by simply 

aligning two identical SIRs in two polarization orientations. By joining them 

at their voltage minimum at least the same coupling/adjacent conditions can 

be ensured for the two SIRs of a single scatterer. 

This SIR based scatterer offers all the advantages of SIRs like 

flexibility in design, compactness, and above all control over harmonic 

frequencies. By this geometrical arrangement it constitutes a polarization 

insensitive tag. 
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4.4. Substrate for the tags 

It is clear from the above sections that narrow resonances (high Q) are 

required for coding data in the frequency domain. The total quality factor 

[17] is mainly affected by the radiation loss, the conduction loss and the 

dielectric loss. Radiation loss is useful for the tag antennas (if present) but 

for the resonator it should be minimum. The conduction and dielectric 

losses have to be as small as possible. The conduction losses are low for 

highly conductive materials like copper. Also, compact and low cost tags 

are most desirable. Selection of substrate for the fabrication of Chipless 

RFID tag is significant in fulfilling the above requirements. Low loss 

substrate offers better storage of energy in the resonators at their resonance 

which may constitute High Q. These narrow resonances with considerable 

resonant depths/peaks can be distinguished easily from the noise. Dielectric 

constant of the substrate is another factor which has significance in tag 

performance. The higher the dielectric constant more will be the 

confinement of electric field within the substrate and hence narrow 

peaks/depths at resonances. Also, high dielectric constant substrates offer 

compact resonators. But the inverse relationship between loss tangent 

(tanδ=ζ/ωε, where ζ is the conductivity and ω is the angular resonant 

frequency) and dielectric constant demands the selection of substrate as a 

compromise between all the above stated properties 

Properties of different substrates used in the studies and the 

dimensions of resonator employed are detailed in table 4.1 with respect to 

figure 4.6. Performance of scatterers on different substrates is shown in 

figure 4.7 
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Figure 4.6:  Single resonator tag used to study different substrates, 

imensions L, W and g for different substrates are given 

in table 4.1 

 

Table 4.1: Properties of different substrates and the resonator dimensions 

(with respect to Figure 4.6) on them 
 

Substrate εr tanδ 
Substrate 

height(mm) 
W(mm) L(mm) g(mm) 

FR4 4.3 0.025 1 6 3.5 0.5 

RT DUROID 2.2 0.0009 1 9.5 3.5 0.5 

CMET_4.3 4.3 0.0018 1.6 6.4 3.5 0.5 

CMET_6.5 6.5 0.002 1 4.46 3.5 0.5 

 
As seen from figure 4.7, the substrate with highest loss tangent among 

the group (FR4) shows a feeble resonance. Such a resonance is very difficult 

to identify. Though FR4 has higher dielectric constant than the other 

substrates, its lossy nature deteriorates the performance. Low loss nature of 

other substrates enables better performance though with a lower dielectric 

constant. RT Duroid 5880 is showing the most narrow and deep resonance 

owing to its low loss nature. Considering the contribution of narrow band 

resonators in bit encoding capacity per bandwidth RT Duroid 5880 is the 
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better choice. High permittivity substrate CMET_6.5 offers more compact 

resonators but the inverse relation between permittivity and loss tangent 

leads to wider resonance and hence lower spectrum utilization. The resonant 

bandwidth of resonators on each substrate is given table 4.2. 

Table 4.2: Resonance bandwidth of resonators on different substrates 

with respect to figure 4.7 

Substrate Resonance bandwidth(MHz) 

FR4 150 

RT DUROID 30 

CMET_4.3 110 

CMET_6.5 180 
 

From Table 4.2, it could be seen that RT Duroid 5880 is giving the 

least bandwidth and giving emphasis to sharp and narrow resonances, RT 

Duroid 5880 is selected for the tag design.  

 

 
Figure 4.7: Performance of cross loop resonator on different 

substrates (with reference to figure 4.6 and Table 4.1) 
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Effect of objects on which tags are attached can be eliminated with 

grounded tags. Also, backscattering along the boresight direction is 

enhanced with the presence of ground.  From the literature survey it can be 

seen that the grounded tags offer better performance in terms of noise 

reduction and reading range. So the microstrip version of tag is preferred in 

this thesis than the coplanar version. 

4.5. Calibration method  

As already stated, the principle behind RFID depends on reflected 

power from the scatterer. The reflected or backscattered power received by 

the reader contains many other components other than the data. The other 

components include reflection from surrounding objects like fixed objects, 

nearby wireless equipment and reflection from the reader antenna due to 

impedance mismatch. Therefore an effective calibration method should be 

used to easily detect the data. The method used is subtracting the measured 

data without tag from the measured data with tag [10], [20].  

The effectiveness of the calibration method can be understood by 

analyzing the components of backscattering. The first and predominant 

component in the backscattered energy is due to antenna impedance 

mismatch resulted in reflection of transmitted pulse and this component will 

decay to zero gradually with time. Immediately after the incidence of 

transmitted pulse on the tag, the component arising is the structural mode 

YS(t) that is due to the geometry of the tag especially by the ground plane. 

Following the structural mode is the antenna mode YA(t) that contains the 

identity information. Apart from the above stated components, there will be 
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reflections from the fixed objects in the surrounding and white noise (WN(t)) 

which may vary with time. 

The noise in the tag measurement is due to the fixed objects and the 

white noise. The amplitude of the signal received from the room is 

represented by  

Ywithout tag(t) =YN(t) = YR(t) + WN(t)  .............................................. (4.1) 

Where YR(t) include reflection due to antenna mismatch and reflections 

from surroundings and WN(t) is the white noise present at the time. 

Similarly, the amplitude of the signal received with tag is given by, 

Ywith tag(t) = YS(t) + YA(t) + YR(t)+WN‟(t) .....................................  (4.2) 

where YS(t) is the structural mode from the tag and YA(t) is the antenna 

mode from the tag. 

By subtracting (4.1) from (4.2)  

Y(t) = YS(t) +YA(t) +WN‟‟(t)  ......................................................... (4.3)    (4.3) 

Where WN‟‟(t) = WN‟(t) - WN(t) 

So the subtraction or calibration eliminates all the reflections and the 

signal contains the structural mode, antenna mode and a component due to 

white noise. Measurements are carried out outside the anechoic chamber 

with sufficient averaging to minimize the white noise level.  
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4.6. Chipless RFID tag using Cross loop resonator 

A compact Chipless Polarization independent RFID tag using cross 

loop resonator as the basic element is presented in this section. The loop 

nature, symmetry and the compactness are the advantages of the proposed 

scatterer. The loop nature supports nesting of resonators and adds to the 

compactness of the tag. Symmetric geometry of the scatterer makes the tag 

polarization independent. The prototype of the tag is fabricated on RT 

Duroid 5880 substrate with    = 2.2, tanδ = 0.0009, h = 1 mm. 

4.6.1. Single cross loop resonator 

 
Figure 4.8: Current distribution on cross loop resonator (W = 3.5 mm, L = 4 

mm, strip width = 0.5 mm, substrate height =1 mm and εr = 2.2. 

Dimensions are with respect to figure 4.6) for different polarizations 

of incident wave (a) Y polarized (b) 45
0
tilted (c) X polarized 

 

The cross loop which is basically a closed ring only support waves 

that have integral multiple of guided wavelength equal to the mean 

perimeter. The simulated current distribution on a single cross loop 

resonator is shown in figure 4.8. One full wavelength of current distribution 

is noticed along the perimeter. The current distribution remains lambda 

though the positions of current minimum or maximum change according to 
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the polarization of incident wave. Any variation from the symmetry of ring 

may lead to the excitation of degenerate modes that leads to distinct 

resonant frequencies which otherwise appear as a single resonance. 

Degenerate modes [20] in ring resonators are modes that can be present 

simultaneously, independent of each other and are orthogonal to each other. 

They can exist at the same frequency and can be considered as two waves 

progressing in clockwise and anticlockwise direction. For symmetric 

resonators, only one of the modes will be excited. Any deviation from 

symmetry causes the two modes to excite and the split in the resonant 

frequency will be obvious [20]. In this particular tag design, symmetry of 

the resonator is very significant due to special attention given to the 

polarization insensitivity. 

4.6.1.1. Design equation of a single cross loop resonator 

From the current distribution discussed in previous section, it is clear 

that the cross loop resonator is a full wavelength (λ) resonator like the ring 

resonator. But it will not resonate exactly at the resonant wavelength equal to 

its perimeter. For a circular ring resonator, this variation can be accounted by 

defining an effective dielectric constant that includes the effects of fringing 

fields. Apart from the fringing fields, the deviation of resonant wavelength 

from guided wavelength is influenced by the corners and bends in the 

geometry. An approximate design equation of cross loop resonator can be 

developed by conducting a comparison between the ring and cross loop 

resonator and then by adding a correction to the design equation of circular ring 

resonator. A comparison of different cross loop resonator and circular loop 

having same perimeter and width is given in table 4.3. Percentage error in 
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frequency is also calculated as  {[(                          )               ⁄ ]  

   }  . The cross loop resonant frequency can be approximated by adding the 

calculated %error to the frequency of circular ring of same perimeter. 

The resonant frequency of circular ring is calculated using the 

equation [17] written below 

               
 

      [                    ] √    
  .............................. (4.4) 

Where R is the radius of circular ring and      is the effective dielectric 

constant of the microstrip line having width w, height h and permittivity  . 

The modified Equation 4.5 can be used to determine the resonant frequency 

of cross loop resonator analytically. The equation is valid for values of „R‟ 

in between 9 and 4 mm and for a width 0.5 mm [17].   

 

Table 4.3: Comparison of resonant frequencies of circular ring and cross loop 

resonator of same mean perimeter (guided wave length) and 

microstrip width = 0.5 mm 
 

f cross loop        

(GHz) 

f circular ring 

(GHz) 

Mean perimeter 

(mm) 
% error 

2.74 2.52 90 8.73 

3.03 2.75 82 9.57 

3.36 3.05 74       

3.77 3.41 66 10.56 

4.32 3.86 58 11.92  

5.07 4.52 50 12.17  

6.10 5.41 42 12.75 

7.62 6.65 34 14.59 
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From table 4.3, it is seen that the deviation in frequency between 

circular ring and cross loop resonator is increasing with frequency. This is 

due to the fact that the effect of corners and bends become more dominant at 

higher frequencies [20]. So, with respect to table 4.3 frequency of cross loop 

resonator can be approximated by adding an average % error of 11.3%. 

                            + 0.113  ................................................ (4.5) 

 

4.6.1.2. Effect of microsrip width 

In [20], it is stated that when the width of the microstrip ring resonator 

is comparable to λg/2, higher order modes will be excited. It is also stated 

that the dispersion of εr is low for high impedance microstrip lines and the 

reverse is the case for low impedance lines. So in terms of compactness and 

frequency stable response, thin microstrip resonators are preferred.  

 
Figure 4.9(a): Variation in resonance frequency of cross loop resonator for 

different microstrip widths for constant mean perimeter of        

68.4 mm, W = 11.5 mm and L (With respect to figure 4.6)      

will be varying according to the microstrip width, substrate 

height = 1 mm, and εr = 2.2.  
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Figure 4.9(b): Current distribution on cross loop resonator for different 

microstrip width. Mean perimeter is 68.4 mm, W = 11.5mm (with 

respect to figure 4.9(a)), substrate, height = 1 mm and εr = 2.2.                 

(a) Microstrip width = 0.5 mm, (b) Microstrip width = 5 mm 
 

The effect of varying width of the microstrip resonator for a constant 

perimeter of 68.4 mm is shown in figure 4.9(a). From the figure it can be seen 

that as the width increases the resonator frequency shift upwards. This can be 

justified by viewing the surface current density on the resonators with 

width0.5 mm and 5 mm shown in figure 4.9(b). It is seen in figure 4.9(b) that 

for 0.5 mm width the current distribution is almost constant along the width 

of the microstrip and with 5 mm width, the current density tends to 

concentrate more towards the inner perimeter. So for wider resonators the 

inner perimeter has more influence on the resonant frequency. Due to the 

large microstrip width, the inner perimeter is substantially smaller than the 

mean perimeter of the resonator. This is the reason behind the upward shift in 

resonant frequency. It is seen in the figure 4.9(a) that the resonant dip is 

increasing with the microstrip width. But, due to the dispersion of εr for low 

impedance microstrip resonators and inherent microstrip losses [20] at higher 
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frequencies, the shifted resonances of thick microstrip resonators are wider. 

Narrow bandwidth resonances are preferred to encode more bits in the 

spectrum.  So, considering the compactness of the tag and more number of 

bits per spectrum, a width of 0.5 mm is selected as the optimum width of the 

microstrip resonator. 

4.6.1.3. Study on harmonics 

The cross loop resonator doesn‟t have any mechanism to control the 

higher order modes. So the presence of first harmonic frequency at twice the 

fundamental frequency is anticipated. Slight shift from the exact multiple is 

seen for all type of resonators. From the simulation results for plane wave 

incidence, it is found that no harmonics are generated for symmetric 

excitation [21]. Any deviation from the symmetry of alignment, there is 

chance for the excitation of first harmonic frequency. Simulation results are 

shown below in figure 4.10.  

 
Figure 4.10:  Rotating single cross loop resonator in X-Y plane to see 

the excitation of first  harmonic frequency, L = 4 mm, 

W = 5.5 mm, strip width = 0.5 mm (L &W are marked 

with respect to figure 4.6), substrate height = 1 mm, εr = 2.2 
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It is seen in the figure that harmonic frequency is excited for a rotation of 

15 in the x-y plane. Since any authentic method is not reliable to have 

control over harmonic frequency and symmetric excitation cannot be 

ensured practically, frequency range of operation is selected in between the 

lowest resonant frequency of tag and its first harmonic frequency. 

4.6.1.4. Effect of substrate height 

The height of substrate has significant contribution towards the 

performance of Chipless RFID tags. The heights that offer identifiable 

resonance peaks/depths and high quality factor are required. At the same 

time, compact and thin tags are always desirable. For microstrip 

resonators, as the height increases the confinement of field within the 

resonator decreases and the radiation tendency increases [22]. As a result , 

the resonance becomes wider and too weak to identify. The bits which are 

represented by these resonances become less identifiable. Also, the 

number of bits that can be encoded in the frequency domain decreases as 

the bandwidth of individual resonance increases. Simulation results for 

different heights of RT Duroid 5880 substrate are shown in figure 4.11. 

From the figure, it is clear that for heights 0.3 mm and 0.5 mm the 

resonances are feeble even for low loss RT Duroid 5880 substrate. As 

height increases, resonances become more clear and deeper, but the 

bandwidth increases. Beyond 1.6 mm height, the resonance becomes wider 

and depth decreases. Height of 1 mm is selected as optimum and is readily 

available in market. So RT Duroid 5880 with 1 mm height is selected for 

the tag design.  
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Figure 4.11: Effect of substrate height on cross loop resonator’s 

backscattering, resonator dimensions: microstrip 

width = 0.5 mm, L = 3.5 mm, W = 10 mm (L &W are 

with respect to figure 4.6), εr = 2.2 

 

  

4.6.2. Effect of nesting and adjacent resonators 

When resonators are nested there would be shift in the resonant 

frequency due to the coupling effect between nested resonators. Gap 

between the nested resonators is varied and the results are observed to select 

the optimum gap. The responses are shown in figure 4.12. It is found that 

for gaps greater than 0.25 mm, resonators show distinct frequencies with 

slight shifts. Since it has been developed for RFID applications these shifts 

are tolerable because the responses of all combinations of resonators are 

pre-recorded. Due to the difficulty to fabricate uniform 0.25 mm gap and 

also to ensure the backscattering from inner resonator 0.5 mm gap is 

selected for the present tag design.  
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Figure 4.12:  Effect of varying gap between resonators, inner 

resonator dimensions: micrstrip width = 0.5 mm,           

L = 3.5 mm, W = 3.5 mm, (L &W are with respect to 

figure 4.6), substrate height = 1 mm, εr = 2.2  

 
Effect of nesting on different resonators in a nested group of 3 

resonators is shown in figure 4.13. In the figure, inherent resonant behaviors 

of individual resonators are also plotted. When the nested resonators are 

present, it is found in the simulation result that, the innermost resonator/ 

highest frequency resonance remains almost unchanged. But there is a 

downward shift in outer resonances. The shift in resonant frequency could 

be accounted by viewing the current distribution (shown in figure 4.14) on 

the nested resonators. From the current distribution it is clear that the 

coupling effects encountered by the inner most resonator is minimum as 

there is no resonator inner to it to couple with. Also from figure 4.13, it is 

seen that the depth of resonance of outer resonators is decreasing with the 

number of nested resonators. Individual resonant frequencies of 3 resonators 

together with their nested combinations are tabulated in table 4.4. 
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Figure 4.13: Effect of nesting on individual resonators, resonator dimensions: 

microstrip width =0.5 mm, L = 3.5 mm, W = 3.5 mm, g = 0.5 mm, 

substrate height = 1 mm and εr = 2.2. R1, R2, R3 are the inner, 

middle and outer resonators, respectively 

 

 
Figure 4.14: Current distribution on nested resonators at their resonant 

frequency (with respect to figure 4.13). (a) Outer resonator is 

excited (b) Middle resonator is excited (c) Inner resonator is 

excited   

 

Table 4.4: Individual and effected resonant frequencies of the resonators 

Resonators               

present 

Inner most, 

R1(GHz) 

Middle, 

R2(GHz) 

Outer,  

R3(GHz) 

Individual response 6.52 5.27 4.48 

Middle & inner 6.52 5.17 Not present 

All the three 6.53 5.19 4.41 
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Space between adjacent resonators is also important since it have 

direct involvement in determining the compactness of the tag. The optimum 

gap between adjacent resonators is determined by simulating different gap 

between resonators. The result is shown in figure 4.15.  

 
Figure 4. 15:  Optimising distance between two resonators R1 and R2. 

W1 = 9.5 mm, L1 = 3.5 mm, W2 = 9.5 mm, L2 = 3.5 mm, 

substrate height = 1 mm and εr = 2.2  

 

From the figure it is clear that, for small gaps up to 0.5 mm the 

resonances appear as single (if frequencies are close) or cannot be 

distinguished. For the distances 1 mm onward, separate resonances can be 

observed. But the shift from original resonance frequency is large. So for 

the resonators to resonate independently, large separation is needed both in 

space and frequency. To get a compact tag, 3 mm spacing is taken as 

optimum distance. Also, for better performance care is taken not to have 

resonators nearby 

4.6.3. Number of nested resonators 

The number of resonators that could be nested is studied by varying 

the number of nested resonators. The results with different number of nested 
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resonators are shown in figure 4.16. It is found that the outer resonance 

decreases in magnitude as nesting increases. Also, up to four resonators the 

resonances have considerable magnitude. Beyond that it becomes very weak 

and is difficult to detect. As it is seen, the problem is severe with the 

outermost resonator. For the innermost resonator the magnitude remains 

almost unchanged with nesting. It is noticed that up to 4 resonators nested in 

a group, it is possible to achieve a tolerable magnitude for outer resonators. 

 
Figure 4.16: Study on number of resonator that can be nested. Resonator 

dimensions, L = 3.5 mm, W = 3.5 mm, g = 0.5 mm, microstrip 

width = 0.5 mm, εr = 2.2 and height = 1 mm 
 

4.6.4. Selection of Coding 

For nested resonators, the influence of presence or absence of other 

resonators is a little more obvious than other resonators. It is impossible to 

assign a fixed frequency to each bit without slight shift. Because of this, all 

the combinations of frequencies should be pre-determined, stored and each 

received code has to be compared with the stored ones. Frequency shift 

coding technique is difficult to imply due to the above problem. The coding 
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reliable for this tag is presence or absence technique which has a 1:1 

correspondence with the number of bits. To increase the coding capacity, 

the only solution is to increase the number of resonators. The nesting 

property utilizes the tag surface efficiently and hence offers compactness. 

4.6.4.1. 8 Bit tag using cross loop resonator 

A Chipless RFID tag with a coding capacity of 8 bits using cross loop 

resonator is discussed in this section. The geometry of the tag is evolved by 

carefully positioning resonators as different nested sets. Two sets of such 

nested cross loop resonators are arranged nearby at optimum locations to 

form an eight bit tag. Each set consists of four resonators. The resonators are 

nested with a gap of 0.5 mm and individual sets are separated with a 

distance not less than 3 mm. The gaps between nested resonators and the 

adjacent sets are selected as a compromise between the compactness and 

isolation between resonators. To reduce the coupling effects or interference 

between adjacent resonators, they are nested in a way so that no resonators 

of adjacent frequencies are placed adjacently. By taking the above 

mentioned positioning precautions, the interference between resonators are 

reduced considerably. 

After determining the range of frequencies that is intended to use, the 

lower/first frequency resonator in the desired band is selected. Since cross 

loop resonator doesn‟t have any control over higher harmonic frequencies, the 

bandwidth available would be limited in between the selected lower 

frequency and its first harmonic frequency. As the last step, fix the number of 

resonators or bits needed and align them accordingly in different nested 

groups. 
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For the present tag the frequency range is selected in between 3.5 GHz 

and 6.8 GHz. The innermost resonator of the first set or the highest 

resonance is selected at 6.6 GHz. The second highest frequency resonator 

(6.04 GHz) is the innermost resonator of the second set and so on. The tag 

geometry is shown in figure 4.17. The tag has dimensions of 4.5cm × 2.3cm. 

The perimeter of each resonator in the ascending order of frequency is given 

in table 4.5. The adjacent frequency resonators fall in separate nested set and 

the alternative in the same set. 

 
Figure 4.17: Geometry of the 8 bit tag based on cross loop 

resonators, L = 3.5 mm, W = 3.5 mm, L’ = 4 mm,  

W’ = 3.5 mm, Substrate height = 1 mm, εr  = 2.2 
 

Table 4.5:  Mean perimeter of the resonators of figure 4.17 

Resonator λg (mm) F(GHz) 

1 68 3.68 
2 64 3.89 
3 60 4.23 
4 56 4.53 
5 52 4.92 
6 48 5.34 
7 44 6.04 
8 40 6.66 
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The simulation is done in CST with plane wave excitation. The 

backscattered field is measured with a probe. The simulated frequency 

response of the tag is shown in figure 4.18. The simulated response for the 

codes 1111 1111, 1111 1110 and 1110 0111 are displayed in the figure. The 

MSB is represented by lowest resonance frequency and the LSB by highest 

resonance frequency. The „1‟ corresponds to a resonance and the „0‟ absence of 

the same.  

 

 
Figure 4.18:  Different coding combinations simulated using the              

8 bit cross loop resonator tag shown in figure 4.17 
 

4.6.4.2. Measurement results and discussions 

An eight bit Chipless RFID tag based on cross loop resonator is 

fabricated and measurements are carried out. The calibration method 

mentioned earlier removes the effects of surrounding stationary objects 

except the time varying white noise. The backscattering based Chipless 

RFID is basically based on the radar cross section technique. The only 
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difference is that the Chipless tag is based on the late time response which 

accounts for the presence of resonators on the tag. 

 
Figure 4.19: Measured noise floor in the measurement environment 

 Noise level in the measurement environment is shown in the figure 4.19. 

It is very clear that the detection is very difficult. The noise level can be 

minimized by subtracting S11 of the medium gain horn antenna measured 

in a previous time without the tag from the same with the tag. The 

backscattering from the tag should be better than this level for the effective 

extraction of the encoded data. The backscattering from the tag depends on 

many factors like transmitted power, reader antenna gain, distance between 

reader and tag. The relation between the factors determining the 

backscattering from the tag is detailed in [23]. Agilent PNA E8362B with 

0dBm (1mW) power and a medium gain horn is used as the reader (as 

discussed in chapter 2.4). 
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Figure 4.20: Measured backscattered response from the 8 bit 

cross loop resonator tag (figure 4.17) for different 

orientation in x-y plane 

 

Magnitude response from the eight bit cross loop resonator based tag 

for different orientations is shown in figure 4.20. As in the case of a single 

scatterer, the tag with eight such scatterers is also presenting its all 

resonances for all the orientations. Presence/absence coding is used due to 

the before mentioned limitations. Presence of a resonance is denoted as a bit 

in this case and an all bit combination, i.e., 1111 1111 is the id encoded in 

the tag. All the presence and absence combinations of resonators should 

have stored for comparison with the received IDs. This is due to the 

increased coupling effects resulting from the nested nature. These coupling 

effects as concluded from the studies mentioned before, cause shifts in 

frequencies that could not be accountable in an assigned resolution 

bandwidth.  



Chapter -4 

170                       Department of Electronics, CUSAT 

 
Figure 4.21: Performance of the tag (shown in figure 4.17) for different 

distances from the reader antenna (a) Backscattered power                  

(b) Backscattered group delay  
 

With 8 resonators in the tag, the system can tag 28 items. The size of the tag 

is 4.2 × 2.3 × 0.1 cm3. So the surface coding capacity is 0.83 bits/cm2. 

The performance of the tag for different distances between the tag and 

the reader is also shown in figure 4.21(a) and (b). The tag is working 

faithfully up to 20 cm. Beyond this distance the backscattering from the tag 

become equal or less than the noise floor shown in figure 4.19. So the data 

bits cannot be detected normally. This much distance is achievable with a 

power level of only1mW and surely it can be enhanced by increased power 

levels. Group delay from the tag is also measured and is shown in figure 
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4.21(b). The data bits are well identifiable in the group delay measurement 

also. 

4.6.5. 16 bit tag using cross loop resonator 

The bit encoding capacity of the Chipless RFID tag in the last section 

can be increased by increasing the number of resonators. A 16 bit tag based 

on cross loop resonator and the geometry of the fabricated tag is shown in 

figure 4.22. The resonant frequencies and guided wave lengths of resonators 

constituting the tag are shown in table 4.6 in ascending order of frequency.   

Table 4.6:  Mean perimeter and the resonant frequencies of the resonators in 

16 bit Chipless RFID tag shown in figure 4.22 

Resonator λg (mm) F(GHz) 

1 68 3.67 
2 66 3.75 
3 64 3.93 
4 62 4.09 
5 60 4.20 
6 58 4.24 
7 56 4.55 
8 54 4.65 
9 52 4.93 

10 50 5.03 
11 48 5.35 
12 46 5.59 
13 44 6.01 
14 42 6.26 
15 40 6.52 
16 38 6.95 

As it is done for the 8 bit tag, first the range of frequencies for the tag is 

selected between lowest resonator frequency and its first harmonic frequency. 
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Then resonators are arranged in to 4 sets of nested groups, each containing 

four resonators. Again, utmost care is taken to provide maximum separation 

between the adjacent resonant frequency resonators. L and W dimensions of 

each resonator are chosen suitably for the nesting.  

Response of tag for different codes is shown in the figure 4.23. Since 

the frequency band available or that can be used is limited and predetermined, 

as the number of resonators increases, the resonances representing bits come 

closer. As a result, interference between adjacent frequencies or coupling in 

between them become dominant and dependence of resonance bits between 

each other becomes more evident. Another observation made is the 

frequency shift is more in the absence/presence of outermost resonators in 

each nested set. Coding should be done by comparing the measured results 

with the predetermined combinations.  

 

       
Figure 4.22: 16 bit tag using cross loop resonator, εr = 2.2substrate 

height = 1 mm, L1 = 4 mm, w1 = 3.5 mm, L2 = 3.75 mm, 

w2 = 3.5 mm, L3 =3.5 mm, w3 = 3.5 mm, L4 = 3.25 mm 

and w4 = 3.5 mm 
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Figure 4.23:  Different coding combinations simulated using 16 bit 

Chipless RFID tag shown in figure 4.22 

 

The measured backscattered power is plotted in figure 4.24. The 

performance for different reading ranges is also shown. All the 16 bits are 

identifiable within 20 cm range from the reader antenna. The tag can „tag‟ 

65,536 items and it has dimensions of 4.4x4.4x.1cm3. The surface encoding 

capacity is 1.71bits/cm2. 

 
Figure 4.24: Measured backscattered power of 16 bit cross loop 

resonator tag (Shown in figure 4.22) for different 

distances 
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4.7. Polarization independent Chipless RFID tag using Stepped 

impedance resonators  

Polarization or orientation independency to the incident interrogation 

signal is always an advantage to the Chipless tags. The tag proposed in the 

above section offers polarization insensitivity and is very compact. But the 

disadvantage of it as other multiscatterer based tags reported in the literature 

is that they don‟t have any mechanism to control the harmonic frequencies. 

Stepped impedance resonator as discussed in the previous chapter are 

structures that have control over higher harmonic frequencies.  This control 

can be used in different ways in RFID applications. Nijas et.al utilized this 

property to define multiple bits with a single scatterer by using the fundamental 

and first harmonic frequencies [10]. 

By orthogonally and symmetrically aligning two identical SIRs, 

polarization independency can be achieved and is demonstrated in the 

proposed work. This particular arrangement retains all the other properties 

of SIRs. The entire UWB band can be used without the presence of harmonic 

frequencies of lowest frequency resonator. This can be effectively utilized to 

increase the coding capacity. 

4.7.1.  Basic scatterer characteristics 

4.7.1.1. Selection of K and α 

Impedance ratio (K) and length ratio (α) of SIR are defined in the 

previous chapter and are very important aspects of the resonator which adds 

flexibility in the design. They are selected individually for each resonator in 

such a way to ensure maximum compactness and separation between 

fundamental and first harmonic frequency. The selection is made based on 
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the figure 4.25 shown below. To get maximum compact structure, only K<1 

SIR is considered in this thesis [23]. 

 
Figure 4.25:  Relation between SIR’s impedance ratio, length 

ratio and separation between Fundamental and 1
st
 

harmonic frequency. Courtesy C.M Nijas et al [10]  
 

4.7.1.2. Backscattering from basic scatterer SIR 

The basic scatterer, as discussed in the previous section is an 

orthogonal and symmetrical arrangement of two identical λ/2 SIRs. The 

performance of the tag for different polarizations of incident wave is 

demonstrated in Figure 4.26. Both simulation and measurement results are 

included to support the finding that the scatterer is polarization insensitive.  

It is seen that the scatterer presents its resonance for all orientations with 

respect to the axis of tag surface.  



Chapter -4 

176                       Department of Electronics, CUSAT 

 
Figure 4.26:  (a) Simulated backscattered electric field from a single scatterer 

for different orientations in x-y plane (b) Measured Backscattered 

signal from the scatterer for different orientations in x-y plane. 

Dimensions of SIRs are detailed in Table 4.7 and the parameters 

are defined according to figure 4.27(a).  

 

When two SIRs joined as mentioned earlier there would be a shift in 

resonant frequency of the resultant scatterer.  The resonances of single SIR 

and the scatterer designed with two SIR are shown in figure 4.27(b). Slight 

frequency shift is present owing to the coupling effects between two 

orthogonally joined SIRs.  

Table 4.7: Dimensions of SIR shown in Figure 26(a) 

L1(mm) L2(mm) W1(mm) W2(mm) 

5.4 2.42 0.5 5.89 
 

 
Figure 4.27(a): Dimensions of SIR forming the scatterrer. 

Parameter values are given in table 4.7 



Multiscatterer based Chipless RFID Tags  

Design and Development of Planar Chipless RFID Tags  177 

 
   Figure 4.27(b):  Measured response from single SIR and 

scatterer. Dimensions are given in Table 4.7 

with respect to figure 4.27(a). 

 

 
Figure 4.28:  Electric field distribution of Orthogonally joined SIR  

 (a) X polarized wave (b) Ypolarized wave (c) 45 tilted wave. 

Dimensions are given in Table 4.7 with respect to figure 4.27(a). 

 

The electric field distribution of scatterer formed by orthogonally 

joining identical SIRs are shown in figure 4.28. For X polarized incident 

wave and X aligned SIR shows a λ/2 distribution like a single SIR (figure 

4.28(a)). For the Y polarized wave, the distribution is same as earlier one 

but on the Y oriented SIR (figure 4.28(b)). If the wave polarization is tilted 

450 with respect to the scatterer, both SIRs will contribute to the resonance 

which will appear as a single resonance because of the identical nature of 

the SIRs (figure 4.28(c)).  
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4.7.1.3. Effect of substrate height 

Performances of the SIR based scatterer for different substrate heights 

are shown in figure 4.29. The resonance becomes more identifiable as the 

height increases. But the bandwidth of individual resonances also increases 

with substrate height. Reduced or narrow bandwidth is very important for 

frequency domain Chipless RFID tags. Compact or thin tags are needed to 

compete with the advantages of barcodes. A height of 1 mm is selected as a 

compromise between the bandwidth and size. 

 
 Figure 4.29: The performance of SIR based scatterer for different 

substrate heights. εr = 2.2, L1 = 4.74 mm, L2 = 3.81 mm, 

W1 = 0.5 mm and W2 = 3.73 mm (Dimensions are 

specified with respect to Figure 4.27(a)). 

 

4.7.1.4. Effect of coupling from adjacent scatterers 

Coupling effect between resonators is the main challenge in 

multiresonator applications. Unlike the case of cross loop resonator based 

RFID tag, cross SIR based tag can have some isolation. Due to the scattered 

nature of resonators on tag surface rather than nested nature, designer can 
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choose suitable location of the resonators. Maximum care has taken to 

position the resonators so that adjacent frequency resonators are well 

separated. The parametric study to find out the minimum distance for 

maximum isolation is shown in figure 4.30. The distance between two 

scatterers designed at 3.2 GHz and 5.2 GHz is considered. It is seen from 

the figure that for distances less than 0.3 mm, there is a tendency of merging 

of these resonances. As distance increases, the resonances become more 

independent and isolated. Though 1 mm separation is sufficient for 

moderate performance, for the ease of fabrication and to ensure maximum 

isolation between resonators, 3 mm distance is selected for the current 

design. 

 

 
Figure 4.30: Optimization of distance between two scatterers. S1 dimensions: 

L1 = 5.27 mm, W1 = 0.5 mm, L2 = 3.99 mm, W2 = 5.89 mm, S2 

dimensions: L1 = 5.2 mm, W1 = 0.5 mm, L2 = 2.83 mm W2 = 2.16 mm 
 

4.7.2. Method of Coding 

Due to the flexible design of SIRs and the scattered nature of resonators 

on the tag surface, frequency shift coding can be applied for these tags. 
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Presence/absence technique is also applicable as well. Frequency shift coding 

technique achieves the same/more coding capacity than presence/absence 

technique with less number of resonators. This in turn reduces the interferences 

between resonances, offers more freedom to the positioning of resonators 

and most importantly enhances coding capacity with significant size reduction. 

So in the proposed tag frequency shift coding is used [7,9, 13,24]. 

4.7.3. Polarization insensitive Chipless RFID tag using Stepped 

impedance resonator 

By virtue of the properties of stepped impedance resonator studied in 

the previous sections, a polarization insensitive Tag is designed with eight 

stepped impedance resonators. The basic scatterer is formed by orthogonally 

and symmetrically aligned K<1 SIRs to ensure polarization insensitivity and 

compactness. Most of the tags reported in the literature [9,11,16] put 

stringent limits on the frequency band to be used. The entire UWB range 

from 3.1 GHz to 10.6 GHz is used for the current tag by using the harmonic 

control of stepped impedance resonators. By carefully selecting the 

impedance ratio and length ratio of the resonators, the first harmonic 

frequency of all the resonators are made to occur outside the UWB limit. 

The scatterer I is designed at 3.2 GHz. Referring the figure 4.25 the K value 

is chosen as 0.25 and α between 0.5 and 0.6 to move its first harmonic 

frequency above 10.1 GHz. Similar selection is used for other resonators 

also. 

The geometry of the tag is shown in figure 4.31. The substrate used is 

RT Duroid 5880 (ε r = 2.2, tanδ = 0.0009, h = 1 mm). A minimum spacing 

of 3 mm between scatterers is ensured to mitigate the coupling effects and 
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the difficulties of in house fabrication. The scatterers are arranged non-

uniformly on the tag surface to ensure minimum coupling effects between 

them. Starting from the lowest frequency resonator, in the ascending order of 

frequency the scatterers are labelled as I, II… VIII and represents frequencies 

3.2 GHz, 4.1 GHz, 5.2 GHz, 6.3 GHz, 7.4 GHz, 8.4 GHz, 9.3 GHz and 10.5 

GHz. The dimensions and design parameters are tabulated in table 4.8.  

 

 
Figure 4.31:  Geometry of the 8 bit polarization independent tag. 

Tag dimensions are 6.3  3.8  0.1 cm
3
. εr = 2.2 

Resonator dimensions are given in table 4.8 

 

Frequency shift coding technique is used to enhance coding capacity 

and to use UWB efficiently. The entire UWB (3.1-10.6 GHz) is divided into 

8 bands. First seven bands are having 1 GHz each, while the eighth or the 

last band is 600 MHz to limit the spectrum to 10.6 GHz. Each band is 

divided into subsections of 100 MHz each. These divisions are assigned 

codes 0 through 9. Position of the resonance in a particular ∆f determines 

the digit assigned to it. So the first seven bands consist of 10 divisions while 

the last one has only six divisions. This non-uniform distribution is selected 
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to cover the entire UWB. This tag can tag 6, 0064,115 items. The overall 

dimension of the tag is 6.3  3.8 cm2. The tag has a surface encoding 

capacity of 1.08bit/ cm2. 

Table 4.8: Design parameters of the presented tag (Figure 4.31) 

Scatterers 

Parameters I II III IV V VI VII VIII 

F(GHz) 3.2 4.1 5.2 6.3 7.4 8.4 9.3 10.5 

K 0.25 0.35 0.5 0.45 0.45 0.5 0.5 0.5 

α 0.5 0.5 0.4 0.35 0.3 0.3 0.35 0.3 

L1(mm) 5.27 4.74 5.2 4.52 4.22 3.85 3.18 3.08 

L2(mm) 3.99 3.81 2.83 1.78 1.18 1.08 1.13 0.754 

W1(mm) 0.5 0.5 0.5 0.5 0.5 0.5 .5 0.5 

W2(mm) 5.89 3.73 2.16 2.56 2.56 2.16 2.16 2.16 
 

4.7.3.1. Measurements and discussions 

Agilent PNA E8362B is used for the measurement as described 

earlier. The tag is read using continuous sweep from 3.1 GHz to10.6 GHz. The 

magnitude response and group delay are shown in figure 4.32. Measurements 

for different orientations are also shown in figure 4.32. For different 

polarizations of reader signal or for different orientations with respect to the 

tag surface, the tag presents the same characteristics. As the coding 

technique used is frequency shift coding, there would be eight resonances 

always in the detected spectrum (unlike in the presence absence coding) 

which would be tuned in the assigned bandwidth. As mentioned before the 

backscattering from the tag should be greater than the noise floor shown in 

figure 4.19.  
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Figure 4.32: Measured backscattered response of 8 bit tag of figure 4.31               

(a) Magnitude response (b) Group delay 

 

Tag measurement for different distances is shown in figure 4.33. Up 

to 40 cm from the reader, the tag is readable. After that the backscattering 

from the tag become insufficient to compete with the noise floor mentioned 

earlier.  

     
Figure 4.33: Performance of the tag (Shown in Figure 4.31) for 

different distances 

 

Frequency division for each scatterer is also shown in figure 4.33. 3.1 

GHz to 4.1 GHz is assigned to scatterer I, 4.1 GHz to 5.1 GHz for Scatterer 

II, ..., 9.1 GHz to 10.1 GHz for scatterer VII and finally 10.1 GHz to 10.6 
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GHz is assigned to scatterer VIII. The resonator is assigned a resolution 

bandwidth of 100 MHz. The tag has a bit encoding capacity (with respect to 

Equation 3.1) of 25.84 (6,0064,115). 

4.7.4. High bit encoded Chipless RFID tag using SIR 

Data encoding capacity can be increased by using resonators in 

vertical and horizontal directions. This concept is effectively demonstrated 

by A. Islam et.al [6]. The tag consists of metallic patches loaded with slots. 

Slots in the metallic patches are aligned in two polarizations that are 

mutually perpendicular to each other. The tag can be read by using dual 

polarized antenna or by two separate linearly polarized antennas aligned 

orthogonally. Besides increased data encoding, this concept offers reduced 

coupling effects between adjacent frequencies. This is possible by arranging 

adjacent frequency resonators in different polarizations just like orienting 

transmitting and receiving antennas at the reader side in orthogonal 

directions to reduce channel interference. 

The proposed tag is a modification of the polarization independent tag 

discussed in the previous section. The basic scatterer is formed by two 

different stepped impedance resonators instead of identical ones in the 

former case. So that it can represent two data bits, one in x polarization 

(Horizontal) and the other in y (vertical) polarization. The scatterer 

geometry is shown in figure 4.34(a) and the frequency response in figure 

4.34(b). The scatterer is formed of two SIRs designed at 3.8 GHz and                 

4.1 GHz. The dimensions of SIRs constituting the scatterer are detailed in 

table 4.9.  
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Figure 4. 34: (a) Geometry of a single scatterer of high bit encoded tag. 

Substrate height = 1 mm and εr = 2.2. Dimensions of SIRs 

constituting the scatterer are given in Table 4.9 (b) Response of 

the scatterer of Figure 34(a) for different polarizations of incident 

wave 
 

Table 4.9: Dimensions of SIRs constituting the scatterer shown in figure 4.34(a) 

L1 5.39 mm 

L1‟ 4.74 mm 

L2 2.42 mm 

L2‟ 3.81 mm 

W 0.5 mm 

W2 5.89 mm 

W2‟ 3.73 mm 

 
The response of the scatterer for different polarizations of incident 

wave is shown in figure 4.34(b). For X polarized wave, the X directed SIR 

operating at 4.1 GHz is exited and for Y polarized wave SIR designed at             

3.8 GHz is excited. For a 45 tilted orientation both SIRs present their 

resonances in the frequency spectrum. 
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 Figure 4.35: Geometry of the high bit encoded tag Dimensions: 

3.9  3.6  0.1 cm
3
. εr = 2.2. Resonator dimensions 

are given in table 4.8 

 

Here by encoding data in both polarizations, the tag achieve high 

surface encoding capacity. Present tag has double the coding capacity than 

the previous tag. The reduction in number of scatterers leads to 

compactness. All the other criterions for the arrangement of scatterers on the 

tag surface are as described earlier.  

The geometry of the tag is shown in figure 4.35. The resonators in 

each scatterer are selected such that no consecutive resonances came in a 

given polarization.  A random arrangement of scatterers is also done to 

reduce coupling effects. As discussed earlier a minimum distance of 3 mm 

is ensured in between the scatterers. The SIR dimensions, K and α value are 

same as detailed in table 4.8.  
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Frequency shift coding as discussed for the previous tag is also used to 

enhance coding capacity. The spectrum assigned for each resonator (the 

scatterer in the previous case) and the resolution bandwidth are identical for 

this case also. The tag can access 6, 0064,115 items and has an area of 3.9 x 

3.6 cm2. The surface encoding capacity is 1.84 bits/cm2.So this tag attained 

double the bit encoding capacity and almost 50% reduction in tag surface 

area comparing the polarization insensitive RFID tag of previous section. 

4.7.4.1. Measurement results 

The backscattered signal from the tag is measured with two 

orthogonally placed horn antennas. A continuous sweep from 3.1 GHz to 

10.6 GHz is employed. Each antenna reads the resonators aligned to its 

polarization. The entire frequency spectrum and each band is also subdivided in 

the same way. 

 
Figure 4.36: Measured responses of high bit encoded tag (shown in figure 

4.35) (a) magnitude response for 3 different orientations (b) Group 

delay 

The measured magnitude response and group delay are shown in 

figure 4.36. Three curves shown in the figure corresponds to the readings of 
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X (0) oriented tag, Y (90) oriented tag and for 45 oriented tag. scatterer I, 

III, V and VII are aligned in X direction (0) and scatterer II, IV, VI and 

VIII are aligned in the Y  direction (90). The tag is readable up to 40 cm.  

4.7.5. Modified Compact Chipless RFID tag using SIR 

The polarization independency and high bit encoding capacity of the 

scatterer formed by two SIRs aligned orthogonally and symmetrically are 

discussed so far. Examining the Electric field distribution on the scatterer 

(figure 4.28), electric field is minimum/the current distribution is maximum 

at the intersection of the scatterers. The scatterer would perform identical 

even after shorting at the intersection and removing one symmetric section 

as shown in figure 4.37.  

 
Figure 4.37: Transformation of the basic scatterer to compact form. 

Substrate height = 1 mm and εr = 2.2, L1 = 4.74 mm,      

L2 = 3.81 mm, W1 = 0.5 mm, W2 = 3.73 mm. 

 

The theory of transformation of simple half wavelength resonator to quarter 

wave resonator by shorting at the current maximum point is applicable here 

also. The transformation doesn‟t alter the resonance frequency. The resonators 
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are quarter wave stepped impedance resonators. The short to ground ensures 

that the resonators provide the fundamental mode as per the SIR theory [23]. 

Backscattering from resonator shown in figure 4.37 and its compact 

form is shown in figure 4.38. The compact resonator‟s resonance shifts to 

lower side of spectrum. This is attributed to the increment in L1 by length of 

the short to the ground. As seen from the figure 4.38, the backscattered 

power level is also reduced. This is due to the inverse relation between the 

size of the scatterer and the backscattered power level. This will also leads 

to the reduced range of detection of the Chipless RFID tag. 

.  

Figure 4.38: Comparison between the magnitude response of the 

basic scatterer and its compact form (figure 4.37). 

Substrate height = 1 mm and εr = 2.2, L1 = 4.74 mm, 

L2 = 3.89 mm, W1 = 0.5 mm, W2 = 3.73 mm  

 

The tag can be designed either for polarization insensitivity or for high 

bit encoding capacity depending on the application. Geometry of the 

compact polarization insensitive tag is shown in figure 4.39. Dimensions of 
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SIRs on the tag are same as those detailed in Table 4.8. The overall 

dimension of the tag is 3   4   0.1cm3.  

 

 
Figure 4.39:  Geometry of compact polarization independent tag. 

Resonator dimensions are tabulated in table 4.8. 

Dimension of the tag is 3   4   0.1cm
3
.  

 
 The measured backscattered response is shown in figure 4.40.  All the 8 

resonances for the 8 resonators are seen in the figure. Measured responses for 

different orientations are also shown to prove the polarization insensitivity. 

With the same FSC technique, the tag can tag 6, 0064,115 items. The bit 

encoding capacity of the tag is 25.84. The surface encoding capacity is 2.15 

bit/cm2. The tag attained double the surface encoding capacity than the 

orthogonally joined SIR tag.  

The performance of the tag at different distances is shown in figure 4.41. 

The compactness of the tag reduces its readable range. The tag is readable 

only up to 10 cm. The tag is best suited for applications involving very near 

field communication. 
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Figure 4.40:  Measured backscattered response of the compact 

polarization independent tag shown in 4.39. Dimensions 

are shown in table 4.8. 

 

Figure 4.41: Performance of compact polarization independent 

tag (Figure 4.39) at different distances 
 

The tag can also be arranged for high bit encoding applications. The 

scatterer in this case has two different quarter wave SIRs joined together 

with a common short to the ground. Here the bits/scatterer is 2 which will 

increase the bit encoding capacity. A tag designed in such a way is shown in 
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figure 4.42. The measured backscattered response is shown in figure 4.43. 

The tag has an overall dimension of 3   2.5  0.1 cm3. The surface encoding 

capacity of the tag is 3.45 bits/cm2.which is approximately double the 

orthogonally joined λ/2 SIR case. 

 
Figure 4.42: Geometry of compact high bit encoded Chipless 

RFID tag whose resonator dimensions are given in 

Table 4.8. Dimension of the tag is 3  2.5  0.1 cm3. 
 

 
Figure 4.43: Measured response of high bit encoded Chipless RFID 

tag shown in figure 4.42 for different orientations 
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4.8. Comparison of different Chipless RFID tags in literature 

with the tags developed 

Different frequency domain Chipless RFID tags reported in literature 

are compared with the tags developed in table 4.10. Freedom in orientation, 

bit encoding capacity and control over harmonic frequencies are the main 

achievements of the tags developed in the chapter 

Table 4.10: Comparison of different Chipless RFID tags 

Tag 
Surface coding 

capacity(bit/cm
2
) 

Freedom 

in 

orientation 

Control over 

harmonic 

frequency 

Dipole barcode[25] 1.01 No No 

Multiband dipole[26] 0.81 No No 

SRR Array[27] 2.8 No No 

Coplanar strip[28] 3.3 No No 

Letter ID[29] 4.6 No No 

Slotted monopole[30] 1 No No 

Elliptical dipole[31] 0.36 No No 

SLMPA[9] 0.18 No No 

Multilayer Patch[32] 0.61 No No 

Dual polarized slot loaded 
tag[6] 

>7 No No 

Multibit SIR tag[10] >7 No Yes 

Cross loop resonator based tag 0.82 Yes No 

SIR based polarization 
independent tag 

1.08 Yes Yes 

SIR based high bit encoded tag 1.84 No Yes 

SIR based compact polarization 
independent tag 

2.15 Yes Yes 

SIR based compact High bit 
encoded tag 

3.45 No Yes 
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4.9. Conclusion 

Multiscatterer based Chipless RFID tags are discussed in this chapter. 

Polarization insensitivity is emphasized in the presented tags. Two types of 

scatterers suitable for polarization independent application are presented. 

The former is a cross loop resonator which is more compact structure than 

the circular ring and support nesting. An 8bit and 16 bit tag are fabricated 

and the measured results are presented. Presence and absence coding is 

preferred for this particular case. The coding capacity is 0.83bits/cm2 and 

1.71bits/cm2, respectively for 8 bit and 16 bit tag. The tag is readable up to 

20 cm from the reader. 

SIR based scatterer is the other structure proposed in this thesis. Due 

to flexible design and reduced coupling effects, Frequency Shift Coding is 

employed for this type of scatterer based tag. The tag can be designed for 

polarization independency or high bit encoding capacity depending on the 

application. The polarization independent tag has a surface encoding 

capacity of 1.08 bits/cm2 and the high bit encoded tag has a surface 

encoding capacity of 1.84 bits/cm2. The tag can be read up to 40 cm from 

the reader antenna. Finally a compact version of the SIR based tag is 

presented. The modified compact tag has a surface encoding capacity of 

2.15 bits/cm2 for polarization insensitive tag and 3.54 bits/cm2 for high bit 

encoding capacity tag. 

The tags presented in this chapter are given in table 4.11 along with 

their properties. 
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Table 4.11: The tags presented in this chapter 

Tag 

Surface coding 

capacity with 

present/absent 

coding(bit/cm
2
)

 

Surface 

coding 

capacity with 

FSC(bit/cm
2
) 

Detection 

range 

Freedom in 

orientation 

Cross loop 
resonator based 
tag 

0.82 NA 20 Yes 

SIR based 
polarization 
independent tag 

0.33 1.08 40 Yes 

SIR based high 
bit encoded tag 0.57 1.84 40 No 

SIR based 
compact 
polarization 
independent tag 

0.67 2.15 10 Yes 

SIR based 
compact High bit 
encoded tag 

1.07 3.45 10 No 
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An analysis of backscattered signal from frequency domain Chipless RFID 

tag in time domain is presented in this chapter.  Clear distinction between 

the structural mode and antenna mode are demonstrated and the tag ID is 

extracted by processing the antenna mode. The chapter also emphasis on 

the importance of time domain reading techniques of frequency domain 

tags. Simulations in CST microwave studio software are used for the initial 

studies on extraction of structural and antenna modes from the backscattered 

signal. Measurements of time domain reading have been conducted using the 

Agilent PNA E8362B by enabling the time domain option. A simple algorithm 

employing Hamming window and sliding windows is used to extract tag ID 

and it enhances the reading range and decoding of encoded bits in the tag. 

The tag information is extracted for different practical scenarios. 
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5.1.  Introduction 

Two important classes of Chipless RFID tags are frequency domain 

based and time domain based tags. Peaks/dips in magnitude of resonant 

frequency define tag ID in frequency domain tags whereas in time domain 

tags the delay between the reflections of transmitted pulse define the tag ID. 

Both classes of tags have its own advantages and disadvantages and are 

narrated in the introduction chapter. As this thesis is concerned with 

frequency domain based Chipless RFID tags, here it is specifying only the 

enhancements for frequency domain Chipless RFID system. The duality 

between time and frequency domain leads the researchers to think about 

using methods of time domain in frequency domain and thus bringing its 

advantages to frequency domain tags [1-6]. 

The main disadvantage of frequency domain based Chipless RFID 

tags reported in literature is its expensive reader using wide band Voltage 

Controlled Oscillator (VCO). Moreover, their long distance reading requires 

adequate orientation and calibration to remove interference arising from 

clutter and antenna coupling [7-11]. A solution for this disadvantage is 

deployment of time domain analysis and reading techniques that are simple 

and less expensive. Moreover, they do not require complicated calibration 

and stringent orientation requirements [12-15]. With the adoption of time 

domain techniques, the benefits seen in time domain tags can be realized for 

frequency domain tags in addition to their inherent high bit encoding 

capacity.  
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The advantages of time domain analysis in the interrogation of frequency 

domain tags are  

 Low cost Reader: Commercially available low cost UWB-IR 

(Ultra-Wide Band Impulse Radar) reader can be easily employed. 

 Low power requirement: Low power is required since the reader 

is active only for a short duration of time. 

 Easy tag position: Freedom in tag positioning and enhanced 

reading ranges. 

 Calibration free: No calibration tags or reference ground planes 

are required. 

5.1.1. Chipless RFID Reader based on UWB IR 

As previously stated, the time-frequency duality can be exploited to 

read frequency domain tags using Ultra-Wide Band Impulse Radar (UWB-IR) 

technology based reader [16-20]. UWB IR modules are available in markets 

and are in compliance with Federal Communications Commission (FCC) 

standards [19]. The frequency modulated continuous wave (FMCW) based 

reader signal has extremely low power amplitude as per the FCC standards 

whereas the UWB IR approach employs a very low duty cycle short pulse 

having high power. 

Gaussian pulse (or its higher order derivatives) of short duration (a 

few picoseconds) is used in the UWB IR approach for interrogation. These 

are preferred in UWB applications because they could be generated easily 

and they have no direct current component. The absence of direct current 

component is desired in the transmitter antenna to radiate efficiently. 



Chapter -5 

202                       Department of Electronics, CUSAT 

Derivatives of Gaussian pulses are used as they fit to the FCC emission 

mask with a better performance and safe level. In the time domain, 

derivatives of Gaussian pulse look like sinusoids modulated by a Gaussian 

pulse shaped envelop.  The number of zero crossings in time increases with 

the order of the derivative. Also, with the order of derivatives energy moves 

to higher frequencies. Figure 5.1 shows different Gaussian pulses and their 

frequency spectrum for UWB systems. 

 

 
Figure 5.1: Gaussian pulse and its derivatives (a) waveforms in the time 

domain and (b) Power spectral densities 
 

Fabrication expense of UWB IR transmitter is low compared to the 

FMCW transmitter [21]. The only complication is with the high sampling 
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rate that should be provided in the receiver part for the accurate reconstruction 

of the backscattered signal. Successful remedies are suggested in the 

literature to overcome this complication.  

 

 
Figure 5.2: Temporal Chipless RFID reader based on UWB 

interrogation signals. Courtesy: Smail Tedjini et al. 
[26]. 

 

Block diagram of the UWB IR based Chipless RFID system is shown 

in figure 5.2. The important blocks are RF section, digital section and the 

transmitter & receiver antennas. The high sampling rate of the wideband 

ADC required for accurate reconstruction of the tag response makes it the 

most expensive part of the Chipless RFID reader. As a solution, principle of 

equivalent- time sampling technique is suggested to replace wideband ADC 

[22]. The principle is based on the reconstruction of the entire signal from a 

collection of different backscattered signal, under the assumption that the 

Chipless tag as a stationary object due to the short duration reader pulse. A 

moderate sampling rate ADC and short duration delay generator are needed 
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in equivalent-time sampling based readers to replace expensive high sampling 

rate ADCs. Delay generator (producing delays of tens of picoseconds) is 

required to activate the sampling circuit during the assigned slot of time 

only. The modified block diagram with time sampling feature is shown in 

figure 5.3. Other approaches based on commercially available UWB IR to 

read Chipless RFID tags are also reported [2], [18]. Averaging method over 

hundreds of measurements can also be used to enhance signal to noise ratio 

of the reader [23]. 

 

 
Figure 5.3: Block diagram of a Chipless reader based on equivalent 

time sampling. Courtesy: Smail Tedjini et al. [26]. 
 

5.2.  Backscattering from frequency domain tags in time domain  

A Chipless RFID tag excited with an impulse is shown in figure 5.4. 

Single antenna used in the reader ensures more freedom in tag-reader 

orientation and serves for reception and transmission. The Chipless RFID 

tag consists of different microstrip scatterers that are resonating at distinct 
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frequencies. The scatterers used for this system are two orthogonal λ/2 

crossed SIRs.  

 
Figure 5.4: UWB IR based Chipless RFID system 

The UWB pulse xt(t) is transmitted by the reader for interrogating the 

Chipless tag. In time domain, three components can be distinguished [4] in 

the received signal (yr(t)) in a noise free environment. The first component 

(yR(t)), constituting the major part is the reflected part of the transmitted 

pulse. The second component is the structural mode of the backscatter 

(yS(t)). This is followed by the weakest and last component of backscatter 

named as antenna mode yA(t)  [24], [25]. The structural mode occurs only 

after the complete transmission of xt(t) by the reader antenna and is due to 

the specular reflections from the scattering centers on tag geometry. And the 

antenna mode arises due to the interaction between local resonances in the 

early time that leads to the energy storage in the scatterers at their resonant 

frequencies. So the total received energy is expressed as 

  ( )    ( )    ( )    ( )  ..................................................... (5.1) 
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The return loss of the reader antenna without Chipless tag measured in 

frequency domain is denoted as    ( ). From the definition of return loss, 

the reflected part of input pulse by the antenna is given by  

  ( )     *   ( )  ( )+  ........................................................... (5.2) 

Where    operator defines inverse Fourier transform. Lower case letters are 

used in time domain representation and upper case letters in frequency 

domain representation. So  ( ) is the transmitted signal in frequency 

domain. In the case of practical measurement, the backscattered signal 

without tag contains not only the reflected part of transmitted pulse but also 

noise components like reflection from surrounding objects (  ( )) and white 

noise (  ( )). Thus the backscattered signal without tag (  ( )) can be 

expressed as  

  ( )    ( )    ( )    ( )  ..................................................... (5.3) 

The backscattered signal with the Chipless tag can be expressed as 

modified     of the antenna that comprise of rejection from antenna, 

reflection from surrounding objects, white noise and the backscattered 

signal from the tag (  ( )       ( )). The total received signal in frequency 

domain can be written as 

 ( )     *   
      ( )  ( )+  ...................................................... (5.4) 

where    
      ( ) is the return loss of the reader antenna with Chipless tag 

measured in frequency domain. Total received signal in the case of practical 

measurement scenario expressed in time domain is given as 
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  ( )    ( )    ( )     ( )    ( )    ( )  ........................ (5.5) 

where    ( ) is white noise signal at another instance of time. Subtraction of 

signal measured without the tag from that with tag eliminates effect of 

reader antenna and reflections from stationary objects. So this subtraction 

can be done as a calibration and the calibrated signal can be expressed as  

  ( )    ( )    ( )    
  ( )  .................................................... (5.6) 

where   
  ( ) is the white noise signal contributing after calibration. The 

same procedure can be used in the frequency domain by subtracting 

measurement without tag from that with tag and is expressed below. 

  ( ) =    *,   
      ( )     ( )-  ( )+.................................... (5.7) 

The   ( ) is free from all reflection due to the antenna and environment. 

5.3.  Tag performance in time domain using Numerical methods 

CST microwave studio simulation software is used for the transient 

analysis of Chipless RFID tag. The interrogation is provided with a plane 

wave excitation polarized along X axis. The simulation setup in CST 

microwave studio is shown in figure 5.5. The simulation is carried out with 

a chipless RFID tag having two scatterers. The scatterers are formed by 

orthogonal λ/2 SIRs and are operating at 3.2 GHz and 4.1 GHz. The design 

parameters and dimensions of the basic SIRs are given in table 5.1. The 

scattered field is captured using an electric probe oriented along the 

polarization of plane wave excitation (here X direction) and it is placed 10 

cm away from the tag. The vector K in figure 5.5 shows the direction of 

propagation of transmitted signal.  
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The interrogation signal is a modulated Gaussian pulse and can be 

represented as 

  ( )        (     )   . 
(   ) 

   /  .......................................... (5.8) 

where τ  is the time index for peak value of pulse and σ is the variance.     

and    (Hz)  are the amplitude and frequency of the sinusoidal carrier 

signal, respectively. The excitation pulse and its normalized frequency 

spectrum are shown in figure 5.6. The time duration of the transmitted 

signal is the order of 0.5-1 ns and its frequency spectrum is centered 

around 6.5 GHz. 
 

 

Figure 5.5:  Simulation setup used in CST for time domain analysis 

of frequency spectra based RFID tag with two 

Polarization independent scatterers. The probe is 

placed at 10 cm away from the tag. The dimensions of 

scatterers are detailed in table 5.1. 
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Table 5.1: Dimensions of the scatteres used in the CST simulation setup. Tag 

substrate: RT Duroid 5880, εr = 2.2, height = 1 mm 

Scatterer F(GHz) K α L1(mm) L2(mm) W1(mm) W2(mm) 

I 3.2 0.25 0.5 5.27 3.99 0.5 5.89 
II 4.1 0.35 0.5 4.74 3.81 0.5 3.73 

 
As stated previously, the backscattered signal from the tag picked up 

by the probe is characterized by structural mode and antenna mode. 

Structural mode arises due to the specular reflection of the transmitted 

pulse by tag geometry and will be a delayed transmitted pulse with 

decreased amplitude. While the antenna mode is due to the resonators on 

the tag surface and the overall time domain response from the tag is 

expressed as  

  ( )         (     )   [ 
(        )

   
] 

                 ∑      (       )   ( ) 
       ................................. (5.9) 

The summation of exponentially decaying signals on the RHS of the 

expression represents the tag’s resonance information. The number of 

exponentials depends on the number of resonances present on the tag.    is 

the complex amplitude and  (       ) are the poles corresponding to 

predefined resonant frequencies [4], [11].      is the delay involved in the 

structural mode of backscattered signal and is determined by the distance 

between the tag and the transmitter (reader). N is the number resonators and 

n(t) is the noise measured in time domain. 
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Figure 5.6:  (a) Modulated Gaussian excitation pulse (b) Normalized amplitude 

spectrum of the pulse shown in figure 5.6(a) 
 

 

 
Figure 5.7: Signal picked up by the electric probe placed in 

front of the source and 10 cm away from the tag 

 

The backscattered signal from the tag picked up by the electric field 

probe oriented along the polarization of excitation signal (X direction) at 10 

cm away from the tag is shown in figure 5.7. In the figure, two earlier 

signals follow the shape of transmitted signal. The first one with higher 

amplitude is the transmitted signal itself, which is picked up by the probe 
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placed in front of the source. Enlarged view of backscattered signal showing 

structural and antenna modes alone is shown in figure 5.8. The structural 

mode is similar in shape to the interrogation pulse. The antenna mode or tag 

ID carrying part is spread in the late time after the structural mode and has 

smaller amplitudes compared to structural mode. The duration for which 

antenna mode exists depends on the quality factor of the resonators, i.e., 

higher the stored energy longer will be the existence of antenna mode [11]. 

 

 
Figure 5.8: Structural mode and antenna mode in the backscattered signal 

from the tag. An enlarged view of antenna mode is shown on the 

right side. 
 
 

5.3.1. Analysis of Structural Mode and Antenna Mode Scattering  

Structural mode and antenna mode are separately analyzed in time 

domain in this section. Backscattering from the Chipless tag with two 

scatterers is filtered to get structural mode and antenna mode and to avoid 

the high amplitude forward transmitted pulse. The filtering is done by 

windowing the backscattered data according to the time of occurrence of 
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different components in it. That is, here the first component; the forward 

transmitted pulse occurs between 0 and 0.7 ns, and the structural mode 

occurs in between 0.7 ns and 1.4 ns. The antenna mode is spread over a long 

time after the structural mode. For this case, a simple rectangular window is 

used to filter out different components. Fourier transform of the so separated 

backscattered signal is performed to get frequency domain response and the 

obtained response is shown in figure 5.9. 

    
 Figure 5.9:  Normalized frequency spectrum of structural mode 

and antenna mode filtered from the backscattered 

signal from a 2scatterrer tag (Table 5.1) placed 10 cm 

away from the source 

 

Structural mode as narrated before is a simple reflection of the reader 

signal from the tag due to the shape and size of metallic structure in the tag. 

For this reason it resembles the transmitted pulse in shape as it is seen in its 

normalized spectrum shown in figure 5.9. The structural mode does not 

contain any information regarding the encoded data on the tag and hence of 

tag’s ID. The frequency spectrum of the antenna mode is obtained by taking 
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FFT of the backscattered signal in the time 1.5 ns to 10 ns. The frequency 

spectrum clearly shows the resonances corresponding to the scatterers on the 

tag. The simulated resonant frequencies are at 3.2 GHz and 4.1 GHz. The 

variation in transmitted power spectrum over the frequency spectrum 

accounts for difference in amplitude peak of the two resonances [4]. 

As a proof to the readability of frequency domain Chipless tags from 

its response in time domain, responses obtained from frequency and time 

domain analysis are shown in figure 5.10. Exact tag ID (resonant frequency) 

is obtained from both the methods. In practical measurement, there would 

be a component of noise other than the structural and antenna modes in the 

backscattered signal. Depending on the interference between these 

components resonance can be detected as either a dip or a peak in the 

backscattered signal. In time domain analysis, it is possible not only to 

extract the resonant part but also to remove the unwanted noise.   

 
Figure 5.10: Spectral signature of the tag (Detailed in table 5.1) obtained from 

time and frequency domain analysis 
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The result by time domain analysis in figure 5.10 is obtained by taking 

Fast Fourier Transform (FFT) of a selected portion (antenna mode) in the 

time domain signal. Absence of any kind of delay line or transmission lines 

on the tag surface make it difficult to define the starting time of structural 

and antenna modes. The starting time of antenna mode can only be 

determined by observing the time domain signal and taking the time 

instance immediately after the structural mode. The structural mode would 

be the larger and first component of the measured backscattered signal 

which has a Gaussian amplitude spectrum similar to the transmitted UWB 

spectrum.  

Backscattered signal collected by the probe when it is placed 50 cm 

away from the tag is shown in figure 5.11(a). A time Vs frequency plot is 

also used for better identification and is shown in figure 5.11(b). 
 

 
Figure 5.11: (a) Backscattered signal from the tag placed at 50 cm (b) Time 

Vs Frequency analysis of the backscattered signal in (a) when the 

resolution time is 0.09 ns and window size is 0.16 ns 
 

The tag is placed at a distance of 50 cm away from the plane wave 

source. The forward transmitted signal occurs immediately after transmission, 
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within the same 0-0.7 ns. This is due to the fact that, in the simulation setup 

the probe is paced in front of the plane wave source. But the structural mode 

is delayed more than the 10 cm case narrated earlier. It occurs in between 

3.5 ns and 4.2 ns. So the starting time of occurrence of structural mode is 

greatly influenced by the tag’s distance from the excitation.  

Accuracy of spectral contents is checked by two parameters named 

Resolution time and Window size. FFT of the data is taken by viewing the 

backscattered data through a sliding rectangular window. Resolution time is 

the time between two sliding window operations. Concepts of Window size 

and resolution time are demonstrated in figure 5.12.  

 
Figure 5.12: Backscattered signal from the tag (detailed in table 5.1) after 

removing the forward transmitted signal (Delay = 3.2 ns). 

Concept of window size and resolution time are shown. 

 

In the figure, the forwarded transmitted pulse is removed by introducing 

a delay of 3.2 ns. This delay is fixed by observing the received backscattered 

signal in time domain. Forward transmitted pulse and structural mode in the 
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scattered signal picked by the probe exist only for a short duration (a few 

nanoseconds) determined by the width of interrogation pulse. For the 

successful detection of these components, the resolution time and window 

size should be less than the time period of the transmitted pulse. In figure 

5.11(b) the forwarded transmitted pulse and structural mode are identifiable 

with a resolution time of 0.09 ns and window size of 0.16 ns.  

 

 
Figure 5.13(a):  Time Vs Frequency analysis when the resolution 

time is 0.09 ns and window size is 0.16 ns. (b) 

Resolution time is 0.06 ns and window size is 19.8 ns, 

Delay = 3.2 ns 

 

The resonant information of the tag (tag ID) is not identifiable in the 

presence of forwarded transmitting pulse. The remaining part of the 

backscattered signal after the removal of forwarded transmitted pulse(with a 

delay of 3.2 ns) is shown in figure 5.12. As already stated, the signal 

contains structural and antenna modes only. The spectral components of 

RFID tag obtained by post processing the signal in figure 5.12 are shown in 

figure 5.13(a). Exact time instance of structural mode is obtained when the 

resolution time and window size are smaller. But these smaller values are 

not sufficient for the visibility of antenna mode. So an increased window 
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size is needed and the result (with an increased window size of 19.8 ns and 

reduced resolution time of o.06 ns) is shown in figure 5.13(b). Since the 

structural mode does not contain tag’s resonance information like the 

forward transmitted signal, it is also be eliminated by extending the delay 

time. Again, starting time and duration of structural mode are needed to 

eliminate it effectively without affecting the antenna mode. Identification of 

structural mode is also easy as it follows the transmitted pulse in shape with 

reduced amplitude. By extending the delay time up to 4.2 ns, both 

forwarded transmitted signal and structural mode can be eliminated 

effectively.  

Plots with and without structural mode are shown in figure 5.14. In 

both cases of figure 5.14(a) and (b), window size is 19.8 ns and resolution 

time is 0.06 ns. This selection of window size and resolution time is 

explained later in this section. In figure 5.14(a), the presence of structural 

mode is seen as a component spread over the entire spectrum with 

considerably high amplitude. It occurs for a short time and extends in the 

entire frequency band. No information can be encoded in frequency using 

this structural mode.  After the structural mode, antenna mode is visible and 

is confined to the definite frequencies determined by the scatterers on the 

tag. But it is clear from the figure that spectral information is feeble in the 

presence of high amplitude structural mode. In figure 5.14(b), processed 

backscattered signal after removing the structural mode shows better clarity 

to antenna mode. The frequencies of the scatterers and the time of 

occurrence of their resonances are well identifiable without the structural 

mode. Hence the introduction of delay time to remove structural mode is 

significant. 
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Figure 5.14:  Frequency Vs Time plot for a 2 scatterer tag (Table 5.1) at 50 cm 

from the source (a) with structural mode., delay = 3.2 ns                        

(b) Without structural mode, delay = 4.2 ns. In both cases window 

size is 19.8 ns and resolution time is 0.06 ns 

 

 
Figure 5.15:  Frequency Vs Time plot for a 2 scatterer tag (Table 5.1) at 50 cm 

from the source, Delay = 4.2 ns (a): Window size = 1.98 ns.                    

(b) Window size = 3.96 ns. (c) Window size = 7.92ns. (d) Window 

size = 19.8 ns. In all the cases resolution time is 0.06 ns 
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Figure 5.16: PSD Vs Frequency- Time plot for a 2 scatterer tag (Table 5.1) at 

50 cm from the source, Delay = 4.2 ns (a): Window size = 1.98 ns.                    

(b) Window size = 3.96 ns. (c) Window size = 7.92 ns. (d) Window       

size = 19.8 ns. In all the cases resolution time is 0.06 ns 

 

 For accurate antenna mode extraction, possibly small resolution time 

and large window size in time is needed. Significance of window size in 

antenna mode extraction is demonstrated in figure 5.15. Antenna mode 

extraction for different window size [(a) 1.98 ns (b) Window size = 3.96 ns 

(c) 7.92 ns. (d) 19.8 ns] with constant resolution time (0.06 ns) is presented. 

In all the cases, the structural mode is removed by introducing a delay time 

of 4.2 ns. It is clear from the figure that the antenna mode is well identified 

in the magnified view provided with large window size. The optimum 
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performance is shown in Figure 5.15(d) for the largest window size 

(19.8ns). With a small window size (figure 5.15(a)), resonance information 

could not be seen exactly as the plot shows a spreaded appearance. As 

window size is increasing, the resonances become clearer. Starting time of 

antenna mode is also clearly identifiable with large window size. Power 

spectral density variation with time of backscattering from the same tag is 

provided in figure 5.16. Largest window size gives the most clear power 

spectral variation. Here also, starting and duration of existence of antenna 

mode is clearly identifiable. Time of existence of antenna mode depends on 

the power of incident wave and on the quality factor of the resonator. 

Large window size is always good for the better clarity of results at 

the expense of computational complexity. The optimum value for window 

size depends on the reading environment. Larger values are needed for noisy 

surrounding and to provide better reading range.  It will be clear later in this 

chapter while examining the data from practical scenario.  

5.3.1.1. Hamming window 

Better identification of tag ID is achieved when a hamming window is 

applied to the backscattered signal instead of a simple rectangular window. 

Increased read range and small window size is achieved by using the 

technique. The coefficients of Hamming window are computed from the 

following equation.  

 ( )              .  
 

 
/, 0≤ n ≤ N 

Where the window length, L = N+1 and N is the number of points 
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The frequency time plot with and without hamming window is shown 

in figure 5.17. In both cases the window size is 7.92 ns and resolution time 

is 0.06 ns, Delay time = 4.2 ns. A more clear response is obtained for the latter 

case. The variation in power spectral density with time is shown in Figure 5.18. 

Here also, with hamming window the plotted resonant information is clearer 

than without it. Figure 5.19 shows that by using hamming window it is 

possible to obtain a better response with a reduced window size than the 

earlier one. In the figure two cases are shown. Figure 519(a) shows the 

result obtained using hamming window and the window size is 7.92 ns 

while Figure 519(b) shows the response without hamming window and the 

window size is 19.8 ns. The former figure shows a better response with 

reduced window size. This in turn increases computational efficiency. So 

the application of hamming window has improved the quality of time 

domain analysis. 

 
Figure 5.17: Frequency time Plot of backscatter analysis (a) with 

hamming window. (b) Without hamming window. In 

both cases the window size is 7.92 ns and resolution 

time is 0.06 ns, Delay = 4.2 ns 
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Figure 5.18: Power Spectrum Density plot of backscatter analysis (a) with 

hamming window. (b) Without hamming window. In both cases the 

window size is 7.92 ns and resolution time is 0.06 ns, Delay = 4.2 ns 
 

 

 
Figure 5.19: Frequency time Plot of backscatter analysis (a) with hamming 

window, window size = 7.92 ns. (b) Without hamming window, 

window size = 19.8 ns. Resolution time for both cases is 0.06 ns, 

delay = 4.2 ns. 

 

Frequency Vs time plot and power spectral density variation plot with 

hamming window is shown in figure 5.20 for different window size. More 

clarity to the results would happen with increased window size. In this 

figure two window sizes are plotted; 7.9 ns and 19.8 ns (figure 5.20(a) and 
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figure 5.20(b)) to validate the concept. As it is seen, resonances are more 

clear with 19.8 ns. Similar is the case of power spectral density variation 

with time (figure 5.20(c) and (d)). 

 

 
Figure 5.20: (a) frequency Vs time plot, window size = 7.96ns, resolution time = 

0.06 ns. (b)  Frequency Vs time plot, window size =19.8 ns, 

resolution time = 0.06 ns, (c) PSD amplitude variation with 

frequency and time, window size = 7.96 ns, resolution time = 0.06 

ns. (d) PSD amplitude variation with frequency and time, window 

size = 19.8 ns, resolution time = 0.06 ns 
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The performance of the tag with two resonators mentioned above for 

an increased distance, say 100 cm from the source  is analyzed without 

hamming window and is shown in figure 5.21. The case is tested for two 

different window sizes; (a) window size = 7.96 ns, (b) window size = 39.6 ns. 

Resolution time is 0.06 ns in both cases. As it is seen in figure 5.21, even for 

a window size of 39.6 ns the spectral information is not identifiable. The 

antenna mode is not well visible even for large window size. The frequency 

time plot of the same with hamming window is shown in figure 5.22. The 

two window sizes are tested with the same resolution time as the case 

without hamming [Figure 5.22(a) and (b)]. The spectral ID is well visible in 

both cases and sharper in figure 5.22(b) with larger window size. From this, 

it is clear that the application of hamming window improves quality of 

backscattering analysis in time domain for large reading range. 

, 

 

Figure 5.21: Frequency time plot of backscattering from the 2 scatterer tag 

placed 100 cm from the source(processed without hamming 

window) (a) Window size = 7.96 ns, resolution time= 0.06 ns                 

(b) window size = 39.6 ns, resolution time = 0.06 ns 
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Figure 5.22: Frequency time plot of backscattering from the 2 scatterer tag 

placed 100 cm from the source(processed with hamming 

window) (a) Window size = 7.96 ns, resolution time = 0.06 ns           

(b) window size = 19.8 ns, resolution time = 0.06 ns 

 

 
Figure 5.23: Frequency time plot of backscattering from the 2 scatterer tag 

with structural mode, window size = 19.8 ns, resolution time =  0.06 ns 

(a) tag placed at 20 cm (b) tag placed at 100 cm  

 

 

The elimination of structural mode from the backscattered signal 

becomes more significant as the distance of tag from the source increases. It 

is demonstrated in figure 5.23 and figure 5.24. Frequency time plot of back 

scattered signal for two different distances, say 20 cm and 100 cm without 
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removing structural mode is shown in figure 5.23. The window size used is 

19.8 ns and resolution time is 0.06 ns.  For the first case (20 cm) the tag is 

identifiable and for the 100 cm case antenna mode is not distinguishable.  

  
Figure 5.24: Frequency Vs time plot and PSD amplitude Vs time-frequency 

plot of backscattering from the 2 scatterer tag placed at 100 cm 

from the source for different delay time. Window size = 19.8 ns, 

resolution time = 0.06 ns (a), (b) delay = 2.04 ns. (c), (d) delay = 

6.93 ns. (e), (f) delay = 7.52 ns 
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Response after introducing different delay time is shown in figure 

5.24. Both frequency time plot and variation of power spectral Density plot 

are shown. When the delay is equal to 2.04 ns, the resonant information is 

not visible (figure 5.24(a) and (b)) as the structural mode is not fully 

removed. With a delay of 6.93 ns, the structural mode is not fully removed 

and hence the visibility of antenna mode is not good. The antenna mode is 

clearly visible with the same window and resolution time as that in figure 

5.23 when the structural mode is completely removed with a delay time of 

7.52 ns (Figure 5.24 (e) and (f)). The best way to filter out the structural 

mode completely is to detect the time of peak amplitude of structural mode 

and set the delay time equal to peak time plus half of transmitted pulse time 

period.  

The overall procedure to extract antenna mode from backscattered 

signal recorded in time is summarized in the next section in relation to 

practical measurement. 

5.4. Steps to Extract Spectral Signature from the Backscattered 

Signal 

As detailed in the above section, the backscattered signal recorded in 

time can be processed with different signal processing methods to yield 

spectrum of antenna mode which contains the resonant information 

concerned with the tag ID. The antenna mode occupies a small portion of 

backscattered signals and follows the structural mode. The steps to find the 

spectral ID from backscattered signal in time domain can be summarized as, 

1) Calibrate the tag response: subtract the return loss without tag 

from that with tag so that the received signal will consists of the 
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structural mode, antenna mode and the noise. Reflections from 

the reader antenna and all surrounding stationary objects can be 

removed by performing calibration. 

2) Removal of structural mode containing no resonant information 

about the RFID tag: The signal before antenna mode can be 

removed completely before the FFT analysis. As a first step, 

calculate a delay time which should be equal to the peak time of 

structural mode plus half the transmitted pulse period. The entire 

signal before the delay time could be removed without affecting 

the tag ID calculation. 

3) Proper resolution time and window size should be selected so that 

all the spectral information regarding the tag ID could be 

extracted with utmost accuracy. Small values for resolution time 

and large values for window size are preferred for the successful 

extraction of antenna mode. 

4)  Use a hamming window function to separate antenna mode 

before the application of FFT which will enhance the quality of 

results.  

5) FFT analysis of so extracted antenna mode and then 2D &3D 

plotting of extracted spectral contents. 

Performance of resonators at different frequencies is different. The 

high frequency resonators with low Quality factor have very feeble 

response which will decay very faster than low frequency resonators. To 
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identify such resonances, FFT window should start from the beginning of 

antenna mode.  

5.5. Time Domain Analysis of Measured Time Domain Data 

from Different Practical Environments 

Chipless RFID tag based on orthogonally placed identical stepped 

impedance resonators presented in chapter 4 (Figure 4.31) is selected for the 

time domain analysis. The tag has eight scatterers (Dimensions are given in 

Table 4.8). The PNA E8362B with time domain option enabled performs 

the UWB IR reader function. Same transmitted power throughout the entire 

band is ensured by using rectangular window option in the analyzer. 

 
Figure 5.25:  Backscattered signal in time domain measured 

from an 8bit Tag (Figure 4.31 and table 4.8) 

placed at 50 cm from the reader antenna 

 

The backscattered time domain signal from the RFID tag positioned at 

50 cm from the reader antennas is shown in figure 5.25. The measurement is 

taken in a practical environment and the averaging option in the network 

analyzer is disabled. The backscattered signal contains structural mode, 

antenna mode and white noises. Frequency domain response of the tag 
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placed at different distances is also shown in figure 5.26 for comparison. 

The signal is too small to identify the tag beyond a distance of 40 cm due to 

the reflections from the surroundings. 

 

 
Figure 5.26: Backscattering from the tag (Figure 4.31 and table 4.8) 

at different distances measured in frequency domain 

 

As explained in previous sections, the basic concept in the time 

domain analysis of these frequency domain tags is to slide a time window of 

proper duration (window size) over the entire signal by small time steps 

(resolution time) and then applying FFT on each time window. To improve 

the quality of extracted antenna mode spectrum hamming window function 

is used. Exact beginning of antenna mode should not be missed as it may 

result in unidentifiable higher frequency resonances. Delay time of 11.26 ns is 

used which is equal to peak time of structural mode plus half of transmitted 

pulse period to ensure the identification of higher order resonances and also to 

remove the structural mode containing no information regarding the tag ID. 

Backscattered signal measured in time domain with and without delay is 

shown in figure 5.27. 



Time domain analysis of frequency domain Chipless RFID  tags. 

Design and Development of Planar Chipless RFID tags  231 

 
Figure 5.27:  Backscattered signal from the above mentioned 8 bit 

tag with and without delay time. Delay = 11.26 ns 
 

 
Figure 5.28: Frequency-time plot of figure 5.27 for different delay time. Window 

size = 94 ns, resolution time = 0.14 ns (a) No delay (b) delay = 4.7 ns                 

(c) delay = 9.4 ns (d) delay = 11.28 ns 
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 The results when different delay is applied are shown in figure 5.28. 

The best results are obtained when the structural mode is fully removed 

from the received signal. Four cases are plotted in figure 5.28. The structural 

mode is fully removed with 11.28ns and the spectral signature of the 8 bit 

tag is clear. Presence of higher amplitude structural mode lasting for a short 

duration extends over the entire frequency spectrum which deteriorates the 

detection of lower amplitude antenna mode. 

The advantage of time domain method over direct frequency domain 

is verified by observing the extracted spectrum of antenna mode (which is 

actually the tag ID) at different distances of tag from the reader antenna.  

The positions selected are 20, 30 cm and 50 cm and resonant information 

regarding the tag ID is easily identifiable (figure 5.29). 

       
Figure 5.29: Spectrum of antenna mode extracted using time 

domain analysis when tag is placed at different 

distances 
 

Since the practical situation is noisy comparing the simulation setup, 

large window size and small resolution time is needed for the successful 

detection.  Significance of window size and resolution time is studied and 
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the results are shown in figures 5.30 to 5.33. Frequency–time plot and 

power spectral density plot are shown for different window sizes (18.8 ns, 

47 ns, 94 ns and 470 ns) in figure 5.30 and figure 5.31. The resolution time 

in all the cases is 0.14 ns. As already stated, large window size yields better 

clarity to the resonance information of the tag.  With the highest window 

size 470 ns, almost all the noise frequencies are removed (figure 5.31(d) and 

figure 5.32(d)) and clear resonances are seen in both time and power 

spectral density plots.  

 
Figure 5.30: Frequency-time plot of extracted antenna mode of 

the 8bit tag for different window sizes, Resolution                

time = 0.14 ns, Delay time = 11.28 ns. (a) window               

size = 18.8 ns (b) window size = 47 ns (c) window                      

size = 94 ns (d) window size = 470 ns 
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Figure 5.31:  Power Spectral Density variation plot of extracted antenna mode of 

the 8bit tag for different window sizes, Resolution time=0.14ns, 

Delay time = 11.28 ns. (a) window size = 18.8 ns (b) window              

size = 47 ns (c) window size = 94 ns (d) window size = 470 ns   

 
The results (both frequency-time plot and power spectral density 

variation) of varying resolution time for a fixed window size of 94 ns are 

shown in figure 5.32 and 5.33. Smaller resolution time is preferred for the 

better extraction of spectral signature. But with a larger window size, 

variation in resolution time is insignificant. 

As discussed earlier, large window size and small resolution time are 

always preferred to get optimum results but will result in increased 
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computational time. Low frequency resonances are available over a larger 

time than the higher frequency resonators. First three resonances from the 

lower frequency band are available for more than 30 ns. Period of existence 

is decreasing with increasing frequency. The highest frequency resonance 

exists less than 10 ns. Degradation of the quality factor at higher frequency 

due to microstrip losses can be accounted for this short duration existence of 

high frequency resonances.  

 
Figure 5.32: Frequency-Time plot of extracted antenna mode of the 8bit 

tag for different, Resolution time. Window size = 94 ns, 

Delay time = 11.28 ns. (a) Resolution time = 0.56 ns                       

(b) Resolution time = 0.42 ns (c) Resolution time = 0.28 ns                  

(d) Resolution time = 0.14 ns   
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Figure 5.33: Power Spectral Density variation plot of extracted antenna 

mode of the 8bit tag for different, Resolution time. Window 

size = 94 ns, Delay time = 11.28 ns. (a) Resolution time = 0.56 ns 

(b) Resolution time = 0.42 ns (c) Resolution time = 0.28 ns           

(d) Resolution time = 0.14ns   
 

Measurements of tag performance in Practical scenario are discussed 

in the next part of this thesis.  

5.5.1 Tag on plastic box 

Figure 5.34 shows the measurement setup inside the laboratory to test 

the validity of the 8 bit tag (mentioned in the above sections) placed on a 

plastic box. As stated earlier, the reader function is performed by the PNA 

E8362B and a medium gain horn antenna. Time domain analysis of the 

backscattered signal is performed and the extracted antenna mode spectrum 

is plotted in figure 5.35.  
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Figure 5.34: Measurement setup of tag fixed on plastic box 

 

 
Figure 5.35: Extracted antenna mode spectrum of tag fixed on a plastic box 

using time domain analysis (a) tag response at different distances 

(b) Frequency time plot and PSD variation plot of antenna mode 

spectrum. Window size = 93.8 ns, resolution time = 0.14 ns. 

 

From the figures, it is clear that the tag is well detected on objects like 

plastic box. Successful detection is possible up to 50 cm. Higher frequencies 
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are fading tremendously from the spectrum than the lower frequencies. 

Frequency-time plot and PSD variation plot are also shown in figure 5.35(b) 

with a window size equal to 93.8 ns and resolution time equal to 0.14 ns. 

The spectral signature of the 8bit tag is clear in the plots. The higher 

frequencies exist for a short duration (<10 ns) while the lower frequencies 

exist comparatively for a longer time (up to 30 ns). 

5.5.2 Tag on metal sheet  

The advantage of microstrip tags comparing the uniplanar tags is that 

its resonant characteristics are less affected by the material on which it is 

fixed. However, the extraction of structural mode and antenna mode is 

difficult when the tagged object is a metal sheet or any conductive materials. 

This is due to the fact that such materials will reflect the entire incident 

wave with higher amplitude than the structural mode signal from the RFID 

tag. The performance of the RFID tag on a metal sheet extracted using the 

presented time domain analysis is discussed in this section. 

 

 
Figure 5.36: Measurement setup of tag fixed on metal sheet 
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Figure 5.37:  Extracted antenna mode spectrum of tag fixed on a metal sheet 

using time domain analysis (a) tag response at different distances 

(b) frequency – time plot and PSD plot of antenna mode 

spectrum. Window size = 93.8 ns, resolution time = 0.19 ns. 

 
The measurement set up is shown in figure 5.36. The results are 

plotted in figure 5.37.  Reflections from the metal sheet degrade tag 

performance considerably and the tag is detectable only up to 20 cm. 

Beyond that the extraction of antenna mode from the backscattered signal is 

very difficult.  

5.6 Conclusion 

This chapter presents UWB IR technology based time domain analysis 

of Chipless spectral signature tags. CST microwave studio is used to 

simulate time domain interrogation of the tags. Time domain measurements 

are conducted using PNA E8362B. An algorithm to improve the quality of 
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extraction of antenna mode is proposed and is validated with measured data. 

All measurements are carried out outside the anechoic chamber and further 

validations are conducted by attaching the tag on plastic box and metal 

sheet. The backscattered signal recorded in time domain is decoded 

successfully for a distance of 50 cm. 
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This chapter summarizes the research work presented in this thesis and 

highlights the conclusions of each chapter. A comparison of different tags 

developed is presented in tabular form. Scope for future work is also 

narrated at the end of the chapter. 
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6.1.  Introduction 

The study presented in this thesis is focused on the design and 

development of planar Chipless RFID tags.  The frequency domain Chipless 

RFID tags designed on low loss substrates can provide high data encoding 

capacity with compact and simple structure. Also, frequency domain tags 

can incorporate the advantages of time domain tags by adopting time 

domain techniques to read the frequency domain tags utilizing the time-

frequency duality.  

The thesis presents two classes of frequency domain based Chipless 

tags. The first class of tags need Tx and Rx antennas to interact with the 

interrogation signal from the reader. The second class is the multiscatterer 

based Chipless tags in which the Tx and Rx antennas are absent. Tags 

belonging to both classes are developed during the research period. Tags 

presented in the thesis uses comparatively larger frequency spectrum and 

offer more freedom in orientation with respect to the reader antenna. Time 

domain analysis of backscattering from frequency domain tags using sliding 

windows and Fourier transform is also included in the research work.  

The salient features in the research works detailed in this thesis are 

summarized in the following sections 

6.2.  Chipless RFID tags with reception/transmission antennas 

Quarter wave stepped impedance resonator coupled to microstrip 

transmission line is the key element of the first type of tag presented in this 

section. Characteristics like control over harmonic frequencies, flexibility in 

design and compactness of resonator are effectively utilized in the development 
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of the Chipless tag. The tag is able to operate over a large spectrum comparing 

similar tags in literature. The resonators coupled to the transmission line are 

seen to be more effective than resonators connected to the transmission line 

and the tag design is completed with resonators coupled to transmitted line.  

A total bit encoding capacity of 18 bits achieved for the tag with an area of          

5.5 × 2.2 cm2. The corresponding surface encoding capacity is 1.68 bits/cm2. 

6.3.  Multiscatterer based Chipless RFID tags 

Multiscatterer based tags presented in the thesis is an attempt to bring 

more flexibility in the positioning of tags with respect to the reader and the 

properties like compactness and high bit encoding are also given special 

attention. Two types of scatterers; a cross loop resonator and orthogonally 

joined SIR based scatterers are presented in this context. Both scatteres 

constitute polarization independent Chipless tags. The cross loop resonator 

tag offers a compact structure by using the nesting property of resonators 

and a surface encoding capacity of 1.71 bits/cm2 is obtained. SIR based tag 

is very flexible in its design and can use a wide band of frequencies for data 

encoding. The polarization independent tag offers a surface bit encoding 

capacity of 1.08 bits/cm2. The tag can also be designed for high bit encoding 

capacity (1.84 bits/cm2) by employing data encoding elements in both 

vertical and horizontal polarizations. With a modification to the geometry, 

the tag is made more compact (3.54 bits/cm2). 

6.4. Time domain analysis of backscattering from frequency 

domain Chipless tags 

Time domain analysis conducted on backscattered signal from the 

frequency domain tag shows that the tag is having better readability in time 
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domain than in frequency domain. Also, time domain readers are available 

in markets under the UWB IR technology and are low cost compared to the 

frequency domain readers. The time domain analysis employing sliding 

windows (spectrogram) and Fast Fourier transform is applied. Hamming 

window is employed in the analysis which offers better performance than 

with simple rectangular window.  

6.5.  Comparison of the tags developed in the thesis 

Chipless frequency domain tags developed during the research work is 

compared in the table below. 

Table 6.1: Different tags developed and their properties 

Tag Surface coding 

capacity with 

presence/absence 

coding(bit/cm
2
)
 

Surface 

coding 

capacity with 

FSC(bit/cm
2
) 

Detection 

range 

Freedom in 

orientation 

Control 

over 

harmonic 

frequency 

λg/4 SIR based tag 

with antennas 
0.73                         

(tag antennas 
are not 

considered in 
the area) 

1.69                     
(tag antennas 

are not 
considered in 

the area) 

10 No Yes 

Cross loop 
resonator based tag 

0.82 NA 20 Yes No 

SIR based 
polarization 

independent tag 

0.33 1.08 40 Yes Yes 

SIR based high bit 
encoded tag 

0.57 1.84 40 No Yes 

SIR based compact 
polarization 

independent tag 

0.67 2.15 10 Yes Yes 

SIR based compact 
High bit encoded 

tag 

1.07 3.45 10 No Yes 
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6.6.  Future Work 

The Chipless RFID tag presented in chapter 3 with Tx and Rx 

antennas is operating over a wide band of frequency exploiting the harmonic 

control property of SIRs. But the advantage is not attained fully due to the 

inconsistency of antenna radiation characteristics throughout the spectrum. 

So realization of the tag with UWB antennas with more stable characteristics 

throughout the operating bandwidth will improve the detection range of the 

tag. 

Multiscatterer based tags of chapter 4 offer better performances than 

multiresonator based tags in terms of detection range, freedom in orientation 

and structural complexity. The high bit encoded tags requiring two cross 

polarized antennas at reader side can be read by a single highly directional 

and circularly polarized reader antenna. Development of the whole Chipless 

RFID system proving the practicability of the presented tags is very 

significant and the performance can be enhanced with the new generation 

reader. Studies on the practicability frequency domain Chipless RFID reader 

should be concentrated along with the realization of much more effective 

scatteres (having properties like compactness with high Q, multibit encoding 

per resonator etc.).  

Post processing of backscattered energy from the frequency domain 

tags read in time domain is proved to be effective in chapter 5. Application 

of more advanced communication techniques and mathematical algorithms 

to the backscattering to enhance Chipless RFID system performance is under 

active research and is very important.  
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Realization of thin, low cost and flexible low loss substrates is also 

very important in the development of Chipless RFID tags and should be 

included in the future developments. Also, research in conductive polymers 

can also be combined with the Chipless RFID.  

Incorporation of sensing elements in the tags proposed will be very 

effective due to their compactness and other properties like polarization 

independent, high bit encoding capacity etc.. Chipless RFID functions can 

be enhanced by using them in conjunction with chipped technologies. Scope 

of this hybrid technology can also be included in the future work. 

 

…..….. 
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 A.1.  Introduction 
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 A.3.  Results and Discussions 
 A.4.  Conclusion 
 

 

 

 

 

A compact chip inductor loaded microstrip patch antenna for multiband 

application is proposed. The antenna is fabricated on a substrate of dielectric 

constant 4.4 and thickness 1.6 mm. The proposed circular antenna is of 

radius 7 mm surrounded by four different inductors which are connected to 

small rectangular metal patches. The obtained resonant frequencies are 2.28 

GHz, 2.82 GHz, 3.96 GHz and 5 GHz. Optimization of the proposed antenna 

along with simulation and experimental results are presented. 
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A 1. Introduction 

Multiband antennas are highly demanded as services operating in 

multiple bands are widely used in today's communication. Microstrip 

antennas are commonly used for this purpose because of their planar 

structure, low profile, light weight, moderate efficiency and ease of 

integration with other active and passive devices. Many multiband radiators 

in planar arrangement have been proposed for mobile communication 

devices [1-4].  

Standard multiband techniques are stacking, addition of parasitic 

elements, modification of patch by introducing suitably shaped perturbing 

elements such as slots and notches etc. In [5], a floral shaped patch antenna is 

designed to resonate at multiple bands by introducing slits on a rectangular 

patch. The parasitic elements in the design provide a simple and efficient 

method for obtaining low profile, broadband and high gain antennas. A 

comparative study of four different multiband planar antennas is presented             

in [6]. Multiband operation is achieved by etching perturbation slots on the 

patch. Other techniques such as the use of pin diodes, switches and varactor 

diodes are also used for multiband operation [7-9]. A new reconfigurable 

multiband microstrip antenna is proposed in [10]. Slots were cut on a 

hexagonal to provide the shape of a 6 armed star and further rectangular slots 

were inserted for achieving multiband operation. The antenna was made 

reconfigurable by the use of switches. But the use of active components 

increases complexity in the design and needs extra biasing circuits. 

A compact printed monopole antenna with a chip inductor embedded 

on radiating element is presented in [11-12]. The antenna has one resonant 
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element and the dual band operation is achieved by embedding one chip 

inductor to bring down the resonant modes of original antenna. Here it is 

demonstrated that with chip inductor, the resonant frequency and hence 

electrical length of the antenna can be reduced considerably. 

In this appendix, we are proposing a compact multiband antenna in 

which the multi band operation is achieved by loading chip inductors in 

between the central circular patch and surrounding outer rectangular 

patches. The flower shaped antenna shows four bands of operation. 44% of 

size reduction is obtained in the lowest resonant frequency of the antenna. 

The radiation characteristics of the antenna such as return loss, radiation 

pattern and gain are presented. Parametric optimization method for 

obtaining desired frequency bands are also addressed in this chapter.  

A.2. Antenna geometry 

 
Figure A.1: Coaxial fed antenna with single rectangular patch connected 

to circular patch through chip inductor (IND).    R = 7 mm, 

L = 3 mm, W = 1.5 mm, substrate height = 1.6 mm and                

εr = 4.4 
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The antenna is fabricated on FR4 substrate of relative permittivity 4.4, 

loss tangent 0.02 and height 1.6 mm. As shown in Figure A.1, when a single 

outer patch is connected to the central circular patch through chip inductor 

(ind =1.8 nH) a lower resonance is generated at 4.48 GHz.  The designed 

frequency band can be easily generated by choosing an appropriate inductor 

value. Parametric study of the above mentioned structure with different 

inductor values is shown in Figure A. 2.  

 
Figure A.2:  Different S11 characteristics for different inductor 

values. Central circular and outer rectangular patch 

dimensions are same as figure A.1. 

 

The dimensions of rectangular patch can also be used to tune the 

resonant frequency of the antenna. Resonant frequency variation due to 

rectangular patch width (W) and length (L) are plotted in Figure A.3.  An 

additional frequency tuning of 1GHz can be achieved by changing the 

dimensions (L&W) of the rectangular patch. This yields the antenna to 

operate at any frequency by changing the above parameters. 
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Figue A.3: (a) Effect of different length of outer rectangular patch on reflection 

coefficient for a width of 1.5 mm. (b) Effect of different width on 

reflection coefficient for a length of 3 mm. In both cases chip 

inductor value is 1.2 nH. 
 

 

The proposed quad band antenna geometry is shown in Figure A.4. The 

antenna is fed centrally with a coaxial connector to a circular patch of radius              

7 mm. The four surrounding outer rectangular patches are of different 

dimensions. Between the outer rectangular patches and the inner circular patch 

different chip inductors are loaded to establish different resonant frequencies. 
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Figure A.4: Geometry of the proposed multiband antenna. R = 7 mm, W1 = 5 mm, 

L1 = 4 mm, W2 = 5 mm, L2 = 3 mm, W3 = 3 mm, L3 = 3 mm,          

W4 = 1.5 mm, L4 = 3 mm, IND1 = 4.7 nH, IND2 = 3.3 nH,                 

IND3 = 2.2 nH, IND4 = 1.8 nH. 

 

 The outer rectangular patch dimensions are also shown in figure A.4. 

Chip inductors from Coilcraft are used in the fabrication of the antenna and 

the inductor values are 4.7 nH, 3.3 nH, 2.2 nH, 1.8 nH as shown as IND1, 

IND2, IND3, IND4 respectively in Figure A.4.  

A.3. Results and discussions 

Parameters of the antenna are optimized using  Ansoft  HFSS (High 

frequency structural simulator). Based on the design parameters and the 

optimization mentioned above, the prototype of the proposed antenna is 

fabricated and tested. The antenna is analyzed on RFS ZVB20 network 

analyzer.  

The proposed geometry has 4 outer rectangular patches. Each 

rectangular patch and the associated chip inductor corresponds to individual 
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resonances. The dimensions of rectangular strips and inductor values are 

adjusted to get optimum results. Rectangular patch1 dimensions are adjusted 

as 5 mm × 4 mm to get the lower resonant frequency. Similarly patch 2, 

patch 3 and patch 4 dimensions are set as 5 mm × 3 mm, 3 mm × 3 mm, 

and 1.5 mm × 3 mm, respectively to get the second, third and fourth resonant 

frequencies. 

 
Figure A.5: Simulated and measured reflection coefficient of the 

multi band antenna shown in figure A.4 
 

 

Measured and simulated reflection coefficient of the quad band 

antenna are shown in Figure A.5. The obtained resonances are 2.28 GHz, 

2.82 GHz, 3.96 GHz and 5 GHz. The lowest resonance is due to the highest 

chip inductor value and its associated rectangular patch, i.e., here it is due to 

IND1 and the rectangular patch connected . Similarly, resonance at 2.82 

GHz is the result of current path provided by IND2 to its associated 

rectangular patch. 3.96 GHz and 5 GHz resonances correspond to IND3 & 

IND4 and their associated patches, respectively. The measured radiation 

patterns at the four obtained frequencies are shown in Figure A.6.  
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Figure A.6: Measured radiation pattern of the proposed antenna on two planes 

(x-y & x-z) (a) 2.28 GHz (b) 2.82 GHz (c) 3.96 GHz (d) 5 GHz 
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The gain of the antenna is calculated using two antenna method and is 

found as 3 dB at the higher frequency. A size reduction of 44% is obtained 

compared to the standard circular patch antenna resonating at the same 

frequency.  

A.4. Conclusion 

A compact chip inductor loaded quad band flower shaped antenna for 

microwave applications is presented in this chapter. The obtained resonances 

are 2.28 GHz, 2.82 GHz, 3.96 GHz and 5 GHz.  The VSWR of the proposed 

antenna is ≤ 2. The maximum gain of the antenna is observed as 3dB at the 

highest resonant frequency. A size reduction of 44% is also obtained. 
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