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AbstractAbstractAbstractAbstract    
    

      The Internet of Things (IoT) is a vast network of internet enabled objects that are connected 

to facilitate the collection and exchange of data. This very concept is set to alter the way the 

world operates, by improving our ability to obtain autonomous information. Sensors are the key 

components, embedded into the “things”, which generate such information. Therefore, IoT 

makes extensive use of sensor technologies in order to empower any application under its realm. 

However, current sensors are expensive, restricting the mass industry adoption of IoT application 

areas such as precision agriculture (PA), smart buildings, and retail and supply chain. This 

creates the necessity of inexpensive, compact and real-time sensors for these application areas, 

in order to gain better industrial traction. The electromagnetic (EM) transduction based passive 

chipless RFID sensors provide a novel solution to this problem. It gives a new direction in the 

field of RF identification as it does not embed any silicon ICs for the ID extraction. Instead, it 

uses the electromagnetic signature for data encoding, which reduces the cost of RFID tags 

equivalent to that of barcodes. In addition to the automatic object identification, the RFID 

technology can monitor and share information about the surrounding environment by using 

sensor enabled tags. The passive chipless RFID sensors have a simple structure, are adaptable to 

energy harvesting and compatible with harsh environments. They are mostly suitable for 

applications that require sensing devices with low fabrication cost, small size and long term 

measurement ability. As expensive and bulky commercial off the shelf sensors for the specified 

fields are not widely accepted by the industry, the chipless RFID sensor nodes are envisioned to 

have enormous potential for these applications. 
 

          The main goal of the thesis is the comprehensive investigation and development of novel, 

inexpensive chipless RFID sensing devices for three IoT application areas: PA, smart buildings, 

and retail and supply chain. The core elements behind the development of such devices are the 

Ultra-Wide Band (UWB) and Super Wide Band (SWB) antennas, microwave passive resonators, 

characterization of smart materials in UWB microwave frequencies, and finally, integration of 

these materials in the passive design for physical sensing of tagged objects. Therefore, to fulfill 

the goal of the thesis, the passive UWB and SWB circular disc monopole antennas, and a number 

of planar resonators such as spiral, split box and interdigital capacitor (IDC) are designed and 

implemented on low cost laminates. In addition, a couple of non-planar resonators including a 

monopole probe and a novel flying bird dipole are also designed based on different metals. 

Following the effective design, the sensors are investigated in different physical environments 

relevant to the three aforementioned application areas of IoT. 
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      For PA, a number of passive resonator based frequency domain sensors are developed to 

enable the real-time monitoring of soil moisture and salinity contents. A sensor based on a paper 

printed resonator is proposed to monitor moisture contents in biomaterials such as leaves. The 

thesis illustrates the design and concept validation of a time domain reflectometry (TDR) based 

soil moisture sensor as well. The investigations involve the theoretical understanding of passive 

designs, the practical design and fabrication followed by comprehensive experimental studies 

and critical data analyses of prototypes. Soil and leaves have complex properties, analysis of 

which involves multiple physical parameters measurement. Hence, the design and fabrication of 

sensors, and their measurement and data analysis can also be quite intriguing and complex. Here, 

the experimentally obtained results are supplemented through the calibration curve so that the 

developed sensors can be used in practical settings.  
 

     The next investigated IoT application area is the smart building industry that requires low 

cost Structural Health Monitoring (SHM) sensors to monitor opening and growth of cracks in 

infrastructure. This thesis presents a SWB technology based high resolution crack sensor which 

can be used for monitoring any structural deformation. This sensor also uses the TDR based 

technique for signal analysis. A frequency domain based sensing approach using cascaded split-

box resonators is also undertaken to address the structural crack issue. This sensor is termed as 

“Smart Skin” due to its ultra-sensitive characteristics of responding to the minutest of surface 

perturbations. 
  

     In order to provide low cost sensing solutions for retail and supply chain, this thesis proposes 

a smart material-based real time temperature sensor that can monitor perishable food products. 

This sensor can offer an added advantage of item tagging due to its integrated ID enabled 

resonating structure. A novel thermal expansion technique based temperature monitoring 

resonator is also introduced in this thesis to demonstrate the advantages of chipless over chip 

based RFID. Along with the sensor nodes, this research also incorporates the design of high data 

capacity chipless RFID tags on flexible and low cost substrates. The designed antennas can either 

be used as RF transceiver front-ends of the reader or be used as integral parts of the developed 

sensors and tags.   
 

     To summarize, the main contributions of this thesis are the developments of several ultra-low 

cost and compact chipless RFID sensors along with identification tags. These devices have 

immense potential to resolve the industry adoption issues of the specified IoT application areas. 

Thus, the outcomes of this research are poised to be regarded as a tremendous contribution to the 

sensor community and hence a giant leap towards an IoT empowered world.          
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Chapter 1Chapter 1Chapter 1Chapter 1 . Introduction. Introduction. Introduction. Introduction    

 

    This thesis provides low cost passive chipless RFID based sensing solutions for a number of 

specified Internet of Things (IoT) application areas, namely- Precision Agriculture (PA), smart 

buildings, and retail and supply chain. These areas have a burning requirement of low cost 

sensing and item tagging devices. However, due to the absence of such devices, these 

applications areas do not receive enough traction in terms of industrial applications. This thesis 

involves the development of such low cost devices to monitor moisture and salinity contents 

in soil, moisture contents in leaves, temperature in perishable food items and environment as 

well as crack in public infrastructure. 

     A number of resonators, antennas and smart materials are introduced here, which act as the 

core elements for formulating the proposed sensing devices. All these physical layer 

development along with the experimental analysis and concept validation of the designed 

sensors are thoroughly investigated in this thesis.   

1.1 Internet of Things1.1 Internet of Things1.1 Internet of Things1.1 Internet of Things    (IoT)(IoT)(IoT)(IoT)    

 
    In this contemporary world, the term “Internet of Things” is perhaps one of the most hyped 

topics that everyone is excited about! The level of hype is certainly quite justified as it is set to 

bring a drastic change to the way technology is conceptualised.  IoT is a concept that not only 

has the potential to impact how we live but also how we work [1]. Coined in 1999 by Kavin 

Ashton, IoT refers to a network of internet connected objects, devices, vehicles, buildings and 

other items that are able to collect and exchange data using embedded sensors, electronics and 

software [2]. To be more precise, the IoT is about connecting internet enabled devices that 

communicate information back to users, to cloud based applications and to each other (object 

to object). In this case, all the objects and users are provided with unique identifiers such as 

Radio Frequency Identification (RFID) tags or processors with the information or data 

transferred over a network without requiring human-to-human or human-to-computer 
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interaction. Put simply, all the IoT devices are connected via an internet protocol and interact 

among themselves based on some pre-defined logic [3, 4].  According to the VP and principal 

analyst of Constellation Research, Andy Mulholland, an IoT device should be recognised 

through the presence of four capabilities: connected, intelligent, interactive and autonomous, 

e.g. a smartphone [4]. In essence, any physical object can be attributed as a part of the IoT 

network if it complies with such “smart” capabilities. This includes devices such as fridges, 

coffee makers, washing machines, lamps, wearables, medical equipment and almost anything 

one can think of. The IoT enabled devices or “Things” can also include people and animals, as 

in future they are also envisioned to be connected to objects such as health equipment or 

household appliances [3].  

    According to the leading IT research and analyst firm, Gartner, Inc. there will be over 26 

billion connected devices by 2020, excluding desktop computers, tablets, and smartphones. 

This means in just a few years, there will be at least three IoT enabled devices for each person 

on the Earth [5]. The networking giant Cisco forecasts an even greater number of connected 

“things”, amounting to 50 billion by 2020 with respect to a predicted world population of 7.6 

billion [6]. It is expected that by 2030, IoT will add between $10 to $15 trillion dollars to the 

global GDP (GE) and $19 trillion dollars (CISCO) [7, 8].     

1.2 Impact of IoT1.2 Impact of IoT1.2 Impact of IoT1.2 Impact of IoT    

 
     IoT makes it possible to have virtually infinite opportunities and connections, many of 

which we can't even think of or comprehend the impact of today.  IoT has its footmark in our 

home, in our car, phone, and even on our body. It is connecting citizens to their cities, linking 

patients to health services, letting companies interact more with customers and capturing 

people’s imaginations. It is revolutionizing the agricultural sector, measuring soil and moisture 

conditions to improve plant quality, optimizing water usage, reducing operating costs and 

increasing crop value [9].  
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Figure 1-1. Internet of Things [10]. 

      On a personal level, IoT provides an exceptional degree of automation and personalisation of 

technology. Let us picture a regular day in 2020 for an individual; an alarm clock wakes him/her 

up at 6 a.m. in the morning and then notifies the coffee maker to start brewing coffee for 

him/her!  The map app has sensed a heavier traffic, and therefore adjusted his/her alarm to go off 

a little earlier. His/her shower water is pre-heated to save time and energy. He/she does not need 

to worry about forgetting his/her key as his car automatically unlocks by sensing his/her presence, 

his/her house locks itself and turns the lights and heating off. A smart washing machine performs 

the tasks on its own, based on the RFID tags attached to clothes and the smart fridge senses that it 

is running low on milk and orders some more. An IoT enabled wearable device would be able 

to tell the user when and where he/she was most active and productive and share that 

information with other devices that he/she uses while working [1, 11]! 

      So far we have only scratched the surface of the potentials of this emerging technology. On an 

expansive scale, IoT can be applied to transportation networks or to form smart cities that can 

help us to identify traffic, energy, and water distribution problems and hence reduces wastage as 

well as increases efficiency. This is a simple example of how the concept of IoT will enable us to 

alter the way we can relate to, and control the world around us, just as the internet did by 

enhancing our ability to access and modify information [1].  
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1.3 IoT Architecture1.3 IoT Architecture1.3 IoT Architecture1.3 IoT Architecture    

 

     The concept of IoT is rooted in work done at the Auto-ID Center (Currently known as Auto-

ID labs) of Massachusetts Institute of Technology (MIT). Established in 1999, this research 

group has been working in the field of networked radio frequency identification (RFID) and 

emerging sensing technologies. With the Headquarter at MIT, this lab comprises seven 

research based universities located across four continents of the world. As assigned by the 

Auto-ID center, these institutions are responsible for designing the architecture of IoT [6]. 

       IoT applications need to adopt a basic common architecture in order to offer proper 

functionality. A good technological architecture should have a standardized interface for reuse 

and reconfiguration. It should allow for abstraction and modularity. It needs to have a 

prevention method for cascading failure, so when a part of the structure becomes non-

functional, the whole system does not collapse. The worldwide web or internet has such a 

standardized architecture. Here, the client does not become completely non-functional even if 

the server is down. This has been achieved by adopting an hourglass model at the center of 

which lies the internet protocol (IP). This is where all the networking technologies and 

applications need to agree in order to ensure a flawless data flow that enables the amazing 

applications such as email, telephony, web, video and many more. For an ever evolving 

technology like IoT, it is even more important to implement an hourglass model like this. 

Otherwise, it might end up being a cobweb of things where, rather than having a central entity 

to which both the technologies and applications agree, different devices will be connected to 

each other without the presence of a common protocol.  This poses a serious security and 

maintenance issue. Hence, in order to provide a solid structure to IoT, the director of Auto-ID 

center at MIT, Prof. Sanjay Sarma recommends the hourglass model depicted in Figure 1-2 

[12, 13]. 
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Figure 1-2. Hourglass model of IoT architecture [12]. 

      In this architecture, cloud plays the central role where we need to send all the “things” or 

sensor enabled devices by creating avatars. This means, everything needs to have a virtual 

representation in cloud space. The networking equipment such as bridges, routers and 

controllers are also needed to be brought into the cloud. All the networking technologies such 

as RFID, Wi-Fi and ZigBee need to comply with the rules, regulations and protocols introduced 

in the cloud. This allows us to create a software interface between the different virtual avatars 

across the cloud and enables the plethora of opportunities in the IoT application domain. Here, 

the reason for taking everything into the cloud is to have this software interface which is always 

much easier to fix than hardware interfaces. For real time applications, however, it is not always 

possible to interact between devices via the cloud. Therefore, we need a local representation of 

the cloud termed as “fog”. This allows the devices to adhere to the rules or instructions, and 

implements them on a run-time basis [12].  

      The essence of IoT predominantly lies in the sensors which generate the data. These sensors 

are integrated into the devices or items in the physical world to make them smart and produce 

data about activities, events, and influencing factors that provide distinguishability in 

performance.  In other words, sensors digitize the analog physical parameters and send them 

to the cloud via wireless or wired internet connections for analysis and potential actions. The 

mechanism through which these actions are implemented is known as actuator. This is another 
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prime component of IoT which is used to control or influence the physical environment. The 

sensors and actuators use various types of networking technologies such as RFID, NFC, Wi-

Fi, Bluetooth and ZigBee for the connection. They can also have wide area connectivity such 

as GSM, GPRS, 3G and LTE [3, 14].  

1.1.1.1.4444    IoTIoTIoTIoT    Application AreasApplication AreasApplication AreasApplication Areas    and Their Industrial Project Uptakeand Their Industrial Project Uptakeand Their Industrial Project Uptakeand Their Industrial Project Uptake    

 
     According to Verizon, the concept of IoT gained legitimacy in 2015. Since then, companies 

across all industries have been considering IoT based projects in their strategies and business 

models. IoT analytics has taken a great initiative to track the key application areas of IoT based 

on a number of real enterprise IoT projects (excluding consumer projects such as wearable 

devices or hobby based ventures). It is found that though numerous application areas fall under 

the IoT umbrella, the main focus goes on to the initiatives such as connected industry, smart 

cities, energy, connected cars, smart buildings or home monitoring, agriculture, healthcare and 

retail. Figure 1-3 shows an extensive ranking of the IoT ecosystem in terms of overall 

popularity of project intake. IoT analytics identified that among a total of 640 projects, the 

largest share goes to the connected industry (141 projects), followed by Smart City 

(128) and Smart Energy related initiatives. It can be observed that despite the huge demand and 

growth potential, the projects on precision agriculture, smart buildings, retail and supply chain 

altogether constitute a mere 19% of the entire global share [9, 15]. 

 
Figure 1-3. Ranking of IoT application areas [15]. 
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      With the introduction of sensors as well as the availability of technology and analytical 

methods, different industries and use cases are emerging on a continuous basis in the IoT 

domain. The following provides a brief illustration of the aforementioned application areas of 

IoT which gets lower business traction despite their immense potential. 

1.4.1. 1.4.1. 1.4.1. 1.4.1. Precision AgriculturePrecision AgriculturePrecision AgriculturePrecision Agriculture    

     Precision agriculture (PA) is a management system that is information and technology 

based, site specific and uses one or more of the following sources of data: soils, crops, nutrients, 

moisture, or yield, for optimum profitability, sustainability, and protection of the environment 

[16]. It involves the observation, impact assessment and timely strategic response to fine-scale 

variation in contributory components of an agricultural production process [17]. For precision 

farming, it is very important to have accurate information regarding the spatial and temporal 

variability of soil and crop factors within a field [18]. Therefore, it makes extensive use of 

sensor technologies for yield mapping and prediction, soil sensing and irrigation control etc. in 

order to address the site specific needs with spatially variable applications [19].  

       Irrigation is a vital component of crop production in the agricultural sector. In the 

developing world, water allocated to irrigation is about (or exceeds) 69% of the total water 

resources. This percentage will continue to be dominant in water consumption due to 

population growth and increased food demand [20]. Hence, it is of extreme importance to adopt 

an efficient irrigation management system in order to overcome water deficiency during 

periods of drought, to provide a consistent moisture supply to crops and to improve the 

effective usage of all production resources. In contemporary agriculture, multiple approaches 

are being adopted to optimise the usage of water in farming which include: (i) monitoring local 

variation of soil moisture; (ii) drainage and (iii) evaporation. Usually, agronomists visit the 

agricultural land and record the data manually and later upload the information in a data 

management system known as decision support system (DSS). Based on these data, the 

agronomist makes management recommendations to the farmer.  However, such a manual 
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collection of agronomic data is prone to large errors, data losses and time delays [21]. To 

alleviate this problem, different types of wired and wireless sensors are being introduced for 

seamless information flow/management between various agricultural sectors. However, these 

technologies are too expensive to be afforded by farmers in the developing and developed 

nations [22]. Some of the activities such as irrigation and temperature control in greenhouse 

environment are done automatically with computerised wireless remote terminal units. 

However, wireless sensor technology is still in its early developmental stage and applications 

of wireless sensors in agriculture are still very rare [23]. 

1.4.2. Smart 1.4.2. Smart 1.4.2. Smart 1.4.2. Smart BuildingsBuildingsBuildingsBuildings        

      Smart buildings take the advantage of emerging technologies to create an ecosystem that is 

safe, increasingly productive for occupants and aligned with the priorities of property owners and 

managers. These intelligent buildings incorporate a variety of sensing schemes such as the control 

and automation of lighting, heating, HVAC, fire safety and many more. This eventually has turned 

home automation as one of the vital segments of IoT. Many houses are adopting some form of 

home automation; however, this sector is still evolving and currently a very rudimentary form 

of home automation is being used [3, 24].  

      Sensors and connected devices also impact the way how buildings are designed and 

constructed. The construction industry uses sensors for gathering information about usage, 

structural health and any possible problems that may occur during the construction of an 

infrastructure. The smart building materials can alert the construction workers when maintenance 

is needed. Similarly, sensors deployed for structural health monitoring (SHM) can detect the 

presence or opening of a crack in buildings or public infrastructure such as bridges. However, just 

like home automation, the sensors for this sector are also quite rudimentary and can only provide 

a discretised sensing of the structure which hinders commercial deployment [11, 25].  
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1.4.3. Retail and supply chain1.4.3. Retail and supply chain1.4.3. Retail and supply chain1.4.3. Retail and supply chain    

 

       The IoT has a remarkable influence on the retail industry. Many retailers are already 

looking at ways to use connected devices for offering new services, reshape customer 

experiences and enter new markets by creating digital ecosystems. Advancements of location-

based beacon technology allow retailers to deliver targeted customer-specific information as 

they enter the store. Using sensors to track a customer’s paths through the store and by 

analysing his/her profile and purchase history, an instant promotion on the potential products 

of interest can be generated and sent to the customer. This enhances the customer’s in-store 

experience in a great manner [9, 26]. 

      The supply chain management embraces a whole new look owing to the evolvement of 

intelligent devices, products and technologies. Today, companies widely use RFID technology 

to track the inventory of products and their movements. This technology also allows the 

integration of internet enabled smart tags through which retailers can adjust pricing in real-time 

in case of promotional items. Products across the supply chain can be tracked by using data 

visualization technique as well. IoT facilitates companies to set up rules for governing 

shipments based on real-time conditions. IoT-enabled sensors monitor lighting and temperature 

control and adjust settings accordingly to improve store operations along with reducing cost 

[9, 26]. Food manufacturing industry is one of the key sub-areas of retail and supply chain. In 

case of some potentially hazardous foods, it is advisable to store them at a certain temperature 

recommended by the manufacturer [27]. IoT enabled sensors have the potential to ensure food 

safety by monitoring the storage temperature on a continual basis. In spite of a huge potential, 

the use of item level tagging and sensing is still in its infancy in the retail industry and the 

adoption scale of IoT based sensors is not yet up to the mark. This is the reason why this 

industry has fallen behind in the global share of IoT projects [15].    
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1.4.4. Limitation behind IoT Industry Adoption and Potential Solution 1.4.4. Limitation behind IoT Industry Adoption and Potential Solution 1.4.4. Limitation behind IoT Industry Adoption and Potential Solution 1.4.4. Limitation behind IoT Industry Adoption and Potential Solution     

 

      The key reason for the number of project variation of IoT application areas is the 

adaptability and ease of sensors and smart devices deployment.  The business sectors that are 

gaining more traction have a comparatively easier access to smaller and low cost sensors that 

require less power along with a higher computation capacity. Hence, there is certainly a 

tremendous demand for pervasive sensors in the IoT domain. For example, to improve the 

irrigation management and hence the performance of overall precision agriculture, inexpensive 

and compact real time sensors are essential. Similarly, sensors can also be used to connect 

animals in order to monitor their health and track their movements. This allows farmers to 

ensure a healthier and an ample supply of meat for people to consume [6].  

      In the case of the smart building industry, the existing connected smart home devices are 

typically more expensive than their non-connected counterparts, therefore the worldwide 

adoption of such projects is not very prominent [28]. Construction companies are also in search 

for low cost wireless sensors for remote monitoring of public infrastructure, since the existing 

commercially deployed wired sensors incur a significant complexity of the sensing system. In 

order to ensure a thorough monitoring of the structure, a large number of sensors need to be 

deployed all across the building, resulting in a substantial increment in cost [29]. Therefore, to 

increase the IoT project intake in the smart building industry, it is crucial to adopt passive 

inexpensive sensors that are efficient and reliable.  

       The retail industry also suffers in terms of the number of IoT business projects initiatives. 

This IoT segment requires intelligent item level tagging so that individual products can be 

identified and communicated if required. The widely used commercial low cost identification 

system, “barcode” cannot provide a smart communication technique as it requires human 

involvement for its operation. Therefore, RFID tags are being considered as the replacement 

of barcodes. However, due to the presence of application specific integrated circuit (ASIC) 

based chips, the price of conventional RFID tags remains higher than that of the barcodes. 
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Hence, this technology does not gain a wide acceptance in this domain. The retail sector also 

requires low cost item level sensing solutions for perishable products such as meat, juice, milk, 

vegetables and canned food in a supermarket [30]. Commercially available sensors do not allow 

item to item tagging due to their higher price in comparison to the product items. The 

electromagnetic transduction based passive chipless RFID tags and sensors could offer a 

tremendous solution to overcome the limitations depicted in this section. This has the potential 

to enhance the business growth for the application areas of IoT that are not currently gaining 

much traction despite their excellent prospects.  

        The shortcomings that hinder the widespread adoption of such IoT application sectors, 

and the ability to overcome the issue using a specialized subset of the emerging RFID 

technology, are the key factors that motivate this PhD research project.   

1.5. 1.5. 1.5. 1.5. Radio Frequency Identification (RFID)Radio Frequency Identification (RFID)Radio Frequency Identification (RFID)Radio Frequency Identification (RFID)    
 

        Radio Frequency Identification (RFID) is a wireless data capturing technology that 

utilizes radio frequency waves for automatically extracting the identity of remotely placed 

objects. The RFID tag has the potential to replace the barcode on account of its manifold 

benefits, including its long reading range, non-line of sight reading as well as automated 

tracking and identification. Figure 1-4 shows the typical block diagram of a RFID system. It 

consists of a transponder or tag that contains the information of the item it is attached to, an 

interrogator or reader which helps to extract the information from the tag, and antennas that 

mediate between voltages on wires and waves in air.  

 
Figure 1-4. Overview of RFID system. 
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The reader activates the tag by supplying power and sends timing pulse and data as the 

interrogation signal. As the tag gets illuminated, it modulates the interrogation signal by its 

encoded ID information and transmits the modulated signal back to the reader. The received 

information is then decoded by the reader and sent to the server for further processing via a 

connected network or a host computer [31].  

1.5.1. 1.5.1. 1.5.1. 1.5.1. Electromagnetic transduction based Electromagnetic transduction based Electromagnetic transduction based Electromagnetic transduction based Chipless RFID SensorsChipless RFID SensorsChipless RFID SensorsChipless RFID Sensors    

 

           The recent development of EM transduction based chipless RFID technology gives a 

new direction in the field of RF identification to address new markets such as item tracking 

where the unit cost compared to that of an optical barcode is an economic constraint. This 

technology does not embed any silicon ICs for the ID extraction; instead it uses the EM 

signature for data encoding, which reduces the cost of the RFID tag to a level as low as the 

barcode [32, 33]. The IoT, also called Ambient Intelligence, is the subject of intense world-

wide research with the goal of interconnecting a large number of “things” such as intelligent 

sensors, tags and mobile phones; the list is virtually endless. These new smart objects or sensors 

are able to produce information about their environment and share it over internet through 

wireless communication [34].  

      Sensors are a substantial part of contemporary multifaceted and sophisticated systems. 

Recent advances in wireless sensor networks have paved the way for combining sensor and 

sensing technologies with RFID systems. In addition to automatic object identification, RFID 

technology can monitor and share information about the surrounding environment by using 

sensor-enabled tags. An object, which simultaneously provides information about its own 

condition and identification, simplifies the total infrastructure and enhances the quality of 

information. Designing appropriate sensors and their associated measurement circuits currently 

poses a challenge for developing a low-cost intelligent sensing system; passive chipless RFID 

technology could offer a fitting solution to this challenge [35]. 



13 

 

       Passive systems require energy from a reader device in order to be read, since they do not 

have any power source or battery. In the case of the passive chipped RFID sensors, the IC is 

powered by electromagnetic energy from the reader. However, the presence of IC increases the 

cost of this type of sensor by about 10-15 cents in comparison to its chipless counterpart which 

can offer a price range as low as sub-cent [36, 37]. Chipless RFID sensors do not require any 

silicon chip; instead, they are composed of integrated sensing components in the resonant 

circuits with lumped discrete elements such as inductors and capacitors as well as antennas or 

loops. The resonant circuit is directly interrogated using electromagnetic (EM) energy and the 

backscattered signal from the sensing unit is analysed by the reader [38]. Such electromagnetic 

transduction-based sensors are more adaptable to energy harvesting, have a simpler structure, 

and are more compatible with harsh environments.  

      EM transduction-based passive chipless RFID sensors convert physical parameters into a 

variation of an EM property. The EM properties could be factors such as the resonance 

frequency, quality factor, RF impedance or radar cross-section (RCS). The modification of 

these properties by physical parameters is wirelessly backscattered to the reader where it is 

detected. The radar interrogation technique used for this type of sensor allows the identification 

of a particular sensor in a wireless sensor network. This technique also increases the 

interrogation distance of this sensor compared to the other types including SAW and RFID 

passive sensors [39-41]. 

     Chipless sensors have the additional feature of being fully printable, meaning they can be 

printed on low cost plastic or paper substrate using conductive ink [42]. These sensors are 

mostly suitable for applications that require sensing devices with low fabrication cost, small 

size and long-term measurement ability. They have a huge potential in retail and logistics, 

consumer goods, structural health monitoring, transportation, banking systems, biotech, 

agriculture, pharmaceuticals, smart cities, traffic management, and ubiquitous sensor networks 

[43]. 
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1.5.2. EM1.5.2. EM1.5.2. EM1.5.2. EM    Transduction Principle and the Interrogation SystemTransduction Principle and the Interrogation SystemTransduction Principle and the Interrogation SystemTransduction Principle and the Interrogation System 

 
        A sensing system comprises three main elements: sensors, an excitation system and a data 

acquisition system. The sensor is the most important component of any inspection system since 

it is the element that changes its electrical characteristics in response to the environment. 

However, to respond to the environmental changes, the sensor requires a device that provides 

a controlled excitation while the voltage across and current through the sensor are recorded 

using a data acquisition system [35]. 

      The EM transduction principle is used for the remote measurement of various kinds of 

physical parameters using micro-sensors requiring no active power supply and no signal 

processing circuitry [44]. An RF transducer is used here to transform the physical parameter 

(to be sensed) into an RF parameter that is readily detectable by a remote system [45]. When 

the sensor is placed into an environment to detect the variation or presence of a particular 

physical phenomenon, its RF parameter, such as the resonance frequency or RF impedance, is 

modified by that phenomenon. This modification is instigated by three key principles: the 

change in dimension or the variation of physical or electrical length of a resonator, the 

modification of EM material properties such as the variation of a resonator permittivity, and 

the modification of RF coupling between a resonator and a microstructure [34]. Such 

modifications induce resistive or reactive variation of the system that influences the RF 

parameters to provide a spectral signature containing information about the physical condition 

of the surrounding environment. The modified RF parameters are backscattered to a RFID 

reader to be analysed and measured. Figure 1-5 shows an example of an interrogation system 

for chipless RFID. The reader/interrogator sends a wideband interrogation signal to the tag-

sensor and the signal containing the sensing and ID information is backscattered to the 

interrogator again. The ID information allows the reader to differentiate the signals coming 

from a dense distribution of wireless-sensors and hence determines the sensor position in a 

wireless sensor network [46].  
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Figure 1-5. Chipless RFID sensing and identification system [46, 47]. 

1.1.1.1.6666. Thesis Aims. Thesis Aims. Thesis Aims. Thesis Aims    

        The core objective of this research is to develop inexpensive, compact and printable EM 

transduction based chipless RFID tag sensor nodes for the range specified IoT application areas 

that have received comparatively less attention in terms of enterprise projects. The main 

application sectors that motivate the uptake of this PhD project are: (i) Precision agriculture, 

(ii) Smart buildings and (iii) Retail and Supply chain. The key specific targets of this project 

are the developments of EM transduction based Chipless RFID tag sensors. The high quality 

factor ID generation circuit (tag) as well as sensor nodes are developed to monitor - 

• Soil moisture and salinity contents  

• Leaf moisture content   

• Crack in the buildings and public infrastructure  

• Temperature  
 

Figure 1-6 exemplifies the application sector wise classification of the particular elements (tag 

and sensors) to be designed for the fulfilment of the objectives of this thesis. The prime 

component of the proposed research vision is the microwave and RF based sensing and ID 

generation circuit. A chipless RFID sensing system comprises:  

(i)  A high quality factor (Q) resonating element that produces very high sensitive microwave 

response against any physical changes in environment [48]. This element is often coated with 
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a smart material film that changes its electro-chemical properties with environmental 

parameters. 

(ii)  High Q ID generating resonators or tags that provide distinctive frequency signatures based 

on their configuration and do not change with physical parameters. 

(iii)  Various smart material film or ceramic depending on sensor types. 

(iv) Medium to high gain antennas as RF transceiver components that enable the 

communications between sensors and readers. All these elements are integrated in a 

synergetic design process to develop a complete sensing device. 

     Figure 1-7 provides a detailed illustration of the overall thesis aim and the tasks undertaken 

to accomplish the goals of the thesis. It is evident that the proposed sensing system requires the 

integration of different types of RF/microwave devices along with various smart materials.  

     Alongside the first and foremost research goal of designing a few novel tag and sensor, this 

research project also aims to design several high bandwidth antennas that can be assimilated 

into the reader or sensing devices. These antennas ultimately work as a component of the RF 

transceiver, though the implementation of the complete system in terms of transceiver circuitry 

is beyond the scope of this thesis.   

 

Figure 1-6. Application area based classification of prospective design elements for thesis goal 

accomplishment. 
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Figure 1-7. Tasks undertaken to fulfil the overall thesis aims.            

     Some of the designed antennas such as the long transmission line based Super Wide Band 

(SWB) antenna, function as the integral parts of the sensing devices. By integrating long 

transmission lines such as meander line with a high bandwidth SWB antenna, the sensor can 

be made to operate in the time domain. This project also offers a number of resonating elements 

that could be utilized to design the high quality factor frequency domain based tags or sensors.          

     Benefits of the EM transduction based chipless RFID sensor over traditional sensors include 

its lower cost, lightweight, robustness and lower radiated power. The abolition of a battery and 

IC provides this type of sensor with a maintenance free operation. Due to their potential 

benefits, chipless RFID sensors have a great promise to penetrate different sectors including 

agriculture, retail, SHM and many more. This solid prospect with significant commercial 

potentials prompts the strong motivation to envisage a research project on EM transduction 

based chipless RFID sensor for IoT.  
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1.7. Original Contribution1.7. Original Contribution1.7. Original Contribution1.7. Original Contribution    

The specific research activities carried out to accomplish the objectives of this thesis have 

yielded the following novel contributions:  

1. A comprehensive review and critical analysis on electromagnetic transduction based 

chipless RFID sensors is performed. The review highlights the basic limitations of the 

existing commercial sensors for several IoT application sectors and the potential of EM 

transduction based chipless RFID technology to overcome these limitations. The 

comprehensive review provides the niche area and frameworks of the proposed research. 

The literary outcome of the review is a high quality Q2 journal paper in the IEEE 

Microwave Magazine [46].    

2. A novel approach to design and implement an inexpensive and fully printable chipless 

RFID moisture sensor based on time domain reflectometry (TDR) is proposed. A 

theoretical analysis on the TDR based sensor is conducted to determine its relevance with 

the conventional lumped network elements [49]. 

3. The design of a frequency domain moisture sensor based on a gap coupled resonator and 

smart material PES along with ID generating circuit is proposed. This eventually 

provides an innovative multi-parameter system which incorporates the combination of 

tag and sensor together.  

4. An interdigital capacitor based leaf wetness detector fully printed on paper is designed 

and implemented. The experimental analysis of the designed sensor is also illustrated to 

prove its efficacy.  

5. The design and experimental analysis of a simple monopole probe based soil salinity 

sensor is offered. The proposed sensor is able to distinguish between different salinity 

levels in soil that impact the plant growth. It can also differentiate moisture change (at 

non-saline condition) from salinity content variation* [50]. 

*These works were carried out during the author’s visiting research studentship at MIT Auto-ID Labs, USA. 
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6. A novel high resolution crack sensor based on TDR technology which can be used for 

detecting and monitoring the opening and growth of a crack in buildings and public 

infrastructure is designed and experimentally analysed. This sensor is designed using a 

SWB antenna with long transmission line that facilitates the detection through TDR [51].  

7. Design of a novel frequency domain based “Smart Skin” sensor for non-discretised crack 

monitoring along with moisture ingress detection ability is proposed. This sensor is made 

of cascaded split-box resonators and can offer an uninterrupted detection of crack through 

its specialized structure that is highly sensitive to any external deformation. The proposed 

sensor also has the ability to locate multiple structural deformation simultaneously*. 

8. A smart material based real time temperature sensor is designed and experimentally 

analysed. The temperature sensitive smart material Barium Strontium Titanate (BST) 

ceramic is manufactured and its RF characterisation is also performed*.    

9. A novel thermal expansion technique based temperature sensor is introduced. This sensor 

is designed based on a flying bird shaped dipole resonator which incorporates a low cost 

UHF IC to enable chipped RFID based sensing. The same sensing structure is also 

analysed at the chipless RFID domain to validate its operability as both chipped and 

chipless sensors*.  

10.  Design of low cost high data capacity chipless RFID tags on flexible substrates is 

proposed [52]. Such tags allow the detection of different IoT enabled products and 

sensors positioned at various locations. For example, in an agricultural site, they can be 

used to detect the position of the sensors and hence the particular location of the installed 

sensors can be easily identified. These tags are able to contribute even beyond the 

periphery of agriculture and may bring new opportunities in other applications including 

retail, supply chain, transportation and many more.   
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11. Different antennas for RF transceiver on various low cost and printable substrates which 

can be attached to the designed sensors and tags are proposed and experimentally 

analysed [53].  

12. The designed super wide band antennas are able to cover a huge bandwidth and thus they 

are suitable for different applications requiring different frequency range. This antenna 

has the ability to serve the purpose of a reader antenna for several RFID sensing 

applications. The SWB antenna is a great addition to the antenna community as it offers 

the most optimized compact size with maximized achievable bandwidth [54].    

    To date, the above original contributions to the field of research have generated (i) 1 refereed 

journal paper of high impact factor and (ii) 12 refereed conference papers. A full list of 

publications can be found on List of Publications section.  

1.8. Thesis Outline1.8. Thesis Outline1.8. Thesis Outline1.8. Thesis Outline    

      The research embodied in this thesis is divided into ten chapters. Each chapter aims to 

provide a smooth transition from the start of the research to its final goal. A brief outline of this 

thesis is illustrated in Figure 1-8.  
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           Figure 1-8. Organisation of the thesis. 
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       The first two chapters introduce the context and background followed by a literature 

review that portrays the research problem. The core of this thesis lies in Chapters 3 to 6 where 

Chapters 7 and 8 demonstrate how RF based novel technical designs and smart materials are 

integrated to offer a chipless RFID sensing based solution towards the research problem. 

Chapter 9 provides an insight to the development of a smart reader for the sensing system in 

order to bring a completeness to the thesis, though the actual reader development and signal 

processing is beyond the scope of this PhD project. Finally, Chapter 10 draws a conclusion to 

the thesis and provides the future directions and recommendations.      

Chapter 1. Introduction  

     This chapter comprises the overview of the research. It illuminates the research motivations, 

goals, proposed solution to the research problems and contributions followed by the thesis 

outline. Firstly, the concept of Internet of things (IoT) followed by its socio-technological 

impact and technical architecture are introduced. Thereafter, the key application areas of IoT 

are briefly discussed to obtain the research problem of this thesis. Hence the solution in terms 

of EM transduction based chipless RFID technology is proposed and a brief illustration of this 

technology is provided. A clear vision on the thesis objectives and a task plan to accomplish 

them is then delineated.  

Chapter 2. Literature review 

      A comprehensive literature review on the underprivileged IoT application areas such as 

precision agriculture (PA), Smart Buildings and Retail, state of the art sensors used in these 

areas, limitations of these commercial sensors and state of the art EM transduction based 

chipless RFID sensors reported to date are presented in this chapter. The limitations of existing 

commercial sensors and the high potentials of chipless RFID sensors in the above mentioned 

application areas eventually result in the motivation for this research.  
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Chapter 3. Smart RF and Microwave Design-Antennas 

       Chapters 3 and 4 combine to present the design of passive RF and microwave devices 

comprising different antennas and resonators. Chapter 3 mainly focuses on the design of 

different types of antennas to be integrated with the designed sensors and tags. Some of these 

antennas can also be used as the sensing elements directly. This chapter also describes the 

simulated and experimental results of SWB antennas that are designed to be used as a radiating 

and receiving part of the RF transceiver system.  

Chapter 4. Smart RF and Microwave Design-Resonators 

Chapter 4 continues the illustration of proposed RF and microwave components design. This 

chapter focuses on the design and analysis of passive resonators. These resonators are generally 

used as the ID generation circuit or tag while some of them are combined with antennas or 

smart materials to form sensors. A number of structures including spiral, split box, interdigital 

capacitor, and monopole and flying bird shaped dipole are investigated hereby. These 

structures are often used to design low cost chipless RFID tags and sensors on paper and plastic 

substrates. 

Chapter 5. Smart Materials 

       Chapter 5 provides the detailed characteristics of the different sensing smart materials used 

in this thesis. It investigates the manufacturing process of temperature sensitive material 

Barium Strontium Titanate (BST) and describes the step by step formation of the BST film. It 

also describes the RF characterization of this material along with a detailed review on the 

moisture sensitive thin film Polyether Sulphone (PES).  

Chapter 6. Chipless RFID Sensing System 

      This Chapter provides a generalised overview of the chipless RFID based sensing scheme. 

It illustrates the idea of integrating different antennas, resonators and smart materials to form 

the entire sensing system. It also discusses about communicating the sensor extracted data to 

the outside world. 
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Chapter 7. Time Domain Based Sensors 

        Chapter 7 presents the design, integration and experimental results of the time domain 

based chipless RFID sensors. It demonstrates the analysis of super wide band (SWB) 

technology based high resolution crack sensor that works on the basis of Time Domain 

Reflectometry (TDR). It provides a comparative study between the SWB and UWB based 

sensors to explain the superiority of the SWB technology. This chapter also provides a detailed 

analysis on the TDR based soil moisture sensor. It includes a theoretical study followed by the 

simulation and experimental results. For these TDR based cases, the straight or meander line 

transmission lines are integrated with either UWB or SWB antennas to design the sensor. 

Chapter 8. Frequency Domain Based Sensors 

      This chapter describes the design, integration and experimental analysis of different 

frequency domain based sensors. The interdigital capacitor based gap coupled resonator is 

integrated with smart material PES to provide a moisture sensor. This sensor also has an ID 

generating circuit assimilated with the sensing structure. A paper printed version of this sensing 

resonator is utilized as a leaf moisture sensor and its experimental results are portrayed in this 

chapter. Likewise, a detailed analysis on the design and experimental results of a monopole 

antenna based soil salinity sensor is described here. The gap coupled IDC resonator is also used 

as a temperature sensor by integrating BST ceramic into it. Additionally, Chapter 8 provides 

the simulated and measured results analysis of the temperature sensor based on materials with 

different thermal expansion co-efficient such as zinc and copper. In order to offer crack sensing 

in the frequency domain, a split box resonator based tag is designed in an intelligent manner 

so that this sensor can provide a contiguous detection of any structural deformation.  

Chapter 9. Reader for Chipless RFID Sensing System 

       This chapter provides the completeness of this thesis. It describes the reader architecture 

for the chipless RFID sensing system. It also provides an overview on the design process of a 

smart reader although the practical implementation of the reader is beyond the scope of this 
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thesis. Additionally, a brief discussion on the FMCW RADAR based interrogation technique 

to increase the reading distance is illustrated here. 

Chapter 10. Conclusion and Future Works 

        A brief summary of the research background, initial objectives set for addressing the 

research gaps, and tasks accomplished in the previous chapters to achieve the thesis aims are 

discussed hereby. It presents an IoT application area wise distribution of the designed tags and 

sensors, demonstrated in the previous chapters. It takes a closer look at the commercialization 

potential for these smart devices. It also describes the research contributions along with the 

closing remarks to conclude the thesis. Finally, recommendations about future research 

directions are made to highlight the potential realisation of IoT industry savvy chipless RFID 

sensors, calibration of such sensors, RFID reader development and improvement in reading 

distance. 
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Chapter 2Chapter 2Chapter 2Chapter 2 . Literature Review . Literature Review . Literature Review . Literature Review     

2.1. Overview2.1. Overview2.1. Overview2.1. Overview    

 
      Sensors are the fundamental components that enable the Internet of Things. These are the 

very elements that provide connectivity among different devices and systems across various 

industries. The smart sensors used in IoT can identify and locate items. They can also detect 

any events or changes in their physical qualities along with environmental conditions. Chapter 

1 provides a brief introduction on the emergence of IoT and its subsequent impact on everyday 

life. It also illuminates at the inevitability of sensors for the key IoT application areas followed 

by their impediments that eventually open up the research gap of this thesis.   

      This chapter presents a comprehensive review on some selected IoT application areas 

(precision agriculture, smart buildings and home automation, retail and supply chain) that 

receive lesser attention in terms of industrial projects. It discusses the commercial sensors used 

in those application areas along with their deployment necessities.1              

It also caters for an in depth analysis on the limitations of these sensors that cause the specified 

application areas to receive lesser traction. This analysis provides the motivation for research 

on EM transduction based chipless RFID sensors as a potential solution in this regard. A 

detailed study on the most recent developments of these sensors are delineated here and this 

prompts the stimulus towards adopting them as a replacement of the current commercial 

sensors in site specific crop management, structural health monitoring as well as retail and 

supply chain industries. The contents of this chapter are summarized in Figure 2-1.      

2.2. IoT Application Areas2.2. IoT Application Areas2.2. IoT Application Areas2.2. IoT Application Areas    

     As mentioned earlier, this thesis focuses on some particular IoT application areas that are 

still in their infancy in terms of industrial project uptake. These areas, namely precision 

agriculture, smart buildings and home automation as well as retail and supply chain have great 

potential to become the leading industries that embrace IoT. A detailed illustration of each of 

these sectors are depicted in the subsequent sections.    



28 

 

            

Figure 2-1. Contents of literature review chapter. 

2.2.1. 2.2.1. 2.2.1. 2.2.1. Precision agriculture     Precision agriculture     Precision agriculture     Precision agriculture         

  

     PA can be defined as the usage of each field according to its capability and treatment of 

each acre according to its needs. The goal of precision agriculture is to augment the inputs for 

agricultural production according to the capability of the land [16]. The incorporation of 

technological advancement into agricultural production system can help the farmers and 

agronomists to achieve this goal. The adoption of global positioning system (GPS), 

geographical information system (GIS), mobile computing and various in-field and remote 

sensing systems enables the agricultural industry to gather more comprehensive information 

on production variability in both space and time [55, 56]. A variety of sensors and instruments 

are used to collect this information such as the soil properties and nutrients, moisture content, 

soil texture, density, mechanical strength, soil crack and stress, temperature, electrical 

conductivity, soil chemical properties-pH, salinity, soil depth and so on [18]. The impact of 

precision agriculture is manifold. From the farmer’s perspective, the primary impacts of PA 

Research Motivation: Limitations of Commercial 
Sensors in Specified IoT Application Areas 

Specified IoT Application Areas and State of the Art Sensors Used 
(Precision Agriculture, Smart Buildings and Home Automation, 

Retail and Supply Chain) 

State of the Art Chipless RFID Sensors (Crack, 
Strain, Gas, Pressure, Humidity, Temperature) 

Proposed Research  

Conclusion 

Proposed Solution: EM Transduction Based 
Chipless RFID Sensors  



29 

 

are profitability and more proficient use of production inputs along with the usage of 

information technology to enhance the size and scope of farming operations without increasing 

labour requirements. Furthermore, precision agriculture offers improved site selection and 

control of production processes and thus helps in the production of specialty products. It also 

enables improved recordkeeping and production tracking for food safety. In addition to such 

benefits, the site-specific management also offers a positive environmental impact. Since PA 

provides precise or targeted application of inputs such as nutrients, pesticides, and irrigation 

water, it significantly reduces the usage of agro-chemicals and ensures uniform irrigation 

practices to optimize the use of water [16, 18]. Water is not a limitless resource and therefore, 

it is extremely important to adopt the water conservation efforts. Throughout the ages, people 

have established policies for water conservation and wise utilization. During Indus Valley 

civilization, Indians were very efficient in the conservation of water and built thousands of 

water reservoirs on the banks of Indus and Swaraswati rivers [57]. Indigenous Australians were 

also knowledgeable about the conservation of water dating back to 6000 BC. They built at least 

18 dams in South Australia, Western Australia and north-western New South Wales [58]. The 

agricultural sector is by far the largest user of Australia's water resource, and accounts for 

nearly two-thirds (65%) of Australia’s total water consumption. Mere 10% water saving in that 

sector is equivalent to one-third of the total water use (16%) by Australia’s capital cities for 

drinking, in homes and gardens, manufacturing and mining [59].  

       In developing countries such as India, Indonesia and China, farmers use approximately 

70% of available water resources for irrigation [20]. With high population growth, increased 

life expectancy and demands for affordable high quality food, the developing world needs to 

increase agricultural productivity if it is to ensure food security [60]. All these factors demand 

increased water usage efficiency in the agriculture sector. In recent years, Australia has 

experienced thirteen years of drought. Cyclones, tsunamis, bushfires, heavy rains, flash floods 

and landslides also create unforeseen challenges in farming. Consequently, there has been a 
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paradigm shift to use appropriate water policy to meet these challenges. Irrigation and water 

management have severe impact in farmers’ social and economic status. In India, local farmers 

acquire land lease, seeds, fertilizers, equipment with credits from local lenders with high 

interest rates. Crops failures due to drought, climate change, paste/diseases and floods force 

farmers to face adverse situations such as increasing debts, and eventually provoke them to 

commit suicide due to financial and social pressure. A recent ABC 7.30 Report also covered a 

story of similar incidences for cattle farmers at drought affected areas in Northern Queensland 

and NSW. The rate of committing suicide due to crop failure is very large (tens of thousands) 

in India [61]. Therefore, proper management of water and forecasting of water usage through 

profiling of environmental data in farming is vital for socioeconomic, political and 

environmental aspects.  

2.2.2.2.2222....1.1. 1.1. 1.1. 1.1. State of the Art Sensors useState of the Art Sensors useState of the Art Sensors useState of the Art Sensors used in Precision Agriculture      d in Precision Agriculture      d in Precision Agriculture      d in Precision Agriculture          

 
     A variety of sensors are used in PA to help farmers and agronomists to make the best 

decisions with regard to planting, fertilizing and harvesting crops. Figure 2-2 portrays some of 

the most widely required sensors in this site specific crop management scheme.  

2.2.1.1.1. Soil Moisture Sensor2.2.1.1.1. Soil Moisture Sensor2.2.1.1.1. Soil Moisture Sensor2.2.1.1.1. Soil Moisture Sensor    

 
Knowledge of  soil moisture profiles at high resolution are critical for efficient irrigation 

scheduling and cropping practices, improved weather and flood forecasting, sustainable land 

and water management, to name just a few [62]. Water policy requires a detailed spatial and 

temporal soil moisture monitoring system. Researchers at universities, research organisations 

and industries conducted pilot projects using commercially available state-of-the-art sensors.  

 

Figure 2-2. Sensors used in PA. 
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     Figure 2-3 shows a commercial soil moisture measuring sensor SM200 by Dynamax Inc, 

USA. This sensor is used by Balendonck et al [63] in a pilot project in Italy for nursery plant 

irrigation system. As shown in Figure 2-3, the sensor has two-prong probes. The sensor is 

hermitically sealed in a black plastic bottle container with electronics in it. The two prongs 

come out from the bottom side of the container and an IP68 connector is coming out at the top 

side of the container. The total length of the sensor is approximately 140 mm. The cable is 

connected to a digital RF transceiver CC1000 from Texas Instrument Inc. USA. The digital RF 

transceiver module sends data to a data logger via an antenna at 100 MHz carrier frequency. 

The transceiver can transmit signal up to a distance of few meters. Overall the sensor node is 

hardwired in modular form (meaning sensor is connected to the RF transceiver via cable 

assembly). As stated by Balendonck et al the commercially sensors nodes are expensive and 

cost US$ 300-600 and hardwired with RF transceiver and bulky. These sensors have an 

expected lifespan of maximum 10 years. Sahota et al propose an energy efficient sensor 

network protocol for precision farming at 2.45 GHz in [64]. However, they are also too 

expensive for farmers of small scale farming lands to afford [22].  

 
Figure 2-3: SM200 soil moisture sensor [63]. 
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2.2.1.2.2.1.2.2.1.2.2.1.1.2. Leaf Wetness1.2. Leaf Wetness1.2. Leaf Wetness1.2. Leaf Wetness    SensorSensorSensorSensor    

       

      Leaf wetness indicates the presence of water on the surface of a crop canopy. It is mainly 

caused by the intercepted water during precipitation or fog, excessive irrigation and dew [65]. 

The leaf wetness level is a good indicator of the water status in the whole plant. Information 

about water availability in plants helps researchers to have a better understanding of the causes 

of drought [66]. It also helps farmers to control the irrigation process by figuring out if the 

crops need water and the required amount [67]. The leaf wetness is a significantly important 

parameter for photosynthetic performance analysis and hence it can provide critical 

information about a plant’s health [66]. The presence of excessive moisture on the leaf surface 

often results in the germination and sporulation of many fungal diseases that affect plants. A 

proper insight on the level and duration of leaf wetness enables the farmers to assess the 

appropriate time and areas for using preventive measures such as fungicide application [68].  

      The leaf wetness sensors facilitate a direct measurement of plant hydration which can 

effectively and potentially replace its indirect estimation via soil moisture or air temperature 

sensors. Such efficient measurement prevents the damage of plants and helps the augmentation 

of crop growth while saving water resources. [69, 70]. The Decagon dielectric leaf wetness 

sensor shown in Figure 2-4 mimics the moisture condition of a real leaf by closely 

approximating its thermal mass and radiation properties. Hence, this sensor can determine the 

presence and duration of moisture on the leaves precisely. 

      This enables researchers in both the ecological and agricultural sectors to have a better 

understanding of water flow mechanics, nutrient uptake and crop growth performance [70]. 

Figure 2-5 depicts the leaf moisture sensor designed by Agrihouse, one of the leading 

companies in the agro-biotechnology domain. The price range of these commercial leaf sensors 

varies from around $140-$290, which makes them difficult to be used by the farmers [71]. 
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Figure 2-4. Decagon leaf wetness sensor [70]. Figure 2-5. Agrihouse leaf sensor [71]. 

      

2.2.1.12.2.1.12.2.1.12.2.1.1....3. Soil Salinity Sensor3. Soil Salinity Sensor3. Soil Salinity Sensor3. Soil Salinity Sensor    

 
Soil salinity measurements are crucial for crop productivity in agricultural sector. Salinity is 

the measure of soluble salts concentration in soil. Sodium Chloride (NaCl) is the most common 

among all these salts; however, there are other types of salts as well that include sulphates and 

carbonates of calcium, potassium and magnesium. Growth of a particular species of plant 

requires certain salinity level in soil. The osmosis process of water into the plant roots is 

controlled by the soil salinity level; however, a highly saline soil perturbs the production of 

crops, pastures and trees by interfering with nitrogen uptake which results in dehydration of 

the plant [72]. Apart from the osmotic effect of salts in soil solution, excessive concentration 

and absorption of individual ions can also become harmful to the plants. Consequently it 

obstructs the plants to absorb the other necessary nutrients. This in turn instigates the 

requirement of a soil salinity detection sensor in the site specific crop management system [73].  

  A number of initiatives have been originated so far to develop low cost commercial sensors 

for soil salinity monitoring. However, most of these sensors are either highly expensive or 

possess an increased system complexity. They also require a large volume of soil solution to 

conduct the measurement [74]. 

  The most common way of soil salinity test is the electrical conductivity (EC) measurement 

of soil solution. Figure 2-6 shows the EC-HH-SOIL meter which measures the EC of the soil 

pore water.  
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Figure 2-6. EC-HH-SOIL meter [75]. Figure 2-7. Vernier salinity sensor [76]. 

        
     This device is designed to offer a fast and accurate conductivity measurements in soil and 

liquids. It also has the feature of responding to the adverse conditions such as, when the soil is 

too dry or when it suffers from potassium or nitrogen deficiency [75]. Figure 2-7 shows the 

salinity Sensor designed by Vernier software and technology. This sensor has the ability to 

provide an easy and precise measurement of the electrical conductivity of a solution with a 

high ion concentration. With a moderate price of $139, it can measure any aqueous solution 

with a wide range of salinities, from brackish to ocean water along with hyper-saline 

environments; however, it does not have the ability to measure salinity in soil [76]. 

2.2.1.1.4. Soil Temperature Sensor2.2.1.1.4. Soil Temperature Sensor2.2.1.1.4. Soil Temperature Sensor2.2.1.1.4. Soil Temperature Sensor    

 
      Soil temperature is also a regulatory feature in the agricultural sector. It is a key catalyst in 

vegetation growth and soil biological activity. It has a major impact on seed germination, root 

and shoot growth as well as the nutrient uptake and crop growth [77]. When the soil is cold, 

the seed may not germinate in the ground. Even if it does, it remains very weak and lack the 

strength and vigour needed to develop properly and hence becomes vulnerable of succumbing 

to pests and disease. Soil temperature also influences soil moisture content, aeration and 

availability of plant nutrients. The organic processes for nutrient availability and 

transformations are controlled by soil temperature. When soil temperatures are low, certain 

nutrients becomes unavailable or less available to plants. This is particularly true in the case of 

phosphorus, which promotes the development of roots and fruit in plants largely [78, 79]. Soil 

micro-organisms exhibit maximum growth and activity at an optimized soil temperature range. 
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All crops practically slow down their growth below the temperature of about 90C and above 

the temperature of about 500C [80]. Therefore, it is essential to identify if the soil temperature 

is suitable to the plant growth and micro-organisms related activities. A number of soil 

temperature sensors are commercially available to address this issue. 

      These sensors are designed for harsh and corrosive environments and have a fast response 

time. They typically cover a wide temperature measurement range and easy to install. They 

usually have a probe which can be pushed directly into the soil to ensure better accuracy. Some 

of these sensors are thermistor based while the others are voltage based. For the thermistor 

based sensors, the resistance is varied in accordance with the soil temperature; however, they 

use the complex Steinhart-Hart equation which contains complex calculations such as 

logarithmic and third order terms which are difficult for microcontrollers to compute. The 

voltage based sensor outputs a voltage linearly proportional to the temperature, which does not 

require any complex equations to calculate the temperature from voltage [81-83]. Figure 2-8 

shows a commercially available thermistor based 5TM soil moisture and temperature sensor 

[84]. The main drawback of these sensors lies in the fact that they are not wireless. This 

increases the installation costs due to the presence of cables and also brings complexity in the 

system. 

     There are a few wireless temperature sensors available in the market; however, they are also 

quite expensive with a price range of US$200-300. Figure 2-9 shows such a wireless 

temperature sensor by Onset [84, 85]. 

   

                            

Figure 2-8. 5TM soil temperature sensor [83].    Figure 2-9. W-TMB temperature sensor [84]. 
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2.2.2. Smart Buildings 2.2.2. Smart Buildings 2.2.2. Smart Buildings 2.2.2. Smart Buildings     

 

       A smart building is an intelligent space that augments comfort, efficacy, security and asset 

management within the building. Such versatile buildings work as a virtual gateway to integrate 

people and systems in a dynamic and functional way [86]. They are different from traditional 

buildings in terms of their ability to react to internal and external conditions. The smart 

buildings use automated processes to control the various aspects of building operations such as 

heating, lighting, air conditioning, ventilation refrigeration, security and other systems. The 

capability to monitor and control such operations empower them to be more beneficial over the 

traditional buildings. A smart building utilizes sensors in order to collect data and perform 

necessary adjustments in the operation on the basis of collected and analysed data. These 

adjustments are carried out by using actuators [87]. Equipping a building with smart facilities, 

helps the owners, operators and facility managers along with residents or organizations 

working within. This reduces energy use, optimizes how space is used and minimizes the 

environmental impact of buildings. It also makes occupants more productive with lighting, 

thermal comfort, optimized air quality and more importantly physical security [88].  

       The IoT enabled connected devices can bring revolution in the smart building based home 

automation industry. It enables an automated interaction between the user and the smart 

appliances such as washers, dryers and refrigerators as well as energy equipment such as smart 

thermostats. Home automation provides an added level of convenience to the occupants since 

the connected devices and handle more operations without human intervention. Hence, it 

enables residents to perform other tasks and ensures efficient time utilization. Several 

companies are leading the way in this industry, such as Amazon, Nest, Apple, Control4, 

Philips, August and many more. Nest has created a thermostat that uses a sensor to determine 

the time and temperature of a particular location and automatically adjusts the temperature 

accordingly.  Philips has come up with their innovative Hue Wireless Dimming Kit that enables 

lighting control using a remote dimmer and mobile app. The main hindrance of these connected 
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devices is their higher price compared to the traditional non connected devices. Therefore, in 

order to increase the usage of such devices, it is important to make them more affordable to the 

consumers [28].   

         One of the key aspects of smart buildings is the structural health monitoring (SHM). This 

thesis focuses more on this aspect rather than home automation. SHM is the process of 

implementing a damage detection and characterization strategy for structures [88]. The 

formation and propagation of cracks in civil infrastructure compromises the integrity of load 

bearing structure and causes safety concerns. It is therefore of significant importance to 

incorporate appropriate SHM systems on these structures, which rely on embedded sensors to 

provide information on the structural integrity of the components [89, 90]. SHM enables 

condition based continuous monitoring of buildings in real time by replacing the traditional 

schedule driven periodic maintenance. It also facilitates proactive responses by detecting 

damage at an early stage. The goal of SHM is to reduce operational cost and ensure public 

safety by increasing the lifetime of the structures. It eliminates expensive and potentially 

damaging disassembly while reducing the human involvement by automated data analysis [91].   

         Each civil structure is unique in terms of materials, design and construction. Bridges, 

high-rise buildings, power utilities, nuclear power plants, and dams primarily constitute the 

public infrastructure. All of these structures deteriorate with time. This deterioration is mostly 

caused by aging of materials, overloading, increased utilization due to population growth and 

lack of maintenance. Such structural degradation poses serious safety concern, requiring an 

effective SHM system to identify various flaws and monitor crack, strain, stress, and 

temperature in order to provide an optimized maintenance of the structures [92, 93]. Structural 

deterioration, design and construction error along with events such as earthquake or vehicle 

collision have caused more than 500 bridges in the United States to collapse partially or totally 

in between 1989 and 2000 [94]. The collapse of I-35W Mississippi River Bridge at Minnesota, 

USA in 2007, Nicoll highway at Singapore in 2004, Sung-Su bridge at Korea in 1994, Rana 
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Plaza at Bangladesh in 2013 show that the accuracy and reliability of structural inspections are 

truly vital [94, 95]. The adoption of SHM can provide a solution in this regard by understanding 

structural health condition and hence prevent such disastrous failure by prior detection [93].  

2.2.2.1. 2.2.2.1. 2.2.2.1. 2.2.2.1. State of the Art Sensors used in State of the Art Sensors used in State of the Art Sensors used in State of the Art Sensors used in SHMSHMSHMSHM    

       

       A typical SHM system includes three major components: a sensing system, a data 

processing system (including data acquisition, transmission and storage), and a health 

evaluation system. Most of the traditional sensing systems to monitor crack and strain requires 

lengthy communication cables to transmit the data from the sensor to the data processing 

system. Such wired SHM system incurs a high cost due to the expensive cables and 

corresponding protection pipelines. For example, the average individual cost of the sensors 

installed at Tsing Ma Bridge is around $23,000 [96, 97]. The Yeongjong Bridge at South Korea 

has deployed a SHM sensing system where the cable wiring comprises at least 50% of the 

entire installation cost [98]. The wire based system also reduces the efficiency by deploying 

miles of cables which is labour-intensive and time consuming. Such systems allow less 

flexibility due to their peer to peer nature as a particular cable usually remains dedicated to a 

single sensor. This makes it difficult to pursue any modification to the sensing system once the 

SHM scheme is deployed [93]. The above mentioned limitations have enabled the wireless 

SHM system to attain a high traction in recent times. Such systems employ wireless sensor 

networks (WSN) and sensors that have the potential to offer a low cost, efficient, reliable and 

flexible monitoring scheme for the structural health. The WSN enables the SHM system to get 

rid of the long cables and hence minimizes the installation burden and cost. The Bill Emerson 

Memorial Bridge at Missouri, USA has deployed a wireless technology based SHM system 

that costs US $1.3 million. It has a total of 86 sensors and the individual cost per sensor is 

around $15000. The new I-35 bridge at Minnesota has seen a great reduction in price by 

adopting wireless sensors. This bridge has a total of 500 sensors and each of them cost $2000 

only. This SHM potentially saves 15 to 25 percent of the long-term maintenance costs. 
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However, this is still expensive as the entire deployment cost of the system amounts to US $1 

million [97]. Furthermore, the application of SHM is not only limited to public infrastructure 

such as bridges, the IoT enabled smart buildings have even extended its application range to 

the extent of different commercial to residential buildings. Apparently, a sensor node of $2000 

does not support the SHM deployment in such buildings even if it is wireless. Therefore, it is 

of burning necessity to reduce the price of sensor nodes to a much lower level. 

2.2.2.1.1. Crack Sensor2.2.2.1.1. Crack Sensor2.2.2.1.1. Crack Sensor2.2.2.1.1. Crack Sensor    

     Crack detection is the most important facet of structural health monitoring. Cracks provide 

a direct representation of structural ageing and damage. The presence of crack reduces the 

functional stability and service life of a structure. Hence, in order to ensure structural safety, it 

is of extreme importance to identify and localize cracks.  

      There are a very few commercially available sensors that can monitor the surface cracks 

along with the structural health. Figure 2-10 shows the vibrating wire crack meter which 

provides precise measurement of crack propagation for structural and geotechnical monitoring. 

The sensor is made from high quality stainless steel and consists of a telescoping body 

incorporating a sprung tensioned vibrating wire element. Each end of the telescoping body is 

anchored at either side of the structure to be monitored. The opening or closing of crack 

changes the distance between the anchors, which causes the connecting rod to move within the 

sensor body. This eventually changes the tension on the spring and induces a shift in the 

resonant frequency of the wire [99]. 

 
Figure 2-10. Vibrating wire crack meter [99].  
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     The vibrating wire crack meter measures displacements across cracks and joints in 

buildings, dams, pipelines and structures susceptible to earthquake and landslide areas. It can 

monitor both the opening and closing of cracks or joints [99]. Another commercial approach 

to monitor crack in the structures is introduced by Senceive. They have developed the crack 

sensor nodes that are waterproof and have extremely low noise performance. They use the 

wireless technology to transmit the sensor extracted information and integrate a long life (12-

15 years) battery. The integration of such an active device increases the cost of this sensing 

system [100]. 

2.2.2.1.2. Strain Sensor2.2.2.1.2. Strain Sensor2.2.2.1.2. Strain Sensor2.2.2.1.2. Strain Sensor    

Strain is a parameter that indicates a physical deformation due to some mechanical loading. 

Strain is a critical parameter in structural health monitoring essential to many industries ranging 

from civil infrastructure, mechanical equipment to aerospace as well as agricultural 

applications. In civil structures, strain sensing is needed for safety assurance of roads, bridges, 

and building supports to avoid unexpected collapses [101]. In manufacturing processes and 

constructions, strain sensing allows the monitoring of vibration, excessive loading, and crack 

developments to be detected early [102]. Figure 2-11 depicts a commercially available strain 

meter that can monitor strain in the earth structures. The strain meter consists of two anchors 

connected by a rod and a displacement sensor. These sensors are usually linked in a series 

configuration along the axis of anticipated deformation. As structural deformations occur, the 

distance between the anchors grows or shrinks. This changes the output of the displacement 

sensor [103]. 

 
Figure 2-11. Strain meter [103]. 
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        Typical applications of this strain meter includes: monitoring horizontal strain in 

embankment dams, monitoring tension and cracks in soil as well as the strain in rock fill dams 

[103]. TML has developed Mold Strain Gauges that can measure interior strain in concrete or 

mortar. The TML strain gauges are used for physical force measurements in different industries 

including mechanical, automotive, aviation and civil engineering; however, the bulky nature 

and high cost remain as a critical issue with regard to their widespread adoption [104].  

2.2.2.2.2.32.32.32.3. Retail and Supply Chain. Retail and Supply Chain. Retail and Supply Chain. Retail and Supply Chain    

     IoT has great potential to reshape and transform the retail industry. It provides tremendous 

opportunities and room for improvement in customer service, inventory handling and supply 

chain. In order to ensure greater turnover and client satisfaction, retailers are keen to have an 

up-to-date knowledge about the goods and their location [105]. Hence, the inventory accuracy 

becomes a critical question and the retailers essentially require a true picture of inventory on 

the store shelf [106]. Being aware of the stock and placing the products at the right and 

convenient location enable the retailers to plan, merchandise, replenish, attract consumers and 

eventually generate revenue. Stock counting of a store can be highly expensive and 

troublesome and therefore it is not possible for the retailers to pursue this on a regular basis. 

Even if the counting accuracy is seamless at the beginning, it tends to decline consistently over 

time, which results in errors during various retail operations such as allocation, shipping and 

replenishing [107]. Retail industry often suffers from a scenario where there is a lack of 

synchronisation between the items in the store shelves and the corresponding inventory. 

Consequently, it creates a multitude of issues such as lost employee efficiency, mishandled 

stocking and suboptimal inventory management. It also causes the shopfloors to have empty 

shelves despite the presence of products at the store inventory [106]. 

     These issues can be resolved with IoT enabled devices that establish a synchronization 

between the shopfloor and the actual inventory. In this regard, tech-savvy retailers are 

deploying technologies such as sensors, beacons, smart displays, digital price tags and high 
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resolution cameras to form an interlink between the two [106]. The sensor enabled smart 

shelves can identify when the inventory is running low and the RFID tags are able to track 

goods all through the supply chain. The use of different types of environmental sensors allow 

the traders to even monitor the quality of perishable items [105].  

        Supply chain refers to the system of organisations, people and activities that are involved 

in the moving and transformation of raw materials into finished products from manufacturer to 

consumer. Here, the term “chain” involves a complex web of suppliers, sub-assemblers, 

manufacturers, distributors and logistics providers that play the key role in the entire 

transitional flow [108]. The success of a supply chain is significantly dependent on 

its degree of transparency. Adoption of IoT facilitates the organisations along the supply 

chain to track its contents, shipment date and temperature along with its accuracy. Sensors 

embedded all through the supply chains – in vehicles, wearables, machines, store shelves, 

warehouses, apparels, drones, industrial robots and shipping containers, substantially reduce 

the number of errors in the chain and they allow involved parties to acquire information about 

the chain anytime and anywhere [109, 110]. Industrial manufacturers are very much keen to 

take advantage of IoT enabled sensors for tracking and tracing their finished goods [106].  

2.2.2.2.2222....3.3.3.3.1. Stat1. Stat1. Stat1. State of the Art Devices used in Retail and Supply Chaine of the Art Devices used in Retail and Supply Chaine of the Art Devices used in Retail and Supply Chaine of the Art Devices used in Retail and Supply Chain    

 

      A retail ecosystem incorporates many types of devices including identification tags based 

on RFID, sensors based on Near Field Communication (NFC), Bluetooth Low-Energy (BLE) 

and location-based technologies like GPS or real-time location systems (RTLS). It also uses 

technologies like bar codes, electronic article surveillance (EAS), video and point of sale (POS) 

systems as well as various application-specific sensors [111]. To obtain a clear picture of the 

supply chain, retailers are emphasizing a lot on transportation and warehousing assets.  They 

are also constantly looking for ways to leverage IoT technologies such as RFID to track and 

trace products in a better way throughout the chain [106]. This thesis highlights more on the 
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product identification and environment monitoring aspects of retail such as temperature 

sensing.  

2.2.3.1.1. Temperature Sensor2.2.3.1.1. Temperature Sensor2.2.3.1.1. Temperature Sensor2.2.3.1.1. Temperature Sensor    

 

     Perishable products monitoring has a remarkable significance in the retail industry. These 

delicate items such as frozen food, fresh meat, fish and flowers are required to be preserved 

under ideal ambient conditions in order to prevent a rapid quality degradation over time. This 

degradation can be caused by both internal (within the item) and external (temperature, gas, 

package, humidity) conditions of the items [112]. Hence the maintenance and distribution of 

such items pose a great challenge to retail and supply chain management.  

      Spoilage due to expired products or perturbed cold chains result in a significant financial 

loss for both retailers and suppliers. The loss of perishable products are responsible for about 

56% of shrinkage in superstores, which costs them billions of dollars in the US alone each year 

[113]. The spoilage also hampers the customer loyalty in a big way. Therefore, the quality 

control of such products becomes absolutely vital and the change in temperature conditions 

during transportation from manufacturer to the store remains as one of the most important 

factor in this regard. In order to prolong the remaining shelf life of perishables, an ideal level 

of temperature must be maintained throughout the supply chain [112]. Such temperature 

tracking is quite an eminent issue in the retail industry for a long time [114]. For example, 

Confectioners such as Cadbury and Hershey's need to ensure that their products are transported 

at an optimum temperature all through their journey to retail outlets. This prompts such 

companies to use different types and ranges of temperature sensors that are commercially 

available in the market [106]. 
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Figure 2-12. TransiTemp-EC data logger [115]. Figure 2-13. PhaseIV temperature sensor [116]. 

                                          
     Figure 2-12 shows the TransiTemp-EC temperature data logger by MadgeTech that can 

measure and track temperature of perishable products during transit through supply chain. It 

can provide a temperature monitoring range of -200 C to +700 C and it makes data retrieval 

quick and easy. However, this sensor requires a wired connection for collecting data and it is 

usually quite bulky and expensive for a lot of applications [114, 115]. Figure 2-13 shows an 

RFID based sensor with higher temperature range (-400 C to +1250 C) designed by Phase IV 

Engineering Inc. This wireless sensor can be used for monitoring the temperature in grocery 

refrigerator, supermarkets, warehouse and many other sectors. However, a high price that 

amounts to $385, restricts its widespread adoption [116].  

2.2.2.2.2222....3.13.13.13.1.2. Tracking and Identification .2. Tracking and Identification .2. Tracking and Identification .2. Tracking and Identification     

 

     Tracking and tracing of products is an integral part of modern retail industry. This allows 

retailers to obtain a greater inventory accuracy and reduce out of stocks which ultimately results 

in a profit margin growth. A number of different technologies are used to tag the products 

across the industry; however, the barcode and RFID based tags are ones that have gained much 

traction thus far.  

     Barcode was first commercially used in 1974. It is a line of sight based identification 

technology that encodes data by varying the width and spacing of a printed pattern comprising 

light and dark (mark & space) elements. A laser-reader is used to scan and read the encoded 
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data in printed elements. Up to now barcode is the most widely used identification method in 

numerous applications relating to product tracking, management and logistics. This is because 

of their high information density and low-cost as well as the on-demand printability over the 

items for individual cost of only fractions of a cent. This technology, however, has some major 

limitations. It has a limited reading range and in order to scan the printed patterns, it requires 

"line-of-sight", which means that it needs human involvement for operation. This restricts the 

prospect for automatic real time identification of multiple barcodes [30, 117].   

     RFID offers tremendous advantages over barcode in terms of automatic identification. It 

enables simultaneous scanning of multiple tags with a longer reading distance. The ASIC 

integrated RFID tags do not require any human intervention for operation since they can be 

read even at a non-line of sight situation. This allows the technology to detect items even if 

they are placed inside a case or behind other products in the store shelves [118]. RFID helps 

retailers to have an accurate real-time understanding of the inventory and thus synchronises it 

with the displayed items in the store. This in turn enhances employer efficiency and reduces 

mishandled stocking [105]. Major retail chains such as Wal-Mart and Macy’s in the US and 

Coles-Myer in Australia are increasingly adopting RFID and slowly getting rid of the 

dependence on barcodes for product tracking [119-121]. Figure 2-14 shows a chip integrated 

UHF RFID tag developed by Alien Technologies. This is one of the most widely used general 

purpose tags with a high data capacity [122]. When purchased in bulk, such commercially 

available tags cost around US$ 5-15 cent [123]. For a variety of applications and inexpensive 

products, this is often not low enough for widespread implementation and therefore, cost 

reduction still remains a burning issue for RFID technology [108, 124]. 

 

Figure 2-14. UHF chipped RFID tag [122]. 
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2.3. Research Gaps and Motivation2.3. Research Gaps and Motivation2.3. Research Gaps and Motivation2.3. Research Gaps and Motivation    

     This section presents an exhaustive analysis on the limitations of commercially available 

sensors for the specified IoT application areas together with a solution based on EM 

transduction based chipless RFID sensors. It focuses on the motivation for adopting this 

research work followed by a detailed investigation on chipless sensors available in the literature 

to date.  

2.2.2.2.3333....1.1.1.1.    Limitations of Commercial Sensors Limitations of Commercial Sensors Limitations of Commercial Sensors Limitations of Commercial Sensors     

 
      From the analysis depicted in the earlier section, it can be stated that almost all 

commercially available sensors have the following common features shown in Figure 2-15: (i) 

expensive, (ii) equipped with modular nodes with a separate sensor which is wired to RF 

transceiver; this assembly makes the node inflexible and needs assembly times to put the sensor 

in the ground and RF transceiver on a pole with hardware assembly (iii) nodes need local 

battery packs to energise the sensor probes and the RF transceivers (iv) needs an expensive 

data logger unit and (v) needs many large battery packs to energise the whole system.  

      The practical way to provide production, environmental and even physical variability data 

across a farm, building or retail outlet is from motes, also known as wireless sensor nodes 

consisting of high data processing capability. A wireless sensor network comprises: (i) a 

wireless sensing device; (ii) a radio frequency (RF) transceiver, (iii) a microcontroller or on-

board computer and (iv) a power supply unit. This network can perform functionalities such as 

self-organizing, self-diagnostics, and self-corrective DSS [18].  

 
Figure 2-15. Common limitations of commercially available sensors. 
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      The apparent advantages of a wireless sensor network are: (i) fast deployment and easy 

installation as no wire and harness are used in signal transmission, (ii) reduced installation cost 

with no wiring requirement (wiring cost in installation per sensor can amount from US$130 - 

650 per meter, and adopting wireless technology would reduce the cost from 20% up to 80%), 

(iii) Efficient control of equipment such as utilization of sensor mounted sprinklers for 

monitoring environmental such as moisture contents in soil. This can save thousands of dollars 

even for a small scale farm while for large farms, this saving would amount to millions [18], 

(iv) Wireless sensors allow monitoring dangerous, hazardous, harsh and unwired remote areas 

and locations that are not possible to monitor otherwise. (v) Flexible extension of network 

which enables a wireless sensor network to provide advantages of upgrading and expansion of 

a sensing system all over the area under consideration. (vi) Wireless sensor network can be 

available to the consumers including construction firms, retailers and farmers via Wi-Fi, 

ZIGBEE, wireless local area network (WLAN), and wireless personal area network (WPAN). 

These wireless technologies facilitate them to monitor the environmental and physical data 

remotely sitting at homes and offices as well as to make decisions. Due to the above advantages, 

uptakes of wireless sensor networks are being envisaged by research institutions and industries 

in agriculture, SHM and food security.  

        However, the main hindrance of a sensor network is the cost of the sensor nodes and the 

readers. These nodes are used in large quantitiesmany hundreds to many thousands 

depending on the sizes and numbers of the areas or items to be monitored. Unless the cost of 

the sensor nodes gets reduced to an acceptable level (e.g. a US dollar will be an optimum 

benchmark), the deployment of such sensor networks will remain extremely limited and in 

particular, only the large industries would be able to take advantage of WSN, where the 

economy of scale to implement current off the shelf sensor nodes may be feasible to some 

degree of extent. This is the precise reason why some IoT enterprise projects are receiving 

better attention than others.  
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       The main cost of the WSN lies in the sensor nodes that are attached to the product items 

or deployed in the building structure or farming fields. For example, the end user price of a 

wireless sensor node is approximately US$ 100-400 and an RF transceiver integrated soil 

moisture sensor used in PA may cost around US$ 300-600 [63]. For an open field farming size 

of 10-100 hectares, more than 1,000 nodes are required. Being a highly input intensive 

environment, for medium to small size greenhouses and container crops in nurseries, the sensor 

node requirements increase 10 to 100 times per ha. Thus, the cost easily exceeds many 

thousands to many tens of thousands of dollars. Therefore, the cost of sensor deployment 

becomes a significant issue in farming. The same scenario persists for the other application 

sectors as well. It is interestingly observed that in the developed world many research works 

on wireless sensor projects for agriculture, retails, civil aviation and many other applications 

were initiated during 2006-7 and stalled due to high price tags of sensors. Only in recent years, 

with the advent of relatively lower cost sensors, industries are cautiously thinking to retry this 

technology in new perspectives. However, the take up is very slow due to high price tags and 

inauspicious economy of scale for implementation cost and return of investment (RoI). As a 

result, the utilization of wireless sensors in agriculture, retail and SHM is still in its infancy.  

2.2.2.2.3.23.23.23.2. . . . Research Research Research Research MotivationMotivationMotivationMotivation    

 

       The EM transduction based Chipless RFID sensors are quite compatible with harsh 

environments and offer a pretty high interrogation distance since it does not go through any 

electromagnetic wave conversion loss unlike the surface acoustic wave based sensors [125]. It 

can be operated at high frequencies (2.44 GHz-60 GHz) which mean the sensors can be 

designed with a compact dimension. In addition, the energy propagation characteristics at these 

frequencies potentially enable many benefits such as excellent immunity to interference and 

high security, resulting in significant reduction of the complexity and cost of the sensing system 

[126]. This type of sensor also meets the need for lightweight, flexible and durable wireless 

RFID enabled sensor nodes by enabling the use of a great choice of materials.  



49 

 

     Due to the inadequate acceptability of the currently available commercial sensors in IoT, a 

new approach towards designing of low cost, passive and fully printable sensor nodes has 

become a burning necessity. The electromagnetic transduction based chipless RFID sensors 

can be a tremendous answer to this constraint. This type of sensor has quite high energy 

autonomy as it has no chip or IC embedded. The absence of IC or battery also makes it 

compatible with harsh and remote environments and hence enables the sensors to be placed 

behind bars, inside closed cartons, or even buried into the ground. Chipless RFID sensor allows 

the sensor nodes and RF transceivers to be integrated together, which makes it immune to 

interferences and surrounding noise. Therefore, robust communication can be established 

between the sensor and remote data logger units/readers. The availability of a great choice of 

materials facilitates the chipless RFID sensors to have a wide range of sensing properties which 

cover all the requirements of the IoT application areas under consideration. The existing 

wireless sensor nodes usually use the ZIGBEE protocol for the communication which does not 

have the identification ability [127]. The adoption of RFID standard provides detection and 

identification facility along with sensing and therefore enables the users to even identify the 

specific location of the object to be monitored. 

2.2.2.2.4444. . . . Proposed SoluProposed SoluProposed SoluProposed Solution: tion: tion: tion: EEEEMMMM    Transduction based Chipless RFID Sensors   Transduction based Chipless RFID Sensors   Transduction based Chipless RFID Sensors   Transduction based Chipless RFID Sensors       

      The EM transduction based chipless RFID sensor has tremendous potential with regard to 

its mass deployment opportunities in IoT. It is fully passive with extremely low cost and 

therefore, affordable to consumers across many different industries. It is printable on low cost 

plastic laminates and contains sensing smart materials on the same laminate which reduces the 

unit price to as low as to be envisaged within 10s of cents to a dollar maximum depending on 

the form factors and housing robustness of the sensor. The main cost comes from the plastic 

housing of the sensor. The chipless RFID sensor is not hardwired and therefore relinquishes 

many separate assemblies for individual sensing parameters. Since the sensor is fully passive, 
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printable and does not have any battery pack, application specific integrated circuit (ASIC) and 

microcontrollers, it does not require any maintenance. Hence, it has huge competitive 

advantages over the commercially available sensors.  

2.4.1.2.4.1.2.4.1.2.4.1.    Passive Wireless SensorsPassive Wireless SensorsPassive Wireless SensorsPassive Wireless Sensors    

 

      Wireless sensors can be classified broadly into two groups, active and passive, according 

to their working mechanism and power requirements. The passive wireless sensor can be 

further categorized into two different groups, the chipped and chipless sensor, as shown in 

Figure 2-16. The chip-based RFID passive sensor uses the modulation of backscattered RCS 

by impedance variation to detect the presence or change of a physical phenomenon. The chip-

based RFID sensor exhibits a high degree of autonomy since the chip or IC is powered by EM 

energy. The chip-based RFID sensor can offer very high accuracy depending upon the accuracy 

of the integrated transducer; however, its incompatibility with harsh environments and low 

interrogation distance (less than 5 m) has curtailed its application area to a very limited range 

[128]. SAW-based sensors generate an acoustic wave inside a piezoelectric substrate whose 

velocity is modified by changing the propagation time through the use of delay lines. This is 

currently the only commercially available chipless sensor but has the disadvantage of being 

non-planar and having a difficult fabrication process as well as low interrogation distance (less 

than 10 m) due to acoustic to EM wave conversion losses [128].  

 
Figure 2-16. Classification of passive wireless sensors [46]. 
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      The electromagnetic transduction-based chipless RFID sensor overcomes the limitations of 

the other types of passive wireless sensors and offers a high interrogation distance (up to 30 m) 

since it does not go through any electromagnetic wave conversion loss [40]. It can be operated 

at high frequencies (microwave and millimetre waves), which means the sensors can be 

compact. In addition, the energy propagation characteristics at these frequencies ideally suits 

short range communications, which allows a high degree of frequency reuse and thus provides 

very efficient spectrum utilization.  Hence, it offers many benefits such as excellent immunity 

to interference and high security, resulting in significant reduction of complexity and cost of 

the sensing system [126, 129]. This type of sensor also meets the need for lightweight, flexible 

and durable wireless RFID enabled sensor nodes by enabling the use of a choice of materials 

such as paper or plastic substrates like Mylar and Ultralam 3850 laminate. Such sensors do not 

have any battery or IC. Hence, if external contamination is prevented, they can have a very 

long life time which is in the range of decades. A wide variety of sensing properties can be 

addressed by the chipless RFID passive sensor with EM transduction as depicted in 

Figure 2-16. 

2.2.2.2.4444....2.2.2.2.    State of the Art Chipless RFID Sensors with EM TransductionState of the Art Chipless RFID Sensors with EM TransductionState of the Art Chipless RFID Sensors with EM TransductionState of the Art Chipless RFID Sensors with EM Transduction    
 

      EM transduction based passive chipless RFID sensors are employed to detect a range of 

physical quantities such as applied pressure, local temperature, humidity and gas concentration. 

Identifying these physical parameters is important in the manufacturing, biotechnology, 

pharmaceuticals and consumer goods related applications [42]. These sensors can also be used 

in structural health monitoring systems (SHM) to detect the strain and crack formation in 

aerospace, civil or architectural structure as well as precision agriculture. The absence of a chip 

in this type of sensor makes it low cost to allow large-scale deployment. This scalability 

maximizes the possibility of detection of any structural deformation. For precision agriculture, 

it is very important to have accurate information regarding the spatial and temporal variability 

of soil and crop factors within a field [18]. Hence, precision agriculture makes extensive use 
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of sensor technologies for yield mapping and prediction, soil sensing and irrigation control in 

order to address the site specific needs with spatially variable application [19]. The passive 

chipless sensors are inexpensive and therefore, affordable to farmers of one small scale farming 

lands. The chipless RFID sensor is not hardwired and therefore reduces or eliminates the need 

for separate assemblies for individual sensing parameters. Since this type of sensor does not 

have a battery pack, application specific integrated circuit (ASIC) or microcontrollers, it does 

not require any maintenance. The following sub-sections illustrate some examples of different 

chipless sensors. All these sensors are wirelessly interrogated to provide the sensing 

information and they have the potential to offer a specific ID when integrated with an ID 

generation system or interrogated with FMCW radar [40, 41]. 

2.4.2.12.4.2.12.4.2.12.4.2.1. Crack Sensors. Crack Sensors. Crack Sensors. Crack Sensors    

       There have been several different approaches to surface crack detection using chipless 

RFID techniques. In [89], a short duration Ultra-Wide Band (UWB) pulse lasting only several 

nanoseconds is depicted which can detect and localize a crack by using a transmission line of 

few meters. The sensor contains a broadband antenna having a bandwidth of 1 GHz to 4 GHz 

and a meandering segment of transmission line. The sensing system known as Surface Crack 

Antenna Reflectometric Sensing (SCARS), is established on a Time Domain Reflectometry 

(TDR)-based chipless RFID technique [89].  

          Here, the reader unit transmits a broadband RF signal and measures the backscattered 

signal from the sensor. This backscattered signal consists of two prominent RF echoes 

originating from the reflection of the sensor’s antenna part (initial echo) and the reflection of 

the wave coupled into the sensor’s transmission line (secondary echo), respectively. The length 

of the sensing transmission line can be determined by the difference between these two echoes. 

If a structure associated with this sensor undergoes a crack, the transmission line gets disrupted 

and experiences a termination at a shorter length compared to the actual extent of the line. This 
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early termination of the transmission line changes the TDR distance between the above 

mentioned echoes and indicates the presence of a crack in the structure [89]. 

         Figure 2-17 shows the SCARS system along with an angled crack in the associated 

structure. This system consists of multiple sensors where each sensor obtains a discrete crack 

signature represented by A, B and C at the distance of L1, L2 and L3 respectively from the 

sensing antenna. These distinct crack points can be used to estimate the length and orientation 

of the crack pattern [89]. The shortcoming of this system lies in the fact that it can only detect 

the first occurred crack and unable to identify the occurrence of any subsequent ones.  

         Another approach to monitor the growth of fatigue cracks is reported in [130]. This sensor 

operates on the basis of the effect of crack growth on the resonant frequencies of a microstrip 

patch antenna. The effective length of the patch antenna is modified by the crack that eventually 

induces variation in the antenna resonant frequency. From Figure 2-18 (b), it is seen that as the 

crack propagates through the structure, the resonance is shifted towards a lower frequency. The 

crack tip location maintains a linear relationship with the resonant frequency shift. The antenna 

sensor can also measure the opening of the crack. Crack opening by an external tensile load 

elongates the antenna patch bonded on top, effectively increasing the geometric width of the 

antenna patch, resulting in a decrease of the frequency. However, the effect of crack orientation 

on the resonance frequency was not investigated [130]. 

 
Figure 2-17. SCARS envelope consisting of multiple sensors for detecting propagation of a surface 

crack [89]. 
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Figure 2-18. (a) Patch antenna with a crack in its ground plane.   (b) The linear relationship 

between f10 frequencies and crack tip locations [46, 130]. 

     Matsuzaki et al. have investigated the application of antenna/sensing multifunctional 

composites for the wireless detection of cracks in carbon fiber reinforced plastic (CFRP) 

structures. These structures can be modelled as antennas and sensors due to the high 

conductivity of carbon fiber. The electrical or antenna properties of CFRP structures vary with 

damage such as fiber breakage or delamination and can be monitored wirelessly at a remote 

distance. If a crack is developed in the structure, the crack interrupts the electrical current path 

and eventually reduces the structural length, increasing the corresponding resonant frequency. 

The resonant frequency shift from the intact state provides an estimation of the crack 

occurrence and location [131]. 

2.4.2.22.4.2.22.4.2.22.4.2.2. Strain Sensor. Strain Sensor. Strain Sensor. Strain Sensor    

 
      Ideally, a strain sensor should offer an unambiguous measurement of strain with high 

resolution. It needs to be accurate, quick and efficient to allow long term monitoring with little 

maintenance for public safety and economic and industrial reasons. In [45], Thai et al. have 
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presented a novel highly sensitive strain sensor based on a patch antenna loaded with an open 

loop stub that is capable of sensing strain independently in two directions. The rectangular 

patch is loaded with two stubs, each on the radiating edge of the corresponding resonant mode 

(shown in Figure 2-19). Each stub is connected to an open loop whose resonant frequency 

depends on the open gap capacitance. The open loops are loaded along x and y in order to 

modify the dominant resonant modes that are excited by the x and y-polarization, respectively.  

     Strain is measured by the deformation of the volume of the object along the strain direction. 

As strain is applied, the overall capacitance of the designed sensor decreases, which in turn 

increases the resonance frequency [132]. The novel idea of utilizing a cantilever at the gap of 

the open loop significantly improves the sensitivity of resonant frequency shifts [102]. 

The reported strain sensor has the capability of independent multidimensional sensing, 

exhibiting a sensitivity of 2.35% frequency shift per 1% strain. This prototype is fabricated on 

a Kapton substrate, which has a higher elasticity compared to the materials (steel and concrete), 

used in structures to be monitored [45].  

      A similar approach of detecting strain using resonance frequency shift was reported by 

Chuang et al. in [133]. A high quality factor one port resonant cavity is used as the sensor. A 

pulse modulated RF signal is transmitted from the interrogation system to the embedded cavity, 

which induces an EM field inside the cavity. When the incoming RF signal reaches equilibrium 

with the cavity’s resonant frequency, the maximum field is generated and produces the 

maximum received power at the detector [133]. 

 
Figure 2-19. Top view showing the design of the strain sensor [45, 46]. 
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If strain is applied to the sensor along with the enclosed structural object, a change in the 

dimensions of the cavity is induced. The longitudinal dimensional change results in a shift in 

resonance frequency which can be used to determine the applied strain [133]. 

     A different approach in strain sensing using a meander line antenna (MLA) (shown in 

Figure 2-20) operating at the UHF (868-956 MHz) RFID band is illustrated in [134]. The 

designed sensor’s shape varies with the experienced deformation under strain. The shape 

variation eventually changes the sensor’s radiation characteristics. By proper choice of a few 

geometrical parameters such as the length of the central segment of MLA and the impedance 

matching section, the sensitivity and the dynamic range of the proposed sensor can be 

characterized [134].  

2.4.2.32.4.2.32.4.2.32.4.2.3. Humidity Sensor. Humidity Sensor. Humidity Sensor. Humidity Sensor    

 

     Humidity is one the most critical parameters in monitoring food preservation, assessing air 

quality in controlled rooms and in detecting damage in walls, buildings and archives. It is also 

important to determine the moisture content in biomaterials such as paper or leaves as the 

absorbed moisture can change the properties of these materials and hence make them unsuitable 

for certain applications they are formulated for [135].  

    A microstrip ring resonator (MRR) based chipless RFID paper moisture sensor on a high 

dielectric substrate is proposed in [136]. When paper is placed on the MRR sensor, its 

resonating frequency (fr) is shifted depending upon the moisture content of the paper. The 

relative dielectric constant (εr) of the overlaid paper mainly administers this shift [136].  

 
Figure 2-20. Meander-line tag with 2N =2 turns (a) the quiet state. (b) The stretched state when 

subjected to vertical forces [46, 134]. 
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The relative permittivity, εr of dry paper is in the range of 2-3 whereas that amounts to a high 

value of 67 in case of water.  As the resonator comes in touch of the wet material, the 

electromagnetic coupling is modified compared to that of the dry paper-resonator interaction. 

Eventually, a shift in the resonant frequency is observed. [136]. 

       In [137], a cascaded stepped impedance resonator (SIR) based humidity sensor is reported 

as shown in Figure 2-21. Here, the sensing scheme is incorporated by modifying the properties 

of a single SIR of the CPW based cascaded structure. The CPW line in this particular SIR is 

coated on top by a dielectric material (Kapton HN Polyamide film) with 

hydrophilic/hydrophobic nature which indicates that the material goes through considerable 

structural reform in presence of water [138]. Hence, the thickness and relative permittivity of 

the top dielectric (superstrate) along with the bottom substrate govern the transmission 

properties of the CPW line sandwiched between them. If moisture variation occurs, the 

effective relative permittivity of the Kapton film is modified and consequently the overall 

resonant condition is altered. As a result, the resonance frequency of the sensing resonator is 

shifted to indicate the humidity change.  The paper provides only a proof of concept of the 

sensor that uses a Taconic substrate. It does not utilize any low cost flexible substrate such as 

paper or plastic [137].  

 
Figure 2-21: Proposed multi- SIR based N bit sensor integrating humidity sensing [46, 137]. 
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     A similar approach of coating the sensing resonator with a top dielectric is adopted in [139]. 

A single electric inductive-capacitive (ELC) resonator is used here to incorporate the sensing 

material. A highly moisture sensitive material polyvinyl-alcohol (PVA) polymer is coated on 

the ELC resonator as a superstrate to form the sensor while a multiple slot loaded patch 

functions as the identification tag which is depicted in Figure 2-22. 

      When the permittivity of the superstrate is changed due to humidity variation, the 

equivalent resonant circuit of the resonator is modified to cause resonance shifts. In [139], the 

preliminary design of the same ELC resonator based sensor on flexible paper substrate is 

reported. The Q factor of the resonator and maximum RCS of the backscattered signal is found 

to be lower than that of the Taconic TLX-0 substrate (with dielectric constant εr = 2.45). This 

deterioration of performance occurs due to the conductive properties of the conductive ink 

(used with paper substrate) that replaces copper conductor used with TLX-0 substrate. This 

paper uses simulation results to emulate the paper based resonator; however, the printing of 

such resonators and their measurements still remain a challenge for researchers [139]. A 

comparative study of a relative humidity sensitivity of PVA with Kapton polyamide is 

presented in [47]. During moisture absorption, PVA creates H-H bonds in the presence of water 

molecules which modify its dielectric and conductive properties whereas for Kapton, the 

internal electrical polarization is modified due to the hydrolysis effect [138]. 

 
Figure 2-22. A Fabricated ELC resonator based humidity sensing tag with PVA on top [46, 139]: (a) 

the slot monopole for data encoding and (b) the ELC resonator for humidity sensing. 
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2.4.2.42.4.2.42.4.2.42.4.2.4. Temperature Sensor. Temperature Sensor. Temperature Sensor. Temperature Sensor    

      There have been a number of chipless RFID based temperature sensors reported in the 

literature which indicates its enormous importance [140-151].  

     In [140], a spiral electromagnetic band gap (EBG) based multi-resonator tag is integrated 

with a NTC (negative temperature coefficient) thermistor to act as a temperature sensor. The 

thermistor is attached to the smallest spiral of the tag representing the highest frequency of the 

RCS spectrum.  The spectral signature at this particular frequency is modified by temperature 

variation since the resistance of the attached thermistor decreases with temperature rise. It can 

be seen from Figure 2-23 (b) that the power reflection co-efficient of the sensing resonator 

decreases with the increment of temperature. The attached thermistor restrains the sensor to 

become fully printable [140].  

A similar approach is reported in [141] by integrating a temperature sensing scheme at a 

specific spiral of a cascaded multi-resonator. A temperature dependent dielectric, stanyl 

polymide, is incorporated into the largest spiral (corresponding to lowest frequency) of the 

multi-resonator to form the sensor as depicted in Figure 2-24. A variation in temperature results 

in a change in the relative permittivity of the sensing material which induces a modification of 

the equivalent capacitance and consequently a shift in the lowest resonance frequency of the 

tag sensor occurs [142]. This shift is measured to determine the change in temperature and the 

data bits are encoded by other spirals in the cascade. 

 

Figure 2-23:  (a) An EBG based tag sensor. (b) The reflection coefficient for different temperature 

readings using NTC thermistor as the sensor [46, 140]. 
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Figure 2-24. The design of spiral resonator for temperature sensing showing (a) the top view and 

(b) the cross sectional view [46, 141]. 
        

      An extension of the conventional chipless RFID temperature sensor is proposed in [47] 

which detects the occurrence of a temperature changing event by realizing a non-volatile 

memory sensor. This sensor detects and stores the event if a particular temperature threshold 

is surpassed. The proposed sensor uses a combination of electric-LC (ELC) and U shaped 

multi-slot resonators (similar to the one depicted in Figure 2-22). A sublimate material 

phenanthrene with irreversible dielectric properties is used as the sensing superstrate to coat 

the ELC resonator. This superstrate provides the memory effect to the sensor by recording the 

temperature threshold surpassing event. When a critical temperature is reached, the relative 

permittivity of this material permanently changes and so, even if the temperature is restored to 

its initial value, the superstrate continues to exhibit an invariable dielectric constant. As a result, 

the resonator shows a permanent resonant frequency shift due to temperature threshold 

violation and it does not return to its original value with temperature restoring [47]. 

       Thai.et al have proposed a micro-electromechanical system (MEMS) based temperature 

sensor utilizing bilayer micro-cantilevers to operate at 20 GHz to 40 GHz frequency range 

[143]. The sensor consists of double split ring resonators (SRRs) which are integrated with 

cantilevers. The two layers of cantilever are made from two different materials with separate 

thermal expansion coefficients that are bonded together and positioned over the slits of the 

SRRs as shown in Figure 2-25.  
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Figure 2-25. (a) Topology of the SRRs and bimorph cantilevers (b) Frequency response of the 

temperature sensor [46, 143]. 

If the temperature changes, the length of each layer expands at different rates due to different 

expansion coefficients and the cantilever deflects with the layer length variation [143]. The 

electromagnetic (EM) fields of the resonator are mostly confined in the air gap between the 

cantilevers and the metal rings. Deflection in the cantilever results in a modification of the 

capacitance at this gap which significantly influences the overall current and induces a 

substantial shift in the resonant frequencies. The main disadvantage of the MEMS based 

sensors is their non-printable structure [143].  

2.4.2.5. 2.4.2.5. 2.4.2.5. 2.4.2.5. Other Recent Research Activities in Chipless RFID SensorsOther Recent Research Activities in Chipless RFID SensorsOther Recent Research Activities in Chipless RFID SensorsOther Recent Research Activities in Chipless RFID Sensors 

 
       A range of smart sensors and sensing systems have been proposed in [35] that have been 

developed to measure food quality, fat content in meat, leather quality assessment and 

biomedical applications such as cancer detection, agriculture and RFID based detection 

systems. Three planar passive EM sensors such as meander line, mesh and inter-digital 

capacitance are introduced here. The impedance characteristics of these three types of sensors 

reveal that the meander and mesh type sensors are inductive in nature and respond well at high 

frequencies whereas the inter-digital type has a capacitive characteristic which is more suitable 

at lower frequencies [35]. A sensing system with the ability to combine a multiple physical 

parameter sensing scheme in the same chipless RFID platform for pervasive environmental 

condition monitoring is proposed in [152]. This scheme incorporates resistive and capacitive 
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sensors whose quality factor and resonance frequency varies to emulate physical quantity 

variations such as humidity, temperature or gases. This technique also enables data encoding 

by using identification bits [152]. Such a tag sensor is a passive microwave device that uses 

intelligent polymer materials for ambient parameter sensing. A number of smart materials for 

use in different physical parameter sensing are proposed in [47]. A broad classification of these 

materials on the basis of the particular parameter to be sensed is depicted here [47].  

2.2.2.2.5555. . . . Proposed ResearchProposed ResearchProposed ResearchProposed Research    

     As delineated earlier, the main hypothesis of this PhD work is to develop flexible, low cost, 

printable and fully passive EM transduction based chipless RFID tag sensors for a particular 

range of IoT application sectors namely precision agriculture, structural health monitoring and 

retail. In order to address the research goal, a number of projects are undertaken here. The 

thesis mainly focuses on the design of sensors for the specified application areas; however, in 

order to come up with a complete sensing system, the design of different types of antennas and 

ID generation circuits (tags) along with the identification and analysis of various smart 

materials are also investigated meticulously.  

    This section elaborates the methodology to accomplish the thesis objective as presented in 

Figure 2-26.  

2.2.2.2.5555....1111. . . . Antenna Antenna Antenna Antenna Design Design Design Design     

       Antennas are the interface between the sensing and ID generating elements and the data 

logger (reader). Interrogation distance is a function of the antenna gain. Since the chipless 

RFID sensor is fully passive, no on-board signal power amplification is possible for its 

backscattered echo in response to its interrogation signal. Therefore, efficient antenna design 

augments the reading distance and minimise interference from surrounding. A variety of 

antenna design projects are proposed here. Among them, the most significant one is the planar 

circular disc monopole based compact antenna that covers a very high frequency range with a 

ratio bandwidth of more than 10:1.  
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Figure 2-26. Methodology followed to fulfil the research goal. 

This Super Wide Band (SWB) antenna is a great candidate for being used as a radiating 

component of the RF transceiver used in the sensing system. A simpler version of such high 

bandwidth antennas (with larger size) can also be integrated with resonating structures to 

provide high resolution sensing in the time domain. Some of the Ultra-Wide Band (UWB) 

antennas are integrated with high data capacity tags and designed on low cost plastic and paper 

substrates. These antennas function as both transmitting and receiving aerials and hence enable 

the tags to communicate with the reader. The proposed narrowband antennas based on 

monopole probe, microstrip patch and different forms of dipoles are directly used as sensing 

devices for various applications.  

2.2.2.2.5555....2222. ID Generation Circuit . ID Generation Circuit . ID Generation Circuit . ID Generation Circuit or Tag Designor Tag Designor Tag Designor Tag Design    

      Along with the design of various types of antennas, fully printable compact high Q passive 

filters such as spiral and split box resonators are proposed to be designed for ID generation 
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circuits. This research involves the development of high data capacity chipless RFID tags on 

low cost paper or plastic laminates. Figure 2-27 shows various types of resonant structures that 

can be used for ID generation. The spiral loaded transmission line yields very high Q stop band 

responses at designated frequencies. A few other high Q resonators include gap coupled 

elements, slot resonators and ring resonators. In order to make the entire sensing element 

compact and efficient, a self-resonant high Q reflector (also known as back scatterer) is 

proposed here to combine the gap coupled elements and slot resonators. This eventually 

provides an ID generating circuit integrated with the interdigital capacitor (IDC) based sensing 

resonators directly. These structures are found to have high resonances even when they are 

printed on fairly lossy paper substrates.   

2.2.2.2.5555....3333. Identification and Char. Identification and Char. Identification and Char. Identification and Characterization of Smart Materialsacterization of Smart Materialsacterization of Smart Materialsacterization of Smart Materials    

      Identifying smart materials with multi-sensing capabilities and their RF characterization 

open a new research horizon in chipless RFID sensing technologies. The determination of 

application specific smart materials and design of sensors for these applications pose a great 

challenge on that note.  In this research project, a number of such materials are obtained through 

literature study in order to add newer dimensions to the sensing capability. The intelligent 

materials that are suitable for various microwave sensor design comprise conductive polymers, 

BST ceramic, Kapton, PVA (Polyvinyl Alcohol), phenanthrene, single-walled carbon 

nanotubes (SWCNT), graphene, shape memory alloy such as nitinol, hydrophilic polymer such 

as polyether sulphone (PES), metallic oxides and textiles such as polyester. 

                                 

       (a) Spiral Resonators.                                 (b) Slot Resonators.                  (c) Gap Coupled Resonators. 

Figure 2-27. Various ID generation circuits. 
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Among these, the BST ceramic and PES are chosen to explore in this thesis and utilized for 

sensing applications. The temperature sensitive BST ceramic is physically manufactured from 

the raw Barium and Strontium powders. This part of the research is carried out at the MIT 

Belcher Laboratory during the author’s tenure at Massachusetts Institute of Technology (MIT) 

as a visiting researcher. 

2.2.2.2.5555....4444. Development of EM Transduction Ba. Development of EM Transduction Ba. Development of EM Transduction Ba. Development of EM Transduction Based Chipless RFID Sensorssed Chipless RFID Sensorssed Chipless RFID Sensorssed Chipless RFID Sensors    

      The development of chipless RFID sensor nodes needs robust and synergetic approach to 

design, fabricate and testing of new circuits, assemblies and material characterisations. 

Figure 2-28 shows some examples of high quality factor metamaterial circuits for sensing 

devices. Microwave metamaterials are special type of passive structures that offer negative 

refractive index (εr) and/or relative permeability (µr). This unique feature of metamaterials is 

exploited in different forms and utilized in circuit miniaturization, design of high Q resonators, 

frequency selective surfaces as well as high gain antennas and beam shaping etc. [153]. 

     In this research, high Q metamaterials are designed to make the sensor element compact 

and sensitive to physical parameter changes. These sensor elements are incorporated with smart 

materials to provide higher sensitivity towards environmental variation. Commercial full-wave 

EM solver CST Microwave Studio (MWS) is used to design and optimize the sensing structures 

which are fabricated and measured for validating the sensor concepts. The specific chipless 

RFID sensor development projects undertaken in this thesis are classified into two broad 

categories, namely time and frequency domain based sensors. A brief illustration of both these 

proposed categories are portrayed hereby. 

 
Figure 2-28. Planar metamaterials. 
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2.2.2.2.5555....4444.1. .1. .1. .1. Time Domain Based SensorsTime Domain Based SensorsTime Domain Based SensorsTime Domain Based Sensors    

      The two time domain based sensors proposed in this thesis use time domain reflectometry 

(TDR) technique for sensing. These sensors are mainly used for detecting structural cracks and 

moisture levels in soil.  

2.2.2.2.5555.4.1.1. .4.1.1. .4.1.1. .4.1.1. Time Domain Reflectometry (TDR) Time Domain Reflectometry (TDR) Time Domain Reflectometry (TDR) Time Domain Reflectometry (TDR) Based Based Based Based SWB SWB SWB SWB Crack Sensor  Crack Sensor  Crack Sensor  Crack Sensor      

      An investigation on the SWB based crack sensing scheme is delineated hereby. The sensor 

uses a super wide band (SWB) antenna to offer an extremely high resolution in detecting a 

crack. This enables an accurate localization and precise detection of the crack in a structure. In 

this sensing scheme, a straight and a meandered transmission line structures are introduced to 

facilitate the detection. The meandering of the transmission line introduces a larger propagation 

delay with a shorter overall structure of the sensor. Both the proposed straight and meandered 

transmission line based sensors are simulated, fabricated and measured to determine their 

design validity. This sensor is also designed on thin and flexible high frequency materials such 

as Ultralam 3850 laminate from Rogers Corporation to enhance its effectiveness. Such 

materials allow the sensors to be ruptured easily along with the structural crack and hence make 

the detection much more effortless.  

2.2.2.2.5555.4.1.2. TDR based Soil Moisture Sensor.4.1.2. TDR based Soil Moisture Sensor.4.1.2. TDR based Soil Moisture Sensor.4.1.2. TDR based Soil Moisture Sensor    

    In this part of the research, a novel TDR based soil moisture sensor is presented. The 

moisture level detection technique for this sensor is based on the amplitude variation of the 

TDR signature. Here, a theoretical analysis is carried out to determine the lumped network 

element (RLC) that instigates this amplitude variation. The CST microwave studio simulation 

solver is used for this purpose. This sensor uses a long straight transmission line integrated 

with an UWB antenna, similar to the one used for crack sensing. The designed sensor is 

fabricated and tested in the laboratory environment to validate its feasibility as the soil moisture 

sensor.  
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2.2.2.2.5555....4444....2222....    Frequency Domain Based SensorsFrequency Domain Based SensorsFrequency Domain Based SensorsFrequency Domain Based Sensors        

     A number of frequency domain based sensors are proposed in this thesis. In this case, the 

sensing is mostly empowered by the resonance frequency shift or amplitude level variation of 

the sensing resonator. The following sections illustrate the proposed sensing schemes under 

frequency domain.  

2.2.2.2.5555.4.2.1. Gap Coupled Resonator Based Moisture Sensor.4.2.1. Gap Coupled Resonator Based Moisture Sensor.4.2.1. Gap Coupled Resonator Based Moisture Sensor.4.2.1. Gap Coupled Resonator Based Moisture Sensor    

     A gap coupled microwave element can be utilized for forming an interdigital capacitor 

(IDC) based sensing resonator to detect moisture contents in soil. A simple quality factor (Q) 

deviation based spectral signature scheme is adopted in this thesis to realize the sensing 

technique. The proposed IDC resonator is formed through an optimization of an electric (E) 

field coupled LC (ELC) resonator. The E-field concentrates at the gap of the resonator which 

is disturbed by the presence of wet soil to result in a signal amplitude variation. Another 

dimension can be added to this sensor by using a thin coating of hydrophilic polymer PES 

which provides a better sensitivity to the resonator.  

2.2.2.2.5555.4.2.2. Leaf Moisture Sensor.4.2.2. Leaf Moisture Sensor.4.2.2. Leaf Moisture Sensor.4.2.2. Leaf Moisture Sensor    

       The same IDC resonators depicted in the earlier section can be used for sensing the 

moisture content in biomaterials such as leaves, seeds and dry foods. In this case, the proposed 

resonators are directly printed on low cost paper substrates by using conductive ink. The leaf 

moisture sensor does not require any extra sensing material and it can simply be put over the 

leaves to extract the wetness level. Water has a high dielectric constant. Therefore, if the 

moisture content in a biomaterial is changed, its relative dielectric constant (εr) is also altered.  

When this biomaterial is placed on the designed sensing resonators, its resonance frequency 

(fr) is shifted depending upon the biomaterial’s moisture content. This shift is mainly governed 

by the relative dielectric constant of the overlaid material. 
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2.2.2.2.5555.4.2.3. Soil Salinity Sensor.4.2.3. Soil Salinity Sensor.4.2.3. Soil Salinity Sensor.4.2.3. Soil Salinity Sensor    

      A low cost passive chipless UHF RFID sensor for monitoring the soil salinity and moisture 

content is proposed hereby. The sensor is designed by using a simple monopole probe with a 

ground plane. The simulated results followed by a rigorous experimental analysis suggests that 

with a minimal design complexity, the proposed sensor provides a novel detection technique 

for soil salinity level. This sensor also has the ability to distinguish between salinity and 

moisture level (at non-saline condition) variations.  

2.2.2.2.5555.4.2..4.2..4.2..4.2.4444. . . . ““““Smart SkinSmart SkinSmart SkinSmart Skin””””    Crack SensorCrack SensorCrack SensorCrack Sensor    

      Along with the time domain based crack sensor, this thesis investigates a frequency domain 

based crack detection technique as well. Although the TDR based sensor provides a high 

sensing resolution, it cannot determine a crack if its transmission line is not physically ruptured. 

The same scenario persists for most of the other crack detection sensors available commercially 

and in literature. The proposed “Smart Skin” sensor resolves this issue by using an array of gap 

coupled split box resonators integrated with a Coplanar Waveguide (CPW) transmission line. 

This highly sensitive design provides an uninterrupted and continuous monitoring of a 

structural crack without requiring any of the resonators to be ruptured. It can also concurrently 

identify multiple ruptures on a structural plane. The proposed sensor can distinguish between 

moisture dispersion and crack in the structure which allows it to determine whether a signal 

deviation from the healthy structure response is due to crack or damp conditions.   

2.2.2.2.5555.4.2..4.2..4.2..4.2.5555. Temperature Sensor Based on BST Ceramic. Temperature Sensor Based on BST Ceramic. Temperature Sensor Based on BST Ceramic. Temperature Sensor Based on BST Ceramic    

        A novel approach to develop a temperature sensor is undertaken here using the Barium-

Strontium-Titanate (BST) film. The BST is a tunable dielectric which can be engineered to 

realize temperature sensing for a wide range of temperature. The relative permittivity of BST 

varies as temperature changes which results in a change of capacitance. This change in 

capacitance of the sensing element eventually introduces a resonance frequency shift. The 
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devised BST smart material is integrated with the proposed IDC resonator to form the sensor. 

This sensor has the ability to be used as a real time temperature monitor.  

2.2.2.2.5555.4.2..4.2..4.2..4.2.6666. Thermal Expansion Based Temperature Sensor. Thermal Expansion Based Temperature Sensor. Thermal Expansion Based Temperature Sensor. Thermal Expansion Based Temperature Sensor    

      An investigation on the design of another temperature sensor based on materials with 

different thermal expansion co-efficient is carried out at this stage. The proposed sensing 

resonator is composed of a pair of materials such as zinc and copper. These materials are quite 

opposite in terms of thermal expansion co-efficient values and therefore, they react to the 

thermal changes in a very different manner. If a temperature variation occurs, the dimension of 

the sensing resonator is changed and hence a resistive or capacitive change of the element is 

instigated. This change eventually prompt either a Q factor deviation or a received signal 

strength variation to indicate the temperature difference. The proposed sensor is an excellent 

candidate for being used as a low cost chipped or chipless RFID sensor.  

2.6. 2.6. 2.6. 2.6. Conclusion Conclusion Conclusion Conclusion     

 
      This chapter presents an exhaustive review on a range of business sectors namely precision 

agriculture, smart buildings and the retail industry that have the potential to become big players 

in the IoT domain. It has been deduced from the review that one of the key driving factors for 

these business areas is the adoption of suitable sensors for different ranges of associated 

applications. An in-depth analysis on the commercially available sensors for these applications 

reveal their limitations and this in turn suggests the cause for the lower number of IoT enterprise 

projects uptake for these industrial sectors. The limitations of the existing sensors eventually 

identify a research gap to come up with a passive, low cost and flexible wireless sensor.  A 

survey of recent work on electromagnetic transduction based chipless RFID sensors along with 

the state of the art in this research field infer their excellent suitability in addressing the research 

question. The classification, design and experimental results on various passive chipless RFID 

sensors have been covered in the review. Due to the absence of any embedded chip or battery, 

these sensors consume no power and hence offer unlimited energy autonomy. They are highly 
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compatible with harsh environments, for example, high temperature and high radiation level 

and offer substantially higher reading distance (greater than 10 m) as compared to the other 

passive sensors [128]. A wide range of materials can be used to design such sensors, enabling 

them to be planar, lightweight and flexible. The printable structures and high frequency designs 

reduce the size and cost of these sensors significantly, as compared to the other types of passive 

wireless sensors.  

       The specific research projects to fulfil the thesis aims are briefly illustrated in this chapter 

while the next two chapters set the initial stepping stone to elaborate on those projects. They 

describe the design, fabrication and measurement results of all the passive microwave 

components that are essential for developing the chipless RFID sensing system. These smart 

microwave devices include different types of narrow and wide band antennas along with 

various resonators that form the tags and sensors. 
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Chapter 3Chapter 3Chapter 3Chapter 3 . Smart RF and Microwave Design. Smart RF and Microwave Design. Smart RF and Microwave Design. Smart RF and Microwave Design----AntennasAntennasAntennasAntennas    

3.1. Overview3.1. Overview3.1. Overview3.1. Overview    

 The previous chapter sets the thesis objectives by specifying the limitations of current state 

of the art sensors for IoT. It also presents a comprehensive review of the EM transduction based 

chipless RFID sensors followed by a clear direction on the proposed research projects 

undertaken to accomplish the thesis aims. In this chapter, a partial illustration of the designed 

passive RF and microwave components is presented. These components essentially function as 

the basic building blocks of the RFID sensing devices proposed in this thesis. A number of 

antennas, tags and sensing resonators constitute such an entire component set. Among these, 

this chapter only discusses all the designed antennas required to construct the sensing devices.  

An illustration of the proposed antennas are portrayed in Figure 3-1. 

 
Figure 3-1. Overview of the proposed passive microwave antennas.  
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3.2. Compact Super Wide Band Antenna for RF Transceiver3.2. Compact Super Wide Band Antenna for RF Transceiver3.2. Compact Super Wide Band Antenna for RF Transceiver3.2. Compact Super Wide Band Antenna for RF Transceiver    

 
3.3.3.3.2222.1. Introduction.1. Introduction.1. Introduction.1. Introduction   

   Ultra-Wide Band (UWB) and Super Wide Band (SWB) systems provide a means for short 

range high data rate wireless transmission between electronic devices. Besides exploiting the 

UWB operating band for wireless personal area network (WPAN) applications, the current 

users of WPAN are also eagerly demanding SWB to cover both short and long-range 

transmitting for ubiquitous services [154]. SWB has unique advantages as compared to narrow 

band technology, and also comprised all of UWB’s advanced features but with more channel 

capacity, higher time-precision and super resolution in communication, ranging and screening, 

respectively [155].  

    There are several definitions of bandwidth circulated among the antennas and propagation 

society; the two definitions, that most frequently used, are the percent bandwidth and the ratio 

bandwidth. The ratio bandwidth is defined as follows: BR = BW / fL; Where BW is the nominal 

bandwidth defined by BW = fH – fL Here, fH, fL are the maximum and minimum frequency at -

10 dB, respectively, BR is the ratio bandwidth, commonly noted as BR = R: 1, where R is the 

ratio defined as R= fH/fL. The term SWB is used to indicate a greater bandwidth than a decade 

bandwidth that is it is often used for describing a ratio bandwidth of 10:1 or larger [156].  

    The antenna is an essential part of communication systems and is a fundamental element 

of UWB and SWB radio technology. Enhancement in communication and electronic 

technology has enabled the development of small, compact and intelligent antenna devices 

[157]. The miniaturization in microelectronics along with other technologies allows these 

antennas to be incorporated to the development of wireless devices [158]. Antenna 

miniaturization is one of the most significant and interesting subjects in antenna and related 

fields. Since the beginning of radio communications, the demand for small and versatile 

antennas has been ever increasing. Today’s needs for more multifunctional systems further 

drive requirements for small mobile terminals, including cell phones, handheld portable 
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wireless equipment for internet connection, short-and long-range communication devices, and 

RFID. Similarly, small equipment and devices used for data transmission and navigation (GPS 

systems) require small antennas. These applications and continuing growth of wireless devices 

will continue to challenge the community to create smaller and more multi-functional antennas 

[159, 160]. UWB and SWB applications in particular create a considerable challenge, with 

exceptionally demanding requirements on size, bandwidth and efficiency. Ultimately, 

limitations on these factors are determined by certain theoretical considerations. With the 

growing need for broad-band small-size antennas to provide a wide range of functionality in 

today’s portable electronic devices, reaching this fundamental theoretical limit is more 

important than ever [161]. 

       Different techniques and methods have already been proposed to achieve super wide 

operating band. In recent years, there has been an increasing amount of literature on SWB 

antenna [54, 154-156, 162-171].  For example, the SWB antenna proposed in [154] operates in 

the frequency band 1.44 to 18.8 GHz. It is quite efficient in covering most of the widespread 

wireless applications including, Bluetooth, LTE, WiMAX along with Digital Video 

Broadcasting-Handheld (DVB-H) band (1452–1492 MHz) for the portable media player 

(PMP) applications. However, it is not suitable for high frequency applications. In [156, 162] 

the design of different SWB antennas on textile materials are proposed and their conformal 

characteristics are analyzed. A novel SWB antenna that has achieved a frequency band between 

5 GHz to 150 GHz is proposed in [155, 167]. In spite of the huge bandwidth, it is not suitable 

for lower frequency bands such as WiMAX and S band communication. In [168], another novel 

idea of SWB antenna that covers a range of 2.18-44.5 GHz band has been proposed. This 

antenna is quite compact in size; however, it does not cover the popular wireless application 

bands such as GPS, PCS, DCS and UMTS. It also fails to operate in the Q band (33-50 GHz) 

frequency ranges. The latest addition to the ever increasing list of SWB antennas is depicted in 

[170] which cover a huge range starting from 11-200 GHz; however, it has the limitation in 



75 

 

covering most of the common wireless applications such as ISM, WLAN, UWB and so on. A 

keen investigation at all the antennas available in open literature reveals that the antenna 

proposed in [171] has the highest ratio bandwidth achieved so far with an impedance bandwidth 

of 31:1.    

  This part of the thesis focuses on the design of novel SWB antennas that have a ratio 

bandwidth of up to 115.10:1 and cover the frequency bands of most of the common wireless 

communications systems such as ISM, Wi-Fi, GPS, UMTS, WiMAX, LTE, PCS, DCS, UWB 

and so on. Besides, the proposed antennas are also capable of operating in the S, C, X, Ku, K, 

Ka and Q bands which enables them to be used in satellite communications, terrestrial 

microwave communications and for radio astronomy studies [172]. These antennas also cover 

the band of recently proposed IEEE 802.11aj (45 GHz band) which would offer a maximum 

data rate of greater than 10 Gbps to satisfy the next round mobile traffic growth [173]. In this 

thesis, the designed antennas are used for interrogating various proposed sensors which warrant 

their suitability for a RF transceiver system. A number of compact monopole planar SWB 

antenna are proposed here. Firstly, two different antennas with patch metallization height 0.035 

mm and 0.018 mm are designed on different commercially available substrate materials RO 

3003 laminate (Permittivity, εr = 3) and ULTRALAM 3850 laminate (permittivity, εr = 2.9) 

respectively. The operating frequency of these antennas ranges from 1.65 to 160 GHz (for εr = 

3) and 1.74 to 160 GHz (for εr = 2.9) with a bandwidth ratio of approximately 96.96:1 and 

91.95:1 correspondingly. Subsequently, the same antennas are then designed with increased 

patch metallization heights of 28.5 mm and the antenna performances are analyzed. This patch 

height is obtained through parametric analysis for the most optimized value of return loss vs. 

bandwidth. The operating frequency range of the newly dimensioned antennas is from 1.39 to 

160 GHz (for εr = 3) and 1.57 to 50 GHz (for εr = 2.9) with bandwidth ratios of 115.10:1 and 

101.91:1 respectively which clearly shows a significant improvement compared to that of the 

smaller patch metallization heights. The Proposed antennas exceed the decade bandwidth (ratio 
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band width, R: 1=10:1) with an average impedance bandwidth of more than 158 GHz and hence 

can be termed as Super Wide Band (SWB) antennas. Here, the enhancement of patch height 

enables the volume of the enclosing sphere of antenna to be used efficiently to reduce the 

antenna electrical size and hence the improvement in impedance bandwidth is achieved. A 

further analysis on the proposed antennas with respect to classical theories specified by Chu 

and Mclean illustrates that their electrical size exceed the Mclean and get very close to the Chu 

fundamental limit curves. This provides an excellent uniqueness to the proposed antennas as 

they have the maximized achievable bandwidth for the smallest possible size. Here the entire 

simulation work is carried out using CST Microwave Studio software. The proposed antennas 

are practically fabricated and an experimental validation is performed through measurement. 

A vector network analyzer (VNA) having a range of up to 67 GHz is used to measure the 

fabricated antennas.  An in-depth examination of S-parameters and far-field radiation patterns 

is performed here to indicate the convergence of the simulated and measured results. 

3.2.2. Fundamental Limitation Theory for Small Antennas3.2.2. Fundamental Limitation Theory for Small Antennas3.2.2. Fundamental Limitation Theory for Small Antennas3.2.2. Fundamental Limitation Theory for Small Antennas    

 

  A small antenna is defined as one with maximum dimension a, which is less than its radian 

length, ℓ=λ/2π. Defining k as the wave number associated with the electromagnetic field, where 

k = 2π/λ, we can define a small antenna as one where 

                                                             $ ≤ λ/2π ≤ 1/k                                                         (3-1) 
 

                                                                  k	$ ≤ 1                                                               (3-2) 
 

      In other words, a small antenna is one which fits inside a sphere of radius $ =1/k. Its greatest 

dimension is typically less than λ/4. The quality factor Q is defined as the angular frequency ω 

times the ratio of the reactive energy stored about the antenna to the radiated power. 

                                              % = '			()*+,-./ 								01 > 03	()*4,-./ 							03 > 01                                                  (3-3)                            

  

     Where We and Wm are the time-average, non-propagating, stored electric and magnetic 

energy, respectively, ω denotes radian frequency, and Prad denotes radiated power. If the value 
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of Q is high it is equivalent to the reciprocal of the fractional bandwidth of the antenna. If the 

antenna Q is low, the input impedance of the antenna varies slowly with frequency and the 

antenna has a potential to have a broad bandwidth.  

5$67897:ℎ =
<=>>1? − <ABC1?

<D1EF1?
 

																																																																				= GH								                                                      (3-4) 

 
     Chu’s expression [174] for Q for the lowest TM mode is given by 
 

                                                  						Q = GJKLMNMLONOPGJLMNMQ                                                    (3-5)       

 
This differs from that obtained from his equivalent second order network, which gives- 

                                                 			Q = 1+2S2$2S3$3U1+S2$2V											                                               (3-6) 

 
    The two expressions are similar for lower values of ka (high Q) but begin to differ towards 

the upper limit of ka (i.e. as it approaches 1) 

As ka<<1 the equation becomes 

                                                     Q ≌ 	 GLONO	                                                          (3-7) 

     Q varies inversely with the cube of the sphere radius in radian wavelengths. Thus Q 

increases rapidly as size decreases and this relationship imposes a critical trade-off between 

bandwidth and size for electrically small antenna. In [175], McLean derived an alternative 

method for the calculation of minimum radiation Q for an antenna. This method leads to an 

exact expression for the radiation Q (compared to Chu’s approximate expression) which agrees 

with Chu’s work at the lower limit of electrical size (for very high values of Q), but becomes 

significantly different at the upper end of the range. 

        Mclean’s expressions [175] for Q is given by 

 

                                             % = GLONO + GLN                                                    (3-8) 
     

 It is important to apply fundamental limit theory to actual antennas in order to see if it is 

useful in practice. A number of experiments have been performed on a wide variety of antennas 
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and it has been found that none exceed the fundamental limits. Thus, it can be said that the 

fundamental limits appear to provide realistic limits [176]. 

     There has been no standard formula developed to evaluate small antennas for wide 

bandwidth. Lower bound frequency needs to be considered for wide band antennas to 

determine the optimum sphere size which is close to fundamental limitation theory. The 

classical theories are appropiate for the fractional band width i.e narrow band antenna,but not 

for octaval bandwidth or ratio band width that are used to define wide band antennas. But this 

idea or guide lines from the classical theories can be used to design a electrically small wide 

band antenna which is close to funadamental limitation theories [177]. 

3.2.3. Antenna Antenna Antenna Antenna DDDDesignesignesignesign    

 

    Here, a circular disc monopole antenna is chosen due to its simple structure. It is low profile 

and light in weight which enables this antenna to be integrated fully into the substrate materials. 

Two antennas are designed here with four different cases with respect to substrate material and 

antenna height. The designed SWB planar antennas are presented with all their dimensions in 

Figure 3-2, Figure 3-3 and Figure 3-4. 

 Figure 3-2 shows the antenna on substrate RO 3003 laminate with a dielectric constant, εr = 

3 with a patch metallization thickness of 35 µm (Case 1) while Figure 3-3 portrays the antenna 

with ULTRALAM 3850 laminate with permittivity, εr = 2.9 with a patch thickness of 18µm 

(case 2). The loss tangents of these materials are tan δ =0.0013 and 0.0025 respectively. The 

materials are chosen because of their excellent high frequency properties as well as their 

stability against frequency and temperature. The ULTRALAM 3850 laminate is quite a thin 

material and hence it has the characteristics of easy bending for flexible and conformal 

applications which enables the antenna to be used as a textile antenna. Both the antennas are 

mounted on a 60x40 mm² substrate. The thickness of the RO 3003 and Ultralam 3850 laminates 

are 1.52 and 0.1 mm respectively. The radius of circular disc for both the patches is 14 mm 

which is fed by a 50 ohm microstrip feed line. A central square slot is inserted in the circular 
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radiating patch along with a rectangular portion vertically added to it. A partial conductive 

ground plane with lengths of 30.2 mm (for R0 3003) and 30.85 mm (for Ultralam 3850) are 

placed on the back of each substrate. Both the ground planes contain a rectangular notch on top 

of them in order to improve the impedance bandwidth of the antenna.  

                      
               

                                (a-1) Front view.                                                            (a-2) Back view. 

                                                                                          

                                (b-1) Front View.                                                              (b-2) Back View. 

Figure 3-2. Antenna on RO 3003 laminate with a patch height of 0.035 mm (35 um) (a) simulated 

(b) fabricated. 
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                             (a-1) Front view.                                                    (a-2) Back view. 

                                                                                       
            

                                  (b-1) Front view.                                                     (b-2) Back view 
 

Figure 3-3. Antenna on Ultralam 3850 laminate with a patch height of 0.018 mm (18 um) (a) 

simulated (b) fabricated. 

                                                   
 

                                    (a) Front view.                                                         (b) Back view. 
 

Figure 3-4. Proposed antennas with patch height of 28.5 mm. 
 

Figure 3-4 depicts case 3 and 4 where the patch thicknesses of both the antennas are increased 

while the other corresponding dimensions remain unchanged. The thickness of both the 

metallic patch of the antenna is chosen as 28.5 mm. This patch height is obtained through 

parametric analysis in order to enhance the volumetric efficiency by utilizing the complete 

enclosed spherical volume of the antenna.  
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3.2.4. 3.2.4. 3.2.4. 3.2.4. Results and DiscussionsResults and DiscussionsResults and DiscussionsResults and Discussions    
 

This section analyzes the results of the designed antennas on the basis of different antenna 

parameters. An in-depth evaluation of return loss and radiation pattern, and the S-parameter 

comparison for volumetric efficiency are presented here. Thereafter, the antenna electrical size 

is calculated for all the cases and then compared with that defined by the fundamental limitation 

theory. 

3.2.4.13.2.4.13.2.4.13.2.4.1. . . . Simulated Return Loss, Radiation Patterns and GainSimulated Return Loss, Radiation Patterns and GainSimulated Return Loss, Radiation Patterns and GainSimulated Return Loss, Radiation Patterns and Gain    
 

      Figure 3-5 and Figure 3-6 show the simulated return loss vs frequency for antenna with 

thin patch metallization on RO 3003 and Ultralam 3850 substrates respectively. It is evident 

from Figure 3-5 that the planar antenna with patch thickness 0.035 mm (case 1), occupies a 

bandwidth of more than 158 GHz and it resonates from 1.65 to 160 GHz with the most 

significant resonances at 69 GHz and 106 GHz with a return loss of greater than 40 dB. The 

Ultralam based antenna with patch thickness 0.018 mm (case 3) also exhibits a similar 

performance by resonating from 1.74 to 160 GHz as shown in Figure 3-6.  

 

Figure 3-5. Simulated S-parameter of RO 3003 based antenna. 

 
Figure 3-6. Simulated S-parameter of Ultralam 3850 based antenna. 
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        The designed antennas exhibit good impedance matching all over their occupied 

bandwidth for both the cases though the performance of the flexible antenna (Ultralam 3850 

substrate) tends to deteriorate slightly at frequencies near 100 GHz. It can be observed that the 

return loss reduces to a maximum value of 7.7 dB at around 120-130 GHz; however, the 

antenna is still functional at such return loss values. 

 

 
5GHz 

 

 
35 GHz 
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Figure 3-7. Simulated 3D radiation pattern of RO 3003 based antenna. 
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Figure 3-8. Simulated gain vs frequency of RO 3003 based antenna. 
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Figure 3-9. Simulated 3D radiation pattern of Ultralam 3850 based antenna. 
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Figure 3-10. Simulated gain vs frequency of Ultralam 3850 based antenna. 

Figure 3-7 and Figure 3-8 show the simulated 3D radiation pattern and gain plot of the RO 

3003 based antenna respectively. The radiation patterns at different frequencies show that the 

antenna has an Omni-directional pattern at low frequencies, however, as the frequency 

increases, most of the power is confined at the top side of the antenna and hence the pattern 

becomes almost directional. The gain vs frequency plot shown in Figure 3-8 exhibits that the 

gain increases with the increment of frequencies apart from a few exceptions. At lower 

frequencies, it seems to have a very poor magnitude which tends to increase as the frequency 

of interest becomes higher.  

The gain plot of Ultralam 3850 based antenna also follows the similar trend which is evident 

from Figure 3-10. The radiation pattern of this antenna is quite different from that of the RO 

3003 based antenna. Although this antenna exhibits an Omni-directional pattern at low 

frequencies, its radiated power does not concentrate only at the top of the structure at higher 

frequencies; instead, the power is also distributed to both the sides. Therefore, the antenna can 

be designated to have a deviated Omni-directional pattern.  

3.3.3.3.2222.4.2. Measured Return Loss, Radiation Patterns and Gain.4.2. Measured Return Loss, Radiation Patterns and Gain.4.2. Measured Return Loss, Radiation Patterns and Gain.4.2. Measured Return Loss, Radiation Patterns and Gain    

 

The proposed antennas with thin patch metallization are practically fabricated and measured 

by using Agilent programmable network analyzer (PNA) E8361A. The maximum operating 

frequency of this PNA is 67 GHz. Therefore, the designed antenna performance is measured 

up to this frequency range.  
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 Figure 3-11 and Figure 3-12 show the measurement set-up and the measured return loss vs 

frequency plot for RO 3003 based antenna respectively. It can be observed that the antenna 

exhibits an excellent impedance matching with a return loss of greater than 10 dB for the entire 

occupied band of 1.75 to 67 GHz. The slight offset of 100 MHz from the simulated lowest 

operating frequency band (1.65 GHz) occurs due to fabrication error or connector settings. 

     
 

Figure 3-11. Measurement set-up for return loss calculation of RO 3003 based antenna. 

 
 

      Figure 3-12. Measured S-parameter of RO 3003 based antenna. 

 
 

Figure 3-13. Measurement set-up for return loss calculation of Ultralam 3850 based antenna. 
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Figure 3-14 shows the return loss vs frequency plot for the Ultralam 3850 laminate based 

flexible antenna. It can be seen that the antenna occupies a bandwidth of more than 65 GHz 

starting from 1.96 GHz to 67 GHz. This also exhibits a good impedance matching throughout 

the operating bandwidth with a return loss of greater than 10 dB. The offset frequency lower 

limit of this antenna from its simulated counterpart (1.74 GHz) is 220 MHz.  

Figure 3-15 exhibits the setup for E-plane radiation pattern measurement of RO 3003 based 

antenna. As per the simulation results, it is observed that the radiated power is mostly confined 

to the top of the radiator. Therefore, the antennas are placed face to face in order to acquire the 

E-plane radiation pattern. The antennas are placed at least 35 cm apart in order to accommodate 

the far-field distance at the highest operating frequency (67 GHz).  

 
Figure 3-14. Measured S-parameter of Ultralam 3850 based antenna. 

    

 

Figure 3-15. Measurement set-up of E-plane radiation pattern for RO 3003 based antenna  

(Permittivity 3). 
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(b) 

Figure 3-16. (a) E-Plane (b) H-Plane pattern for SWB antenna with substrate permittivity 3. 

    Figure 3-16 (a) and (b) show the comparative figures of simulated and measured E And H 

plane radiation patterns of the planar SWB antenna with permittivity 3 (RO 3003) respectively. 

From the figures it is evident that the antenna exhibits Omni-directional radiation 

characteristics at lower frequency (5 GHz). The radiation patterns exhibit some distortion at 

lower frequencies such as 20 GHz while the far fields at higher frequencies get deviated from 

being Omni-directional with a significant number of ripples.       

 

Figure 3-17. Measurement set-up of H-plane radiation pattern for Ultralam 3850 based antenna 

(permittivity 2.9). 
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(b) 
 

Figure 3-18. Radiation pattern for SWB antenna with substrate permittivity 2.9 and patch height 

(a) E-Plane (b) H-Plane. 

    Figure 3-17 represents the setup of azimuth (H-plane) radiation pattern measurement for 

Ultralam 3850 based antenna while Figure 3-18 shows the comparative plots of simulated and 

measured elevation (E-plane), and azimuth radiation patterns for the same antenna. It can be 

observed that the radiation pattern at 5 GHz has a typical figure of eight shape similar to that 

of the antenna with permittivity 3. As it is observed from the 3D pattern depicted in Figure 3-9, 

the polar plot also represents the fact that the antenna radiated power is distributed to the top 

and both the sides of the radiator. As the frequency increases, the number of ripples also gets 

increased due to higher order modes. For both of the antenna structures, the efficiency roughly 

varies between a minimum of 64% to a maximum of 93% depending on the operating 

frequency, which demonstrates that both the designed antennas are not only good resonators 

but also very good radiators. 
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(a) RO 3003 substrate (permittivity 3).  

 

(b) Ultralam 3850 substrate (permittivity 2.9) 

Figure 3-19. Gain vs frequency for antennas with different substrates. 

The measured gain vs frequency plot shown in Figure 3-19 exhibits that for both the antennas 

under consideration, the gain pattern follows the simulated results depicted in Figure 3-8 and 

Figure 3-10. Similar to the simulated results, the measured gain also have low values at lower 

frequencies and tends to increase with higher frequencies even though a significant amount of 

fluctuation is evident. Interestingly, the peak gain values of both the antennas seem to exceed 

the simulated results though the overall gain values in the entire frequency band are mostly 

consistent with predicted values. The RO 3003 based antenna has a peak gain of 17.19 dB at 

60 GHz whereas the Ultralam 3850 based antennas exhibits a peak gain of 16.86 dB at 55.4 

GHz. 
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3.2.4.3.3.2.4.3.3.2.4.3.3.2.4.3.    Electrical size of proposed SWB antennas:Electrical size of proposed SWB antennas:Electrical size of proposed SWB antennas:Electrical size of proposed SWB antennas:    

     
In order to investigate the antenna size in terms of fundamental limit theory, the electrical 

size of designed antenna has been calculated for both the cases with normal and increased patch 

heights. Higher volumetric efficiency reduces the antenna electrical size and improves 

impedance bandwidth. Conventional antennas are not close to the fundamental limit curve 

since these antennas do not efficiently utilize the volume of the given antenna sphere. Efficient 

use of antenna volume reduces the non-radiated stored energy in the reactive near field region 

which eventually maximizes the impedance bandwidth. Here, by increasing the patch height, 

the volumetric efficiency is increased, so that for a reduced electrical size, maximum 

impedance bandwidth could be obtained [176].   

   Figure 3-20 and Figure 3-21 depict the comparison of return loss vs frequency for antenna 

with RO 3003 substrate and ULTRALAM 3850 substrates respectively for different patch 

metallization heights. For case 3 which represents the RO 3003 based antenna with  increased 

patch height of 28.5 mm, the antenna starts to resonate from 1.39 GHz which is a much lower 

frequency compared to that of case 1 with thin patch (1.65 GHz). Similarly, for Ultralam based 

antenna, Figure 3-21 depicts 1.57 GHz as the resonance starting frequency for case 4 where 

the patch height is 28.5 mm. This frequency is lower than that of case 2 with thin patch 

metallization height (1.74 GHz). Therefore, it can be easily deduced that increment in patch 

height eventually results in improved operating bandwidth for both the antennas. For case 3, 

the nominal bandwidth increases to 158.61 GHz in comparison to 158.35 GHz of case 1 (RO 

3003 substrate). For Ultralam 3850, an improvement of 220 MHz is achieved as the thicker 

patch antenna gives 158.26 GHz compared to 158.04 GHz bandwidth of thinner patch. The 

gain vs frequency plots depicted in Figure 3-22 show that the increased patch height does not 

impact much on the gain of the antenna with substrate permittivity 3. However, for the flexible 

antenna with permittivity 2.9, a little drop of 1-2 dB is observed for the thick patch antenna 

after 20 GHz and it becomes more prominent as the frequency is increased. 
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Figure 3-20. S-parameter comparison between RO 3003 based antennas with different patch 

heights. 

 

 

 

Figure 3-21. S-parameter comparison between Ultralam 3850 based antennas with different patch 

heights. 
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(a) RO 3003 substrate (permittivity 3). 
 

 
 

(b) Ultralam 3850 (permittivity 2.9). 
 

Figure 3-22. Gain vs frequency for antennas with different substrates and patch heights. 

 
Table 3-1 and Table 3-2 show the front to back ratio of both the antennas with both patch 

thicknesses at different frequencies. As expected, at lower frequency (2 GHz), the ratio is 1(0 

dB) since the radiation pattern exhibits Omni-directivity; however, as the frequency is 

increased, the ratio of main and back lobe (F/B) starts to fluctuate due to pattern deformation. 

Eventually, the 3dB beam-width gets reduced at higher frequencies for both the patch heights 

in general. However, the antenna with enhanced patch height results in a wider beam-width, 

compared to its planar counterpart at the same frequency.  

  Antenna size depends on the wave length of the corresponding operating frequency (λ). 

Normally the wave length for center frequency (λc) is considered for determining the antenna 

size of narrow band antenna but the scenario is different for UWB/SWB antenna. Classical 

fundamental limitation theories are developed on the consideration of wave number for center 

frequency of operating band (k=2π/λc) of the antenna [176]. 
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Table 3-1. Front to back ratio for both patch metallization thickness at different 

frequencies for RO 3003 antenna. 

 
Frequency 

Front to Back Ratio 
for patch thickness 

0.035mm 

Front to Back Ratio 
for patch thickness 

28.5mm 
Linear  dB Linear  dB 

2 GHz 1 0 1 0 

15 GHz 5.94 7.74 1.87 2.72 

35 GHz 59.56 17.75 78.88 18.97 

65 GHz 14.79 11.7 20.27 13.07 

 

Table 3-2. Front to back ratio for both patch metallization thickness at different 

frequencies for Ultralam 3850 antenna. 

 
Frequency 

Front to Back Ratio 
for patch thickness 

0.018mm 

Front to Back Ratio 
for patch thickness 

28.5mm 
Linear  dB Linear  dB 

2 GHz 1 0 1 0 

15 GHz 2.84 4.54 2.1 3.24 

35 GHz 7.78 8.91 4.39 6.43 

65 GHz 10.78 10.33 16.18 12.09 
 
 

   Therefore, these theories are mostly applicable for the design of narrow band antenna since 

in this case, the wave length difference between center and edge frequencies is quite less. 

However, a close observation on the wave lengths of UWB/SWB antenna for different 

operating frequencies illustrate that the wave length of center frequency is very much different 

from lower and upper bound wave length. Hence, for UWB/SWB antennas, it is not feasible to 

use the concept of utilizing the central wavelength directly for the whole range of frequencies. 

It is rather suitable to set the electrical size of the antenna to satisfy kL	$ = 1, where kL is the 

wave number at the lower bound of the operating frequency [176].  

  The product of antenna sphere radius ($) and wave number of lower bound of operating 

frequency (kL) of the proposed SWB antennas, kLa for both the designed antenna cases are 

represented in Table 3-3 and Table 3-4 respectively.  
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Table 3-3. Planar SWB antenna with substrate permittivity 3. 

Patch 

Height 

(mm) 

Lower 

Frequency 

(FL) 

(GHz) 

Wavelength 

at lower 

bound (λL) 

(mm) 

Wave 

number 

(KL) 

Electrical 

Size 

(KLX) 

(rad) 

0.035 1.65 

(Simulated) 

181.692 0.03458 1.037 

28.5 1.39 

(Simulated) 

215.678 0.02913 0.8739 

 

0.035 
1.75 

(Fabricated ) 

 

171.310 
 

0.03667 
 

1.1 

 

Table 3-4. Planar SWB antenna with substrate permittivity 2.9. 

Patch 
Height 
(mm) 

Lower 
Frequency 

(FL)  
(GHz) 

Wavelength 
at lower 

bound (λL) 
(mm) 

Wave 
number 

(KL) 

Electrical 
Size 

(KLX) 
(rad) 

0.018 1.74 

(Simulated) 

172.295 0.03646 1.09 

28.5 1.57 

(Simulated) 

190.951 0.03290 0.987 

 

0.018 

1.96 

(Fabricated) 

 

152.955 

 

0.04107 

 

1.23 

 
3.2.4.43.2.4.43.2.4.43.2.4.4. Effect of Volumetric Efficiency on Fundamental Limits . Effect of Volumetric Efficiency on Fundamental Limits . Effect of Volumetric Efficiency on Fundamental Limits . Effect of Volumetric Efficiency on Fundamental Limits     

 
  Table 3-3, Table 3-4 and Table 3-5 illustrate the evaluation of volumetric efficiency. A 

comparison of antenna design case 1 and 3 depicts that, for antenna with substrate permittivity 

3, the electrical size of antenna (kL$), reduces from 1.037 to 0.8739 for increased patch height 

which is smaller than the theoretical limit (k$ =1). A further look into the Table 3-4 shows that 

for antenna on ULTRALAM laminate (ℇr = 2.9), the electrical size reduces from 1.09 to 0.987 

as the patch height is increased from 18 µm to 28.5 mm. This indicates that the electrical size 

of the designed antenna becomes less than unity with the efficient usage of spherical volume 

and eventually exceeds the theoretical fundamental limitation value of S$=1. The fabricated 

thin patch antennas showed in Table 3-3 and Table 3-4 represent an electrical size of 1.1 and 

1.23 respectively which also indicate their proximity towards the fundamental limit. 
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Table 3-5. Volumetric Efficiency Evaluation 

Substrate Permittivity Patch 

Height 

(mm) 

Impedance 

Bandwidth 

(GHz) 

Ratio 

Bandwidth 

RO 3003 3 0.035  1.65 to 160  96.96:1 

RO 3003 3 28.5 1.39 to 160 115.10:1 

RO 3003 

(Fabricated) 

3 0.035  1.75 to 67 38.28:1 

Ultralam 

3850 

2.9 0.018 1.74 to 160  91.95:1 

Ultralam 

3850 

2.9 28.5 1.57 to 160  101.91:1 

Ultralam 

3850 

(Fabricated) 

 

2.9 

 

0.018 

 

1.96 to 67 

 

34.18:1 

 
      A high volumetric efficiency improves the impedance bandwidth of the antenna as well. 

For case 3, where the patch height is higher compared to that of case 1, the bandwidth increases 

from 1.65-160 GHz to 1.39–160 GHz whereas for case 4 (higher patch height) the bandwidth 

increases to 1.57–160 GHz compared to that (1.74-160 GHz) of case 2 with smaller patch 

height. It might look quite insignificant at the initial look; however, this little improvement 

enables the antennas to be operated in many more new applications. This eventually instigates 

an enhancement of ratio bandwidth with a value of as high as 115.10:1 and 101.91:1 for cases 

3 and 4 respectively.  

Considering the maximum measurement limit of 67 GHz for the fabricated antennas, 

Table 3-5 depicts 38.28:1 and 34.18:1 for the antennas with substrate permittivity 3 and 2.9 

respectively. These are by far the highest obtained bandwidth ratios among all the proposed 

and practically implemented antennas available in the open literature.   

        Chu [174] and Mclean [175] thoery demonstrate that the quality factor, Q increases with 

antenna size reduction. A reciprocal relationship between Q and bandwidth suggests that the 

antenna size is proportional to the bandwidth. Hence, if the antenna physical size is reduced, 

the bandwidth will also be reduced. However, this section of the thesis demonstrates that for 

cases 3 and 4, the bandwidth have been increased for a reduced electrical size in comparison 
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to that of cases 1 and 2 respectively through the efficient use of spherical volume. Here. the 

physical size of the antenna remains the same for all the cases. 

      The list of antennas shown in Table 3-6 is obtained from the literature [176] in order to 

analyse the bandwidth-size relationship. Figure 3-23 shows the comparison of these practical 

antennas with the Chu and McLean fundamental limit curves. If the corresponding point of an 

antenna gets close to or falls onto any of the theoretical limit curves, the antenna is considered 

to have achieved the maximum bandwidth for its size. To achieve small size, the ka value of 

the antenna has to be less than or equal to 1. Figure 3-23 shows a wide variety of antenna types; 

however, none of them achieve the maximized bandwidth-size performance or get close to the 

fundamental limits [176]. 

Table 3-6. Characteristics of practical antennas used to analyse bandwidth-size 

relationships [176]. 
 

Antenna Center 

Frequency (fc) 

 

Bandwidth  Radius of 

Enclosing Sphere 

λ/2 Dipole 300 MHz 36 MHz  λ/2 

Goubau 300 MHz 75 MHz 0.166 λ 

IFA 923.5 MHz 17 MHz 3.909 cm 

DIFA 917 MHz 30 MHz  3.926cm 

PIFA 859 MHz 70 MHz  3.774 cm 

λ/2 Patch 3.03 GHz 32 MHz 2.237 cm 

Foursquare 6 GHz 2.12 GHz 1.67 cm 
 

 

 
Figure 3-23. Comparison of several practical antenna (Q, ka) values to the fundamental limits 

curve [176]. 
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      In Figure 3-24 (a) and (b), the quality factors, Q of simulated thin and thick patch 

metallization along with the fabricated antenna are plotted against their respective electrical 

size, ka, which is then compared to the classical Chu and Mclean theory curves. In this case, 

the Q for the designed antennas is calculated using Mclean’s exact expression. It can be 

observed that for both the cases of thick patch metallization, the antenna electrical size gets 

very close to Chu theory line and marginally exceeds the Mclean line [174, 175]. The electrical 

size of the fabricated antennas with thin patches also get very close to the McLean curve in 

terms of achieving the maximized bandwidth for smallest possible size.  Therefore, it can be 

said that the design of the proposed antennas are very close to classical fundamental limitation 

theories. 

 
(a) RO 3003 Substrate (permittivity 3). 

 

                          

(b) Ultralam 3850 (permittivity 2.9). 
 
 

Figure 3-24. Comparison of (a) antenna case 3 and (b) antenna case 4 to the fundamental limits 

curve. 
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3.2.5. Discuss3.2.5. Discuss3.2.5. Discuss3.2.5. Discussionionionion    

 

This portion of the thesis has focused on the analysis of classical fundamental-limit theory 

for small antennas and  their compatibility to operate as SWB antennas. Four different 

monopole antennas are designed here with different substrate permittivity and height and all of 

them cover a much greater ratio bandwidth than 10:1 which signifies their operability as SWB 

antennas. It has been observed that increasing the patch height enhances the ratio bandwidth 

significantly. This demonstrates that the efficient use of the enclosing spherical volume of the 

antenna improves its overall impedance bandwidth by reducing its electrical size. A 

comparison of the proposed antennas with the classical fundamental limit theories specified by 

Chu [174] and Mclean [175] shows that the designed antennas touch the Mclean and get very 

close to the Chu fundamental limit curves. Therefore, it can be said that the design antennas 

have the most optimized compact size with the maximized achievable bandwidth. The 

proposed antennas are practically implemented and their experimental validation is carried out 

in order to indicate an excellent agreement between the simulated and measured results. The 

designed SWB antennas cover the frequency bands of most of the common wireless 

applications including Wi-Fi, GPS, Bluetooth, UMTS, WiMAX, LTE, WLAN, PCS, UWB, 

satellite and terrestrial microwave communications. They can potentially be used as high 

resolution sensors too. The recently proposed IEEE 802.11aj (45 GHz band) standard [173], 

offering a maximum data rate of greater than 10 Gbps can also be covered by these antennas 

and if practically approached, this could be a revolutionary milestone for the researchers. 

 

 

 

 

 



101 

 

3.3. Long Transmission Line Based SWB Antenna for Sensing Applications3.3. Long Transmission Line Based SWB Antenna for Sensing Applications3.3. Long Transmission Line Based SWB Antenna for Sensing Applications3.3. Long Transmission Line Based SWB Antenna for Sensing Applications    

 

     This section of the thesis illustrates another SWB antenna concept based on long 

transmission lines. This type of antenna is directly used as the sensing element of a time domain 

reflectometry (TDR) based sensor system. The designed sensing antenna consists of a co-planar 

waveguide (CPW) based circular disc monopole. To avoid the reflection from the surrounding 

objects in the environment while sensing, the transmission line adjacent to the circular 

monopole is made longer so that a significant propagation delay is introduced. This delay 

ensures that the reflection from the actual sensing part arrives much later than that of the 

neighboring objects and hence prevents the contamination of the TDR profile due to the 

surrounding environment. Here, the proposed antenna is attached with two different 

configurations of transmission line, namely straight and meandered line. The meandering of 

the transmission line introduces an enhanced propagation delay with a shorter overall structure 

of the sensor. This TDR based sensing antenna is used for detecting the presence and growth 

of structural crack as well as soil moisture monitoring.  

  Figure 3-25 shows the proposed SWB antenna with the straight transmission line. Both the 

antenna configurations with straight and meandered transmission lines are designed on Taconic 

TLX-0 substrate material with permittivity, εr =2.45 and dissipation factor, tan δ = 0.0019. The 

thickness of the substrate is 0.5 mm whereas the metallization thickness is 0.017 mm. The 

meandered transmission line shown in Figure 3-27 has a total length of 903 mm. The designed 

Taconic TLX-0 based sensing antenna occupies a bandwidth of 2-20 GHz for both the cases of 

transmission lines as shown in Figure 3-26 and Figure 3-28.  

 
Figure 3-25. Proposed Taconic TLX-0 based antenna with straight transmission line. 
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       The proposed Taconic TLX-0 based straight and meandered sensing antenna prototypes 

are fabricated commercially. Figure 3-29 and Figure. 3-31 portray the fabricated straight and 

meandered transmission line based antennas respectively. The experimental analysis in terms 

of return loss and sensing performance measurement is carried out by using the agilent 

programmable network analyzer E8361a. The measured s-parameters of the straight and 

meandered Tx line based antennas are shown in Figure 3-30 and Figure 3-32 respectively.  

 

Figure 3-26. Return loss of Taconic TLX-0 based SWB antenna with straight transmission line. 

    
 

Figure 3-27. Proposed Taconic TLX-0 based antenna with meandered transmission line. 

 
Figure 3-28. Return loss of Taconic TLX-0 based SWB antenna with meandered transmission line. 

 
 
 

Figure 3-29. Fabricated Taconic TLX-0 based sensor with straight transmission line. 
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Figure 3-30. Return loss of fabricated Taconic TLX-0 based SWB antenna with straight transmission 

line. 

 
 

Figure. 3-31. Fabricated Taconic TLX-0 based sensor with meandered transmission line. 

 
 

Figure 3-32. Return loss of fabricated Taconic TLX-0 based SWB antenna with meandered 

transmission line.      

      It can be observed that for both the cases, the antenna exhibits a reasonable impedance 

matching with a return loss (RL) greater than 10 dB almost all over its occupied bandwidth (2-

20 GHz). At certain frequencies the return loss reduces to a value of less than 10 dB; however, 

the antenna still remains functional (though with a little deterioration in performance) at such 

lower RL values. Such frequency spans are quite insignificant in comparison to the total 

bandwidth of the antenna and they barely have any impact in the TDR based detection 

technique. The sensing scheme based on such antennas are illustrated in chapter 7. 
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3.4. Antenna for UWB Short Range Radar Band3.4. Antenna for UWB Short Range Radar Band3.4. Antenna for UWB Short Range Radar Band3.4. Antenna for UWB Short Range Radar Band    

 
 Along with the SWB antenna, this thesis also proposes several other band specific antennas 

that are used either as an integrated part of the tag or sensing system or as a reader antenna. In 

this section, two compact and low cost antennas are proposed to operate in the UWB Short 

Range Radar (SRR) band of 24 GHz. This band covers a total bandwidth of 22-26.5 GHz in 

the RF spectrum. 

3.4.1. Paper Based UWB3.4.1. Paper Based UWB3.4.1. Paper Based UWB3.4.1. Paper Based UWB Antenna Antenna Antenna Antenna     

 

     This section proposes an extremely low cost antenna on flexible paper substrate with 

dielectric constant 2.74 and loss tangent δ= 0.02. The thickness of the substrate is only 0.235 

mm with a copper cladding of 450 nm. The designed antenna has a coplanar waveguide (CPW) 

fed disc loaded monopole (as shown in Figure 3-33) and it exhibits a bandwidth of 22-26.5 

GHz. 

      The simulated s-parameter (Figure 3-34 (a)) shows the Return Loss, RL >12 dB; however 

the measured result (Figure 3-34 (b)) of the printed antenna depicts a comparatively poor RL 

< 9 dB (at 22 GHz) which is quite acceptable in terms of antenna matching performance. This 

variation occurs due to the printing inaccuracy and connector. This antenna is printed using the 

SATO thermal printer and the connector is attached to the antenna using conductive epoxy. 

                                    

                                            (a)                                                                                           (b) 

Figure 3-33. Paper based CPW-fed disc loaded monopole antenna (a) simulated (b) printed. 
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                                                 (a)                                                                                    (b) 

Figure 3-34. S-Parameter of paper based antenna (a) simulated (b) printed. 

     Figure. 3-35 depicts the azimuth and elevation radiation pattern of the antenna which 

indicates its Omni-directional nature. The gain of this antenna shown in Figure 3-36, varies 

from 6-6.4 dB depending on the frequencies. Based on the illustrated characteristics, the 

designed antenna is considered a great candidate for integrating with the low cost and compact 

chipless RFID tags. It can also be used as a significant component of the chipless RFID reader 

system [32].  

 

               

                                          (a)                                                                                        (b) 

                       Figure. 3-35 Radiation pattern of paper based antenna (a) azimuth (b) elevation. 

               
Figure 3-36. Maximum gain vs frequency. 

 



106 

 

3.4.2. Mylar Based UWB 3.4.2. Mylar Based UWB 3.4.2. Mylar Based UWB 3.4.2. Mylar Based UWB Antenna Antenna Antenna Antenna     

 

    Figure 3-37 shows an extremely compact UWB antenna on the low cost and flexible Mylar 

PET substrate. This antenna is integrated with a credit card sized chipless RFID tag that 

operates in the 22-26.5 GHz band. The description of the proposed tag is provided at a later 

part of the thesis. The integrated antennas are placed in a cross-polarized orientation in the 

designed tag. Therefore, different lengths of ground planes (as shown in Figure 3-37 (b) and 

c)) are used in order to compensate the effect of the straight and bended transmission lines. In 

the proposed design, CPW structure is used since the Mylar PET substrate is available only 

with a one sided metallization. The return loss of the antenna depicted in Figure 3-38 is greater 

than 15 dB for the total UWB bandwidth of 22-26.5 GHz which demonstrates that the antenna 

has an excellent transmission and reception performance throughout the bandwidth under 

consideration. 

              

                                   (a)                                                                 (b)                                                    (c) 

Figure 3-37 (a) Actual antenna on Mylar substrate.        (b) and (c) Antenna dimensions for different 

length of ground planes. 

 

Figure 3-38. S-Parameter of Mylar based antenna. 
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      Figure 3-39 shows the azimuth and elevation radiation pattern of the antenna at 26.5 GHz. 

It can be observed that the antenna has an Omni-directional pattern with a 3 dB beam width of 

71.7 degree. Depending on the frequencies, the gain of the designed antenna varies from 2.3-

3.5 dB as shown in Figure 3-40. 

                 

                             (a)                                                                                             (b)  

Figure 3-39. Radiation pattern of Mylar based antenna (a) azimuth (b) elevation. 

 

Figure 3-40. Maximum gain vs frequency. 
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3.5. Conclusion3.5. Conclusion3.5. Conclusion3.5. Conclusion    

 
     This chapter introduces a part of the designed RF and microwave components utilised for 

several sensing applications proposed in the thesis. It focuses on all the designed antennas that 

are either used as the interrogating antenna of a RF transceiver system or the sensing element 

itself.  

       The chapter starts with the design and analysis of two novel super wide band antennas with 

an extremely compact size. Two different antennas with different substrate permittivity having 

patch metallization height 0.035 and 0.018 mm (respectively) are designed hereby. Thereafter, 

the same antennas are designed with increased patch height (28.5 mm). The antennas are 

designed to achieve a huge frequency span with an average nominal bandwidth of more than 

158 GHz. A reduction in antenna electrical size and further improvement in impedance 

bandwidth is obtained here, by using the spherical volume of the antenna efficiently through 

the enhancement of the patch height. A further investigation with respect to classical Chu and 

Mclean theories depicts that the proposed antenna electrical size touches the Mclean and gets 

very close to the Chu fundamental limit curves. This eventually offers the maximized 

bandwidth with the most compact size for a SWB antenna. Both the designed antennas with 

thinner patch metallization height are practically fabricated and measured up to 67 GHz using 

Vector Network Analyser to provide experimental validation. This antenna is used as the 

interrogating antenna for several sensing applications which will be illustrated in the latter 

chapters. 

      Another set of SWB antennas with long transmission lines is illustrated next. These 

antennas have straight and meandered transmission lines integrated with a circular disc 

monopole. Both of these antenna configurations operate from 2-20 GHz and they are used as 

the sensing element of the time domain reflectometry based crack and moisture sensor either 

directly or with a slight modification.    



109 

 

     Alongside the SWB antennas, this chapter also discusses several Ultra-Wide Band antennas. 

The UWB antennas described here are designed to operate on the UWB Short Range RADAR 

(SRR) band of 22-26.5 GHz. These antennas are generally designed on low cost and flexible 

paper and Mylar PET substrates. They have the potential to be integrated with the inexpensive 

chipless RFID tags in order to communicate with the reader. They can also be used as the 

interrogating antenna of a chipless RFID UWB SRR reader system.  

       The next chapter continues to exemplify the passive RF and microwave components for 

the sensing applications described in this thesis. It illustrates the tags and resonators that are 

designed to realize the item identification and sensing features such as moisture, salinity, 

temperature and structural crack.   
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Chapter 4Chapter 4Chapter 4Chapter 4 . Smart RF and Microwave Design. Smart RF and Microwave Design. Smart RF and Microwave Design. Smart RF and Microwave Design----ResonatorsResonatorsResonatorsResonators    

4.1. Overview4.1. Overview4.1. Overview4.1. Overview    
    
        The preceding chapter discusses all the passive antennas designed and investigated in this 

thesis. These antennas are either directly used as sensing elements or as the radiating front end 

of the RF transceiver system. This chapter introduces all the passive microwave resonators that 

are used in the thesis to construct the RFID based tags and sensors. A total of five different 

resonators are proposed here. Based on the applications, these resonators have different 

characteristics. A common feature of these resonators is the high Quality factor (Q) with 

increased minimum detection depth. This ensures that their wireless response can be easily 

detected by the RFID readers. The tagging and sensing resonators often require to be flexible 

and compact in size. Some of the sensors proposed in this thesis are designed based on smart 

materials to enable sensing, therefore, the corresponding resonators require to incorporate such 

materials in the structure.  

Figure 4-1 shows the resonators investigated in this chapter: 

  
 

Figure 4-1. Proposed microwave resonators and their applications. 
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       The organisation of this chapter is as follows. Section 4.2 introduces the design of a spiral 

resonator on Mylar PET and paper substrate [52]. This resonator is used to realize a novel, 

inexpensive, flexible and high information density tag for item tracking and identification in 

the retail industry. The high data capacity chipless RFID tags are able to provide item 

identification with extremely low cost. A modified version of the spiral resonator named the 

split box resonator is also presented in section 4.3. This resonator functions as the basic 

building block of a novel frequency domain based infrastructural crack and moisture measuring 

device termed as smart skin sensor. Section 4.4 presents the design and analysis of two 

interdigital capacitor based resonators which are used to realize a couple of soil moisture sensor 

and a leaf moisture sensor along with a smart material based novel temperature sensor. A 

number of other resonators such as a monopole probe and a flying bird shaped dipole are also 

introduced respectively in sections 4.5 and 4.6. The monopole probe resonator is utilized to 

measure the soil salinity level for precision agriculture while the dipole resonator is used to 

realize an environmental temperature sensor for retail and supply chain industry. 
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4.2. Spiral Resonator and Its Use in Chipless RFID 4.2. Spiral Resonator and Its Use in Chipless RFID 4.2. Spiral Resonator and Its Use in Chipless RFID 4.2. Spiral Resonator and Its Use in Chipless RFID TaTaTaTag g g g     

 

4.2.1. Introduction 4.2.1. Introduction 4.2.1. Introduction 4.2.1. Introduction     

  

  Spiral resonator is one of the prime components of Chipless RFID tag. These resonators 

provide compact and planar structure with a high quality factor (Q). Such high Q enables them 

to offer frequency response with a narrow bandwidth which is essential to construct a chipless 

tag with increased information capacity [178]. Spiral resonators create such responses at their 

resonance frequencies, when they are gap-coupled to a microstrip transmission line. For a 

general microstrip line, this gap coupling is formed by placing the resonators adjacent to the 

lines, whereas, they are etched out from the transmission lines for Coplanar Waveguide (CPW) 

based structures. When a signal passes through the microstrip or CPW transmission line, the 

gap coupled spiral resonators inflict a variation in its amplitude and phase. This eventually 

provides the resonant signatures of the resonators [179].  

   Chipless RFID tag is a fully printable passive microwave device that responds to an 

interrogating signal with a pre-defined frequency, time and hybrid domain signatures. It can be 

directly printed on paper and plastic substrates. Therefore, it can offer flexibility like its 

chipped counter-parts. The US based market research organization IDTechEx claims that there 

is a great potential of chipless RFID for the retail and logistics sector. It claims that the next 

few years will see a rapid gain in market share of mainstream chipless tags. The numbers sold 

globally will rise from 40 million (1.7%) of the market in 2009 to 624 billion (88%) in 2019. 

By value, chipless versions will rise from less than $5 million in 2009 to $3.93 billion in 2019 

- one third of all income from RFID tags [43]. 

The chipless RFID tags usually encode data into the frequency spectrum using resonant 

structures like spirals. Each data bit is associated with the presence or absence of resonance 

peak/null at predetermined frequency in the spectrum. The frequency signature in terms of such 

presence or absence is provided by tuning or detuning of resonant structure at the particular 

frequency [36]. Commercialization of this technology requires high data capacity tags designed 
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on low cost, lossy and flexible substrates. The non-conventional substrates such as paper or 

plastic does not necessarily have the luxury of using highly conductive material coating which 

is used to construct the resonant structure. These substrates often use conductive ink or 

materials with lower conductivity. To comply with specific applications, chipless tags need to 

be very much compact in size. 

4.2.2. Theory4.2.2. Theory4.2.2. Theory4.2.2. Theory    
 

Figure 4-2 shows a spiral resonator based generic Chipless RFID Tag and its frequency 

response. Here, each spiral produces specific resonant frequency (F1….Fn) depending upon 

their length and size. The amplitude of these signatures depends on the quality factor of the 

resonating structure. When the spiral resonator is coupled to a microstrip line, it works as a 

band stop filter. The resonant frequency fr of the spiral resonator coupled to a microstrip line 

is given by:  

                                                  <? = 	 G(Z[\+]+									                                                      (4-1) 

 

Here, Le and Ce are the total equivalent inductance and capacitance of the band stop filter 

respectively [178]. The tuned resonators are used to provide the presence of amplitude null 

resembling logic ‘0’ whereas they are detuned to give the absence of amplitude null that 

resembles logic ‘1. 

    
(a) 

    
(b) 

Figure 4-2. Chipless RFID tag and its frequency response (a) Spiral resonator based tag (b) 

Frequency signature. 
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4.2.3. Design and Results Analysis4.2.3. Design and Results Analysis4.2.3. Design and Results Analysis4.2.3. Design and Results Analysis    

 

     The designed tag uses single turn spiral resonators integrated into a CPW based transmission 

line as shown in Figure 4-3. The tag  uses a 30 µm thick Mylar PET substrate coated with a 

one sided Aluminium layer. The thickness of the Al layer is 9 µm. Table 4-1 illustrates the 

specification of the materials used in this design. 

     The sprial resonators are actually formed by etching the aluminium out from the material to 

obtain the frequency signature. Only the length of the spirals are varied to achieve different 

frequency responses in the 22-26.5 GHz band. All the other dimensions are kept the same as 

represented in Figure 4-4. The width of the CPW line is determined to be 2.91 mm and the gap 

between the CPW line and the ground plane is kept as 0.20 mm as shown in Figure 4-4. 

Table 4-1. Material specification of Mylar PET. 

Material Specification  

Mylar PET Dielectric Constant, εr 3.1 

Mylar PET Dissipation factor, tan δ 0.0028 

Aluminium Sheet Conductivity, S/m 34.5 MS/m 

    

                                

Figure 4-3. CPW transmission line with spiral resonator. 

 

Figure 4-4. Dimensions of the spirals and CPW line. 
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     Figure 4-5 (a) shows the common dimensions of the designed credit card sized tag and 

antenna system. It can be observed that the tag has two different CPW lines with replicated 

resonators. Here, each of the CPW lines contains 10 spiral resonators which produced distinct 

frequency signatures. The replication of the resonators increases the minimum detection depth 

of these signatures and ensures the readability of the resonators when interrogated by a reader. 

Upon illumination, the receiving antenna receives the signal and passes through its 

corresponding CPW line. Due to the presence of spirals, the signal gets attenuated and provide 

respective signatures which is then transmitted through the transmitting antenna. The 

transmitting and receiving antennas in the tag are kept orthogonally polarized in order to avoid 

any mutual coupling between themselves and the other antennas attached to the second CPW 

branch of the tag. As the CPW branches are orthogonally polarized to each other due to their 

corresponding antenna orientation, they provide separable frequency signatures at different 

polarizations. This eventually leads to a 10×2 = 20 bit response of the tag though the 

corresponding resonators at both the branches are designed to operate at the same frequencies.  

 
(a) 

 

 

(b) 

Figure 4-5. (a) 20 bit Tag with integrated antenna showing common dimensions of all the tags 

under investigation (b) Tag response with at least 4.8 dB depth (one CPW branch). 
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    Figure 4-5 (b) shows the frequency signature of the tag corresponding to one set of 

replicators depicted in Figure 4-5 (a).  The minimum detection depth of this tag is at least 4.8 

dB and one CPW branch of the tag exhibits 10 resonating nulls corresponding to 10 bits. If 

interrogated with an orthogonally polarized antenna, the other CPW branch also provides the 

same frequency signatures and hence offers an orientation dependent 20 bit tag. 

4.2.3.1. 4.2.3.1. 4.2.3.1. 4.2.3.1. Bit TuningBit TuningBit TuningBit Tuning    

  

The bit tuning of the designed tag is depicted in Figure 4-6. This illustrates the independent 

bit generation of the resonating tag. In this case, the sixth and seventh resonators from one of 

the CPW lines are removed and the frequency response is observed to realize the absence of 

their corresponding resonances. It can be observed that the other resonances are not affected 

due to the absence of the detuned spirals. Therefore, it is evident that the logic ‘0’ and ‘1’ can 

be easily implemented by tuning the frequency of the proposed tag. 

 
(a) 

 

(b) 

Figure 4-6. Frequency response of the tag when two resonators are removed.     
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4.2.3.2. Optimized Tag with Higher Detection Depth4.2.3.2. Optimized Tag with Higher Detection Depth4.2.3.2. Optimized Tag with Higher Detection Depth4.2.3.2. Optimized Tag with Higher Detection Depth    

 

   In terms of tag readability using readers, the minimum detection depth is extremely important 

as smaller depths cannot be identified by them. Therefore, a further attempt is carried out to 

increase the detection depth to at least 5.3 dB for all the resonators as shown in Figure 4-8. As 

depicted in Figure 4-7, this is achieved by introducing a second set of replicating resonators to 

the initially designed tag. This tag can also be read by using phase detection technique along 

with the frequency signature as shown in Figure 4-9. It can be observed that each of the 

combination of replicated resonators prompts a phase variation of at least 20-30 degree, which 

is evident from the corresponding peaks followed by nulls in the phase spectrum.   

 

     Figure 4-7. Optimized 20 bit tag with 5.3 dB detection depth. 

 

Figure 4-8. Frequency response of optimized tag with 5.3 dB detection depth. 

 
   Figure 4-9. Phase spectrum for 10 bit response.    



119 

 

4.2.3.3. Minimum Detection Depth Threshold for Printed Tags4.2.3.3. Minimum Detection Depth Threshold for Printed Tags4.2.3.3. Minimum Detection Depth Threshold for Printed Tags4.2.3.3. Minimum Detection Depth Threshold for Printed Tags    

 

        In order to determine a threshold for the minimum detection level for printed tags and to 

provide a proof of concept, two other designs are introduced in the investigation of mylar based 

tag. Figure 4-10 demonstrates a 4 bit tag (2 bits per CPW line) having more than 20 dB depths 

in simulation. As shown in Figure 4-10 (a), the designed tag has two different blocks of spiral 

resonators per CPW line. Each of these blocks has 9 spirals with the same dimensions. This 

ensures that all the spirals corresponding to each block resonates at one particular frequency 

and therefore, provide a high detection depth. Figure 4-10 (b) shows the frequency response of 

one of the two CPW branches. Figure 4-11 corresponds to a 10 bit tag (5 bits per CPW line) 

having more than 10 dB depth in simulation. In this case, the resonators are divided into 5 

different blocks and each of the blocks has 6 spirals with same dimensions to create a particular 

resonance.   

 
(a) 

 

 
(b) 

Figure 4-10 (a) Schematic of the 4 bit (2 bits per CPW line) integrated with antenna (b) frequency 

response. 
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(a) 

 
(b) 

Figure 4-11. (a) Schematic of the 10 bit (5 bits per CPW line) integrated with antenna. (b) 

Frequency response.      

     Figure 4-12 presents an optimization graph for the simulated Mylar based tags. This graph 

is obtained by considering the resonances with the least amplitude depth from the three tag 

responses depicted in Figure 4-8, Figure 4-10 (b) and Figure 4-11 (b). It can be observed that 

the corresponding bandwidths of these resonances decrease with increased number of 

resonators, which is an advantage since the lesser bandwidth ensures the accommodation of 

more resonance notches (data capacity) in a specified frequency band. The minimum detection 

depth also decreases as the number of resonators are increased. However, this means that the 

detectability gets hampered with increasing number of resonators. The data capacity of a tag is 

proportional to the number of resonators, therefore, there exists a trade-off between resonance 

detectability and resonator numbers. The Q factor of a resonator mostly depends on the 

conductivity of its metallic layer. Unless the conductivity of the metallic layer is high enough, 

it is unlikely to achieve higher data capacity with a practically detectable minimum detection 

depth.  
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Figure 4-12. Optimization graph. 

For example, the Mylar based tag consists of an aluminium sheet with a high conductivity of 

34.5 ×106 S/m, whereas when the same tag structure is printed on a paper substrate, it uses the 

conductive ink with a mere conductivity of  6.2 ×105 S/m. This significantly reduces the Q 

factor and hence limits the realization of tags with higher number of resonators.        

4.2.3.4.2.3.4.2.3.4.2.3.3.13.13.13.1. Printed Tags and . Printed Tags and . Printed Tags and . Printed Tags and TTTTheir heir heir heir MMMMeasurementeasurementeasurementeasurement    
 

     Due to the conductivity issue of the used ink, the 20 bits tag (10 bits/resonators per CPW 

line) becomes practically non-realizable. Therefore, the simulated 4 and 10 bit tags on Mylar 

PET substrate are practically printed on extremely low cost paper substrate having dielectric 

constant, εr = 2.74 and loss tangent, tan δ = 0.02. The commercial SATO thermal printer is used 

to print these tags on the paper having a thickness of 0.235 mm (provided by the manufacturer). 

Figure 4-13 shows the experimental set-up for the measurement of printed tags. In this case, 

the tags are wirelessly interrogated from a 20 cm distance and the received response is captured 

by using the designed SWB antenna depicted in section 3.2.  

 
                                  Figure 4-13. Experimental set-up for printed tag measurement. 
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    Figure 4-14 shows the printed prototype of the proposed tag on paper substrate having 4 bits 

(2 bits per CPW branch) response. As it is observed, Figure 4-14 (b) has two resonating nulls 

corresponding to two bits having center frequencies 23.4 GHz and 24.6 GHz respectively 

(response from one CPW branch). Both the bit signatures have a minimum detection depth of 

at least 6 dB. The bit tuning (resonator on and off) can also be performed on the tag by simply 

covering one of the resonators (with all its replicators) by copper tape. This eventually detunes 

the particular resonator in the frequency spectrum. The other CPW branch also provides an 

identical frequency signature when interrogated with an orthogonally polarized antenna.  

      Figure 4-15 shows the printed prototype of the 10 bit (5 bits per CPW branch) tag on paper. 

The higher loss tangent of the paper substrate reduces the minimum detection depth of the tag 

to 2.5 dB in comparison to its simulated Mylar based counterpart which has at least a 10 dB 

detection depth. As mentioned earlier, the conductive ink which is used to provide the metallic 

layer on paper, has a much lower conductivity compared to that of aluminium, used with Mylar 

substrate. The thickness of this conductive layer is as low as 450 nm. These factors also 

contribute to the reduction of minimum detection depth. 

 
(a) 

 
(b) 

Figure 4-14.  (a) Printed 4 bit tag prototype on paper substrate and (b) measured response for one 

CPW branch.  



123 

 

      A resonance detection depth lower than 2-2.5 dB is difficult to detect even with a VNA, let 

alone the chipless RFID reader. Therefore, the obtained results from the printed tag provide the 

worst case scenario for this printing arrangement and UWB SRR band. This analysis gives an 

estimation of the required simulated minimum detection depth threshold for paper printed tags. 

To obtain a practically detectable resonance amplitude depth (2.5 dB), here, the simulated 

version needed a depth of at least 10 dB. The analysis also shows the maximum number of bits 

(on a paper substrate) that can be incorporated in the UWB SRR band while maintaining a 

realistic detection depth. This printed tag serves as a proof of concept of the original design 

and bestows its tremendous potential as a low cost and flexible, high data capacity tag. 

 

 
(a) 

 
(b) 

Figure 4-15 (a) Printed 10 bit tag prototype on paper substrate and (b) measured response for one 

CPW branch. 
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4.2.4. Discussion4.2.4. Discussion4.2.4. Discussion4.2.4. Discussion    

 

This section of the thesis focuses on the design of a compact high data capacity chipless 

RFID tag on low cost flexible substrate using spiral resonators. The achieved results of the 20 

bit tag show great promise as the resonators offer no less than 5.3 dB depth for all the bits. This 

study investigates the effect of enhancing the replication of the resonators. It also proposes a 

scheme for bit detection through phase determination. An in house printing facility is used to 

print the tag prototype and its measured results are presented to illustrate the high potential of 

the proposed design. Highly conductive materials such as silver nanowires are already available 

in the market with plastic substrate and if they are incorporated into this design, it will provide 

a big leap towards the ultimate goal of commercialization of such tags.  
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4444....3333. Spil. Spil. Spil. Spilt Boxt Boxt Boxt Box    ResonaResonaResonaResonatorstorstorstors    Based Sensing TagBased Sensing TagBased Sensing TagBased Sensing Tag    

4.3.1. Introduction4.3.1. Introduction4.3.1. Introduction4.3.1. Introduction    

     
        This section of the thesis introduces a cascaded split box resonator based sensing tag. The 

designed tag is used for detecting structural crack in a non-discretised manner which will be 

illustrated in chapter 8. Figure 4-16 shows a generalized diagram of a split box resonator 

coupled to a CPW transmission line. Here, the resonator is etched out from the copper layer of 

the CPW line. It is evident that the CPW line has a one sided metallization layer, which means 

that it has the ground plane on either of its sides. This resonator is a slightly modified version 

of the spiral resonator depicted in the earlier section. The spiral resonator may contain several 

loops or turns in its structure. However, as its name implies, the split box resonator has a box 

shaped structure with a deliberately inflicted gap or split at one of its corners. This split ensures 

the absence of any inner or closed loop in the structure and hence reduces the coupling between 

resonating arms.   

4.3.2. 4.3.2. 4.3.2. 4.3.2. TheoryTheoryTheoryTheory    
 

      This section provides a theoretical analysis of the split box resonator. It starts with a 

comparative study of this resonator and its spiral counterpart which exemplifies the reason for 

its adoption. The surface current analysis of the split box resonator is illustrated next and based 

on that, a theoretical model of the resonator is established.  

 
Figure 4-16. General diagram of a Split box Resonator coupled to CPW transmission line. 
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4.3.2.1. Comparative Analysis of Split Box and Spiral Resonators4.3.2.1. Comparative Analysis of Split Box and Spiral Resonators4.3.2.1. Comparative Analysis of Split Box and Spiral Resonators4.3.2.1. Comparative Analysis of Split Box and Spiral Resonators    

         
       The split box resonators have the similar characteristics to that of the spiral resonators. 

However, they have several advantages over their spiral counterparts. They can provide an 

increased quality factor and an enhanced gap between consecutive harmonics. A high quality 

factor means the structure has a better energy storage capability which in turn facilitates its 

wireless detection while interrogated with a reader. In order to utilise the total license free 

UWB bandwidth of 3.1-10.6 GHz, it is crucial to maintain a long gap between the two 

consecutive frequency harmonics of the structure. Figure 4-17 shows different spiral and split 

box resonator shapes that are designed to operate at an arbitrary initial frequency point of UWB 

band (3.54 GHz). In this case, the resonators are coupled to a CPW transmission line with two 

corresponding replicators on both sides of the ground. The width of the CPW line and the 

resonators are common for all the structures with the values of 4 mm and 3.8 mm respectively. 

Therefore, only the overall length of the structures is varied to generate the resonance.  

                                            
                           (a) Lengthy spiral resonator.                                             (b) Compact spiral resonator.  

                                              
                                                                         (c) Split box resonator. 

Figure 4-17. Different resonating shapes (with replicators) set to operate at 3.54 GHz. 
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     Figure 4-18 shows the comparative frequency response of different resonating shapes 

depicted in Figure 4-17. It can be observed that all the three resonators have a frequency notch 

at 3.54 GHz. For the lengthy spiral resonator, this resonance corresponds to the 2nd harmonic 

of the structure while its first resonance occurs at 1.1 GHz. This resonator also has a third 

harmonic with a higher Q factor that occurs at 8.1 GHz. This harmonic restrains the structure’s 

ability to be deployed in a cascaded manner. As the third harmonic generates an undesired 

notch in the UWB spectrum, it interrupts the independent operation of any cascaded 

corresponding resonator for that particular frequency. It also creates mutual coupling with any 

adjacent frequency notches and hence makes it difficult for the tag to provide logic ‘0’ and ‘1’ 

with the presence or absence of the corresponding resonator. For the compact spiral resonator, 

the harmonic issue is resolved as it generates its first harmonic at our desired band of 3.54 GHz, 

with its second harmonic at around 11 GHz which is outside the UWB unlicensed spectrum. 

However, this resonator has the poorest Q factor among all the resonators in context. It has a 

detection depth (amplitude) of 12.5 dB at 3.54 GHz even with the presence of two replicators. 

Therefore, in practice, while practically fabricated, its wireless detection could be quite 

troublesome (as the fabricated version may provide lower detection depth than the simulated 

ideal version). In this regard, the lengthy spiral has a comparatively better Q factor with 16 dB 

detection depth at the specified frequency. 

 
Figure 4-18. Frequency response of different resonating shapes specified to operate at 3.54 GHz. 
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     The split box resonator, on the other hand, comes quite handy in solving both these issues. 

With the replicators, its first harmonic offers a detection depth of at least 32 dB at the desired 

resonance band which is absolutely greater than both types of spiral resonators. This ensures a 

comparatively better readability of the tag. This resonator generates the 2nd harmonic at 10.7 

GHz which falls outside the UWB spectrum and therefore, negates the chances for any 

interference or mutual coupling. This phenomenon is obtained due to its simpler structure 

having no closed or inner loop. These advantages of the split box resonator make it a better 

candidate for the sensing tag proposed hereby. 

4.3.2.2. Surface Current Analysis4.3.2.2. Surface Current Analysis4.3.2.2. Surface Current Analysis4.3.2.2. Surface Current Analysis    

 

     Figure 4-19 shows a single split box resonator with a length of 8.3 mm that operates at 5.25 

GHz. This resonating structure along with its designated resonance frequency is used to analyse 

its surface current along with the resonance behaviour. Figure 4-20 shows the frequency 

response of the specified resonator. 

  

Figure 4-19. Single split box resonator operating at 5.25 GHz. 

 

Figure 4-20.Frequency response of split box resonator for surface current analysis. 
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     Figure 4-21 demonstrates the peak surface current distribution of the designed resonator at 

both the resonant and non-resonant conditions. The split box resonator is coupled to a CPW 

transmission line with two different ports at either side of the structure. It can be observed that 

at the resonance frequency of 5.25 GHz, the resonator draws most of the propagating current 

to its surface which amounts to a maximum of 331 A/m. This eventually creates a reduced 

current path from port 1 to port 2, which is evident through the lower surface current value 

(specified by blue arrows) near port 2. This indicates, the absorption of current by the resonator 

at the resonance results in a stop band characteristics of the structure. In order to determine and 

compare the resonance behaviour of the non-resonant split box resonator, the surface current 

distribution of the same structure is deduced at 4 GHz. As evident from Figure 4-21, in case of 

non-resonant frequency, the propagating current is not absorbed by the CPW coupled resonator 

and therefore, a consistent current path is established from port 1 to port 2 with the peak surface 

current distribution ranging from 120-200 A/m. This ensures that the structure does not induce 

a stop band characteristics in this particular frequency and hence, no frequency notch occurs at 

4 GHz as depicted in Figure 4-20. 

 
 

Figure 4-21. Surface current of split box resonator. 
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4.3.2.3. Modelling of Split Box Resonator Using Distributed Components4.3.2.3. Modelling of Split Box Resonator Using Distributed Components4.3.2.3. Modelling of Split Box Resonator Using Distributed Components4.3.2.3. Modelling of Split Box Resonator Using Distributed Components    

 
        From the surface current analysis, it can be observed that the split box resonator has a 

similar characteristics to that of the spiral resonator [178] when it is coupled to a transmission 

line. Therefore, their equivalent circuits also have a similar configuration. Figure 4-22 shows 

the equivalent circuit of a split box resonator coupled to the transmission line. This is in fact a 

special case of the equivalent circuit for a spiral resonator depicted in [178]. Here, the resonator 

is modelled as a series RLC circuit where RD is the resistive loss of the resonator while CD and 

LD are the distributed capacitance and inductance respectively. As the resonator is integrated 

into the CPW line, it induces a mutual coupling which is represented by the mutual inductance 

LM. This mutual inductance considers the gap between the resonator and both sides of the CPW 

line. It is determined by the length of the 50 Ohm CPW line and its width difference from that 

of the resonator.  

     In case of a spiral resonator, considering the mean radius of the spiral as r, charge density 

as ρ and charge quantity as q, the distributed capacitance of a single spiral turn C1 can be 

calculated using the following equation:  

                                           		CG = G( q = 	πH∑ rbρbdGbeG                                            (4-2) [180] 
 

Here, N1 is the number of sub-annuli that create the entire spiral and H is the constant finite 

width of each of the sub-annulus [180].   

 
 

Figure 4-22. Equivalent circuit of spiral or split box resonator coupled to CPW transmission line 

[181, 182]. 
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      The split box resonator consists of a single sub-annulus only; therefore, in this case the 

distributed capacitance, C of the split box resonator can be defined by 

                                           C = G

(
q = πHrρ                                                   (4-3) [180] 

 

where, r and ρ are the mean radius (considering the inner and outer radius) and the charge 

density of the split box resonator respectively. 

The total equivalent distributed capacitance of this resonator is given by 

                                         Cf = g	(ijJik)(m                                                       (4-4) 

    where, Ri and Ro are the inner and outer radius of the resonator respectively [178, 180]. 
 
    The total distributed inductance LD of a general spiral shape is given by 
 

     	Lf =	∑ Lob + 2 × P∑MJ − ∑Mq +	∑ Mr,rJGrreG ±	∑ Mu,uJ(uueG QvbeG          (4-5)  [183] 

    where, Loi are the self-inductances of the spiral segments while M+ and M- correspond to the 

mutual inductances between segments when the current is in same and opposite directions 

respectively. M j, j+1 is the mutual inductance between adjacent turns meeting at a point whereas 

M k, k+2 caters for the mutual inductance between the nearest segments not meeting at a point. 

Here, j = 1, 2…n-1 and k = 1, 2… n-2 and n is the maximum number of turns in the spiral 

resonator [178]. Since the split box resonator has only a single turn in the structure, there will 

be no or zero mutual inductances in this case. Hence, the equation (4-5) takes an extremely 

simplified form which is depicted by the following:  

                                                         	Lf = Lo                                                        (4-6) 

Here, Lo is the self-inductance of the split box resonator. The resonance frequency, fr of the 

split box resonator coupled to the CPW line is exactly the same to that of the spiral resonator. 

If the total equivalent inductance and capacitance of the formed stop band filter is given by Le 

and Ce respectively, (as shown in Figure 4-22), fr is given by equation (4-1) illustrated earlier 

in section 4.2.2 [178]. 

                                                          <? =	 G(Z[\+]+									                                            (4-1) 
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4.3.3. Designed Se4.3.3. Designed Se4.3.3. Designed Se4.3.3. Designed Sensing Tag and its Frequency Responsensing Tag and its Frequency Responsensing Tag and its Frequency Responsensing Tag and its Frequency Response    

        Based on the split box resonator depicted above, a sensing tag is developed to detect the 

presence and opening of cracks in a building structure. The detailed illustration of the sensing 

scheme using this tag is portrayed in chapter 8. Figure 4-23 shows the designed tag that consists 

of 12 split box resonators integrated into a CPW transmission line. In order to enhance the 

minimum detection depth of the resonances, two replicators are also placed in both sides of the 

ground plane.  

       The resonators along with their replicators generate 12 corresponding frequency signatures 

in the UWB band of 3.1-10.6 GHz. Figure 4-24 shows the simulated frequency response of the 

designed sensing tag. This tag is designed on Taconic TLX-9 substrate material with 

permittivity, ɛr = 2.5 and loss tangent, tan δ = 0.0019. The thickness of this material is 0.5 mm 

whereas the copper cladding on the substrate is only 35 um thick.   

 

Figure 4-23. Designed split box resonator based sensing tag. 

 
Figure 4-24.  Simulated sensing tag response.    

  

 
Figure 4-25. Fabricated sensing tag. 
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Figure 4-26. Measured response of fabricated sensing tag. 

     The fabricated version of the sensing tag prototype is depicted in Figure 4-25. The frequency 

response of this tag is measured using the Agilent vector network analyser and represented in 

Figure 4-26. It can be observed that the measured frequency response is quite similar to that of 

the simulated version. Here, the measured 8th resonator portrays the minimum detection depth 

of around 9 dB which is the lowest among all the resonances shown hereby. This indicates that 

the fabricated sensing tag offers quite a decent readability.            
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4.44.44.44.4    Interdigital Capacitor (IDC) ResonatorInterdigital Capacitor (IDC) ResonatorInterdigital Capacitor (IDC) ResonatorInterdigital Capacitor (IDC) Resonator    

4.4.1. 4.4.1. 4.4.1. 4.4.1. IntroductionIntroductionIntroductionIntroduction    

 

     The following discussion illustrates the design of a gap coupled interdigital capacitor (IDC) 

based resonator. This resonator is a modified version of the Electric-LC (ELC) resonator which 

only couples to the E-field component of the excitation signal [184]. This means that when 

illuminated by an electric field perpendicular to the resonating arm gaps, an electric resonance 

is created due to the excitation of gap capacitance. Figure 4-27 shows the generic diagram of 

an IDC resonator where in comparison to ELC resonator, the number of resonating arms are 

increased in order to enhance the total capacitance [185].  

      In this thesis, a number of sensors are designed based on this resonator. The proposed 

sensors are used to monitor the moisture content in soil and biomaterials such as leaves, seeds 

and dry foods. With the incorporation of an appropriate smart material, this sensing structure 

is also used for monitoring the environmental temperature. A simple resonance frequency shift 

based spectral signature scheme is being adopted in this research to realize the sensing 

technique.  

4.4.2. Theoretical Modelling of Interdigital Capacitor (IDC) 4.4.2. Theoretical Modelling of Interdigital Capacitor (IDC) 4.4.2. Theoretical Modelling of Interdigital Capacitor (IDC) 4.4.2. Theoretical Modelling of Interdigital Capacitor (IDC)     

 

      An interdigital capacitor is a multi-finger structure which is overlayed on a substrate 

material to form a planar resonator. This structure can be used as a series capacitor in microstrip 

transmission line technology whose capacitance is generally formed across the thin gap 

between the resonating arms or fingers. As the number of fingers increases, the series 

capacitance also gets increased [186]. 

 
Figure 4-27. Generic diagram of IDC resonator.   
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      Figure 4-28 shows the equivalent circuit of a generic interdigital capacitor. As it is 

observed, the circuit consists of the series capacitance, (Cidc) along with the conventional series 

inductance, (L) and shunt capacitance, (C) which can be attributed to that of a microstrip 

transmission line. In an IDC structure, L and C are considered as the parasitic elements. A 

mathematical illustration of these parameters are presented hereby [186, 187]: 

                               Cbwx = yzJG{ LbwxPhN − 3lAG + A(Q   pF/unit length                    (4-7)  

      Here, N is the number of fingers and ɛr is the relative permittivity of the substrate material 

whereas W and Lidc are the total width and length of the resonator respectively.  

Correspondingly, A1 and A2 are attributed as the weighting factor due to the contribution of the 

interior and two exterior fingers or arms [187]. For substrate thickness, h, the approximate 

expressions for A1 and A2 are given as follows [186]: 

                                   AG = 4.409	tanh	P0.55 � �{��.��	Q × 10q� (pf/µm)                (4-8)  

                                   A( & 9.92	tanh	P0.52 � �{�
�.�
	Q p 10q�    (pf/µm)                  (4-9)  

  
       For thicker values of h, the values of A1 and A2 are 8.85×10-3 pF/mm and 9 .92×10-3 

pF/mm, respectively [188]. Considering the width of the resonating arms as Wf and the gap 

between these arms as S (as shown in Figure 4-27), the total width of the IDC resonator, W is 

given by [186]: 

 

                                                     W & h2N @ 1lS R 2NW�                                     (4-10)  

 
Figure 4-28. Equivalent circuit of generic interdigital capacitor [186]. 
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     As shown in Figure 4-28, the series inductance, (L) combined with Cidc forms the series 

impedance, Z of the IDC resonator while the shunt admittance, Y value is provided by the 

parasitic capacitance, (C). The value of L and C are obtained from the transmission line theory 

using the length of the interdigital capacitor, Lidc as follows [186]: 

                                                               L = [yz��kx Lbwx                                     (4-11)  

                                                          C = [yz�

�kx
Lbwx                                        (4-12) 

       Here, Z0 is the characteristics impedance of a microstrip transmission line whose strip 

width, (W) is equivalent to that of the IDC resonator in context. In this case, ɛre is the effective 

dielectric constant of the transmission line whereas c is the velocity of light in free space, which 

is equal to 3×108 ms-1. The parasitic components of the interdigital capacitor can be neglected 

if the capacitor-frequency product is lesser than 0.002 [187].  

4.4.3. Design of IDC Resonators4.4.3. Design of IDC Resonators4.4.3. Design of IDC Resonators4.4.3. Design of IDC Resonators    
 

      The proposed interdigital capacitor based structure is used to design two different 

resonators, namely a loosely coupled IDC and a tightly coupled IDC. In case of the loosely 

coupled IDC resonator, the neighbouring resonating fingers or arms have an enhanced 

capacitive gap, which create loose coupling between each other. On the contrary, for the tightly 

coupled IDC, the neighbouring arms remain so close to each other that the capacitive gaps are 

reduced to provide a tight coupling. For the design process, two different materials are used as 

a substrate for such high Q resonators. The loosely coupled IDC is built on both the Taconic 

TLX-8 and Paper substrates whereas the tightly coupled IDC uses TLX-8 only. Both these 

materials have similar characteristics of being extremely thin and flexible. An elaborative 

description of the designed resonators is illustrated below. 

4.4.3.1. Loosely C4.4.3.1. Loosely C4.4.3.1. Loosely C4.4.3.1. Loosely Coupled  IDC Resonatoroupled  IDC Resonatoroupled  IDC Resonatoroupled  IDC Resonator        
 

       This section of the thesis provides a detailed description of the design procedure of the 

loosely coupled IDC resonator. It portrays the initial design of a conventional ELC resonator 

and depicts its systematic progression into the formation of an optimized IDC resonator with 
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increased capacitive gap. Table 4-2 shows the design specification of the used substrate 

material, Taconic TLX-8. 

     Figure 4-29 shows the dimension of a conventional ELC resonator that operates at around 

4 GHz. Here, the resonator is interrogated with a plane wave and the backscattered RCS 

resoponse is obtained from a distance of about 3 cm by using a probe.  It is observed from 

Figure 4-30 that although the conventional ELC resonator offers a sharp notch at the desired 

frequency, it occupies a huge bandwidth of almost 1 GHz  (3.5-4.5 GHz), which narrows down 

its functionallity of being an effective sensor. Because of the high resonator bandwidth, the 

resulting shifted resonance frequency (RF parameter) responses due to a physical parameter 

variation (e.g. moisture content) overlap each other. This makes it difficult to distinguish 

between the resonance notches. Therefore, it is necessary to obtain a resonator which has a 

sharp resonance along with the minimum bandwidth possible. With this approach in mind, a 

modification in the conventional ELC resonator is made where the structure becomes more 

compressed.    

Table 4-2. Material specification of Taconic TLX-8. 

Material Specification  

 
  Taconic TLX-8 

Dielectric Constant, εr 2.55 

Dissipation factor, tan δ 0.0019 

Thickness 0.127 mm 
 

Copper 
Conductivity, S/m 5.8 ×107 S/m 

Thickness 0.017 mm 

 

 

Figure 4-29. Conventional ELC resonator on TLX-8. 
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Figure 4-30. RCS response of conventional ELC resonator on TLX-8. 

         Figure 4-31 shows the modified ELC resonator where the width of the structure is 

substantially reduced. This results in a much sharper resonance with a lower bandwidth as 

depicted in Figure 4-32. The designed resonator operates at around 4.5 GHz frequency and 

occupies about 550 MHz of bandwidth with a 24 dB depth in magnitude. This illustrates that 

the designed resonator can be used as an efficient sensor, since, in this case, the frequency shift 

or quality factor deviation will be much easier to detect. 

 
Figure 4-31. Modified ELC resonator on TLX-8. 

 
Figure 4-32. RCS response of modified ELC resonator on TLX-8. 
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       To further optimize the ELC resonator, the horizontal gap, gh (as shown in Figure 4-31) 

between the ELC resonating arm and its surrounding outer box is varied. In this case, the ELC 

resonator is kept fixed and the outer box is varied to modify the gap. It can be observed that a 

3 mm gap provides the most optimized (narrowest) bandwidth of 350 MHz with a RCS depth 

of 30.9 dB. In the case of 1, 2 and 4 mm gaps, the observed bandwidth  appears to be 

comparatively higher with the values of 420 MHz, 370 MHz and 504 MHz respectively. The 

resonance bandwidth of 2 mm gap is quite close to the optimized case; however, as evident 

from Figure 4-34, the RCS depth of this resonance is only 25.35 dB which is about 5 dB smaller 

in comparison. According to the vertical gap, gv variation between the fixed ELC resonator and 

outer box, the most optimized gap is found to be 3 mm again. In this case, the bandwidth is 

found to be 440 MHz with a RCS depth of 55 dB. In the case of 1 and 2 mm gaps, the bandwidth 

appears to be quite smaller than that of the 3 mm gap; however, the RCS depths are quite poor 

for those cases which is evident from Figure 4-36. It can also be observed that for vertical gaps 

higher than 3 mm, the observed bandwidths are quite high. Therefore, considering a narrow 

bandwidth and high RCS depth, 3 mm is chosen as the augmented value. 

 

Figure 4-33. Horizontal gap variation between ELC resonating arm and outer box. 

 
Figure 4-34. Impact of horizontal gap variation between ELC resonating arm and outer box on 

bandwidth and RCS depth. 
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Figure 4-35. Vertical gap variation between ELC resonating arm and outer box. 

 

Figure 4-36. Impact of vertical gap variation between ELC resonating arm and outer box on 

bandwidth and RCS depth. 

      Figure 4-37 shows the responses for variation of gap between the arms of the ELC 

resonator, gidc. It can be observed that the RCS response of the resonator does not depend much 

on the arm gaps. The bandwidth and RCS depth are more or less similar for different types of 

gaps. Therefore, to achieve greater fabrication accuracy, the optimized gap is chosen to be 0.6 

mm.  

 

Figure 4-37. Gap variation between ELC resonating arms. 
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     Figure 4-38 shows the optimized ELC resonator with all its dimensions while Figure 4-39 

exhibits its RCS response.  It can be seen that the optimized bandwidth of the resonator is 360 

MHz  with a RCS depth of about 30 dB. 

      To increase the total capacitance of the structure, ELC resonator is replaced with an 

interdigital capacitor (IDC). This, in effect, shifts the resonance of the structure towards higher 

frequencies, which implies a decreased overall resonator size with respect to its operating 

wavelength [185]. 

     Figure 4-40 to Figure 4-45 show the horizontal gap, gh variation of IDC resonator with the 

fixed outer box and their RCS responses for different number of arms. To study the effect of 

gap variation on the resonator, a comparison of 1 and 3 mm gaps are considered. A closer look 

at the horizontal gap variation plots show that the RCS response of short gap (1 mm) offers a 

better quality factor with a narrower bandwidth, irrespective of the number of arms. 

 
Figure 4-38. Optimized ELC resonator. 

 

Figure 4-39. RCS response of optimized ELC resonator on TLX-8. 
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                             (a) 3 mm Gap                                                                   (b) 1 mm Gap 

Figure 4-40. Horizontal gap variation of IDC resonator with outer box for 4 arms. 

 
Figure 4-41. RCS response of horizontal gap variation with 4 arms IDC resonator. 

      

Figure 4-42. Horizontal gap variation of IDC resonator with outer box for 6 arms. 

 
 

Figure 4-43. RCS response of horizontal gap variation with 6 arms IDC resonator. 
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                                  (a) 3 mm Gap                                                                    (b) 1 mm Gap 

Figure 4-44. Horizontal gap variation of IDC resonator with outer box for 8 arms. 

 
Figure 4-45. RCS response of horizontal gap variation with 8 arms IDC resonator. 

       Figure 4-46 depicts the optimized RCS response comparison for resonator with 4, 6 and 8 

arms.  In this case, the horizontal gap, gh between the IDC and outer box is kept as 1 mm. The 

length of the vertical connector corresponding to the vertical gap, gv is also optimized to 

provide a narrower bandwidth while offering a significant RCS depth of at least 25 dB. For 

resonators with 6 and 8 arms, a 0.8 mm long vertical connector provides the most optimized 

RCS response with such depth. However, for resonator with 4 arms, this connector length 

results in a reduced RCS depth of 22 dB. To provide a comparative analysis of resonators with 

different number of arms based on a minimum RCS depth threshold, here, the vertical 

connector length is chosen as 1.8 mm as the optimized value and hence all the resulting RCS 

responses having at least 25 dB depth are shown in Figure 4-46.    

        Figure 4-47 shows the RCS bandwidth vs number of IDC resonating arms plot, extracted 

from the data obtained in Figure 4-46. For a minimum RCS depth threshold  of 25 dB, this plot 

implies the impact of varying the number of resonating arms on RCS bandwidth. It is evident 
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that the resonator with 6 arms provides the most optimized response with the narrowest 

bandwidth of 560 MHz. Therefore, the next illustrations on this type of resonator consider the 

6 arm based structure only.    

     The arm gap variation of the IDC resonator with 6 arms (shown in Figure 4-48) does not 

impact much on its RCS performance, which is similar to the case of single arm ELC resonator. 

Therefore, the most optmized gap is considered to be 0.6 mm to provide a sustainable 

fabrication tolerance.        

     Figure 4-49 shows the RCS response of horizontal gap variation, gh between the outer box 

and the IDC Resonator when the latter is kept fixed. In this case, the dimension of the outer 

box is varied to impose the desired gap. It can be seen from Figure 4-50 that the shortest gap 

having 1 mm distance gives the most optimized bandwidth which is similar to that of the case 

of Figure 4-43. 

 
Figure 4-46. RCS reponse comparison of different number of arms. 

 
Figure 4-47. Impact of different number of IDC resonating arms on bandwidth.  



145 

 

 
Figure 4-48. RCS response of gap variation between optimized IDC resonating arms (6 arms). 

 
Figure 4-49. Horizontal gap variation between fixed IDC resonating arms and outer box. 

 
Figure 4-50. Impact of horizontal gap variation between fixed IDC resonating arms and outer box 

on RCS bandwidth. 

The  RCS respone of vertical gap, gv, variation between the outer box and the fixed IDC 

resonator with 6 arms is shown in Figure 4-51. Figure 4-52, extracted from the data obtained 

in Figure 4-51 shows that the resonance bandwidth and RCS depth both keep increasing as the 

gap increases. Hence, in order to maintain a minimum bandwidth, in this case, the lowest gap 

of 0.8 mm is considered to be the most optimized distance.  
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Figure 4-51. Vertical gap variation between fixed IDC resonating arms and outer box. 

 
Figure 4-52. Impact of vertical gap variation between fixed IDC resonating arms and outer box on 

bandwidth and RCS depth. 

       Figure 4-53 (a) and (b) show the IDC resonator with the presence and absence of a vertical 

connector to the outer box respectively. Figure 4-54 presents the surface current comparison of 

IDC resonator with outer box for connected and non-connected scenarios. It can be observed 

that although the presence of the connector tends to perturb the current path through the total 

structure, it creates a very little impact and hence the overall current path remains the same.  

This ensures that the RCS response remains almost the same for both the cases. The little 

perturbation only administers in a slight frequency shift although the bandwidth and RCS depth 

remains the same for both the cases as shown in Figure 4-55.   

           
                                          (a)                                                                                         (b) 

Figure 4-53. IDC resonator with outer box (a) connected and (b) non-connected. 
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(a)                                                                                         (b) 

Figure 4-54. Surface current comparison of (a) connected and (b) non-connected IDC resonator 

with outer box. 
 

 
Figure 4-55. RCS response comparison of  connected and non-connected IDC resonator with outer 

box. 

      Figure 4-56 and Figure 4-57 show the optimized IDC resonator and its RCS response 

respectively. It can be seen that the resonator has quite a compact size with a dimension of 

34×23 mm2. The resonance bandwidth of the designed IDC resonator is 550 MHz with a RCS 

depth of about 27 dB. 

 
Figure 4-56. Optimized IDC resonator with all its dimensions. 

 
Figure 4-57. RCS response of  optimized IDC resonator. 
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      The designed resonator is further optimized to accommodate the ID generating and sensing 

bit resonances in the 3-7 GHz band. The detailed illustration of this optimization and ID 

incorporation is represented in the frequency domain based moisture sensing section of chapter 

8. Figure 4-58 (a) shows the designed tag-sensor which consists of the optimized IDC resonator 

along with 3 ID generating rectancgular boxes. This tag sensor is used for realizing several 

sensing applications including the detection of soil and leaf moisture change as well as 

temperature variation. 

       Figure 4-58 (b) shows the simulated RCS response of the designed tag-sensor on Taconic 

TLX-8 substrate with 0.127 mm thickness. It portrays a total of 4 resonances in the 3-7 GHz 

band. Three of these resonances lie in the 3-5 GHz band and they are generated owing to the 3 

ID generating rectangular boxes. The other high frequency resonance around 6.25 GHz occurs 

due to the presence of IDC resonator with two connected sorrunding boxes, which is placed 

inside the ID generators. Figure 4-59 (a) shows the fabricated tag-sensor on Taconic TLX-8 

substrate with material thickness of 0.5 mm. Since the substrate height is thicker in the case of 

the fabricated version, it induces a resonance shift of the tag-sensor towards lower frequencies.  

This phenomenon is evident from Figure 4-59 (b) where the measured transmission co-efficient 

depicts a left shift for all the 4 resonances. In this case, the ID generating resonances occur in 

between 2.2-3.7 GHz whereas the sensing resonance owing to IDC resonator is generated at 

around 4.6 GHz. 

 

                                (a)                                                                                                (b)  

Figure 4-58. (a) Designed loosely coupled IDC based tag-sensor and its (b) simulated RCS response. 
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                               (a)                                                                                             (b)  

Figure 4-59. (a) Fabricated loosely coupled IDC based tag-sensor and its (b) measured S-parameter.       
      

       The proposed loosely coupled IDC based resonator is also designed on Paper substrate. 

The sensor based on this substrate is used to measure the moisture content in leaves or other 

biomaterials. Chapter 8 illustrates such a sensing scheme based on this resonator. The design 

specifications of the paper substrate are depicted in Table 4-3. 

       Figure 4-60 shows the optmized paper based IDC resonator and its RCS response. The 

dimension of this resonator is kept the same as that of the IDC part of TLX-8 based tag-sensor 

shown in Figure 4-58. The paper based IDC resonator has a low quality factor due to the 

conductivity and thickness of the conductive ink, which is used to print the resonating structure 

on paper. Figure 4-61 shows the printed IDC resonator on paper along with its measured 

transmission co-efficient. Commercial thermal SATO printer is used for printing this structure 

on the paper susbstrate directly. The measured response shows a resonance shift of the 

resonator towards a lower frequency in comparison to its simulated version depicted in 

Figure 4-60. This occurs due to the printing resolution of the SATO printer along with the 

deviation of paper and conductive ink properties from the ideal case used in simulation.  

      Table 4-3. Material specification of paper substrate. 

Material Specification  

 

              Paper 

Dielectric Constant εr 2.31 

Dissipation factor, tan δ 0.004 

Thickness 0.235 mm 
 

Conductive Ink 
Conductivity, S/m 6.2 ×105 S/m 

Thickness 450 nm 
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                                (a)                                                                                           (b) 

Figure 4-60. Paper based IDC resonator with simulated RCS response (a) designed resonator  (b) 

RCS. 

 

            

                                       (a)                                                                                            (b) 

Figure 4-61. Printed paper based IDC resonator with measuared S-parameter (a) printed tag-

sensor       (b) Measured transmission coefficient. 

      
       Figure 4-62 and Figure 4-63 show the simulated and printed version of the paper based 

optimized tag-sensor along with the frequency signatures. The measured transmission co-

efficient provides a similar response to the simulated RCS, portraying 4 resonances. The 

measured response also shows some deviation in terms of resonance frequency and quality 

factor; however, as mentioned earlier, these deviation occur due to the variation in material 

specification and printing resolution.  

    
                              (a)                                                                                         (b) 

Figure 4-62. (a) Paper based tag-sensor with its RCS response (a) designed tag-Sensor (b) RCS. 
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                              (a)                                                                                           (b) 

Figure 4-63. Printed paper based tag-sensor with measured S-parameter (a) printed tag-sensor   

(b) measured transmission coefficient. 

4..4.3.2. Tightly Coupled4..4.3.2. Tightly Coupled4..4.3.2. Tightly Coupled4..4.3.2. Tightly Coupled    IDC IDC IDC IDC ResonatorResonatorResonatorResonator    

 
     In this section, a detailed illustration of the step by step design procedure of tightly coupled 

IDC resonator is presented. This resonator also uses Taconic TLX-8 material as the susbstrate. 

The tightly coupled IDC resonator based tag sensor is used to realize a temperature and a soil 

moisture sensor which is depicted in chapter 8.  

      Figure 4-64 and Figure 4-65 show the tightly coupled IDC resonator with different number 

of arms and their RCS response respectively.  It can be observed that the RCS of 3, 9 and 13 

arms have more than one resonances in the 3-10 GHz (UWB) band. However, the freqeuency 

signature of 5 arms provides a single resonance with a sharp RCS depth at around 7.5 GHz. 

Hence, this resonator is considered for further studies as the intended sensor would require a 

single resonating bit to provide a sensing response.   

     The RCS comparison of tightly coupled resonator with outer box for different arms is 

depicted in Figure 4-67. It shows that only the frequency signature for 5 arms provides a single 

resonance, which is similar to the case of Figure 4-65. In the case of the resonator without outer 

box (Figure 4-65), the resonance is provided by a peak followed by null, the introduction of 

outer box removes the unncessary peak from the resonance signature which helps to determine 

the exact resonance frequency of the resonator. 
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                                          (a) 3 arms                                                                      (b) 5 arms 

                             
                                          (c) 9 arms                                                         (d) 13 arms 

Figure 4-64. Resonator with different number of arms. 

 
Figure 4-65. RCS comparison of tightly coupled IDC resonator with different number of arms. 

   
Figure 4-66. 5 arms based tihgtly coupled IDC resonator with outer box. 
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Figure 4-67. RCS comparison of tightly coupled IDC resonator with outer box for different number 

of arms.     
       Figure 4-68 shows the RCS response of horizontal gap, gh variation between IDC 

Resonator With 5 Arms and its surrounding outer box. A comparative analysis from this 

variation is deduced in Figure 4-69. Here, the impact of such gap variation on RCS bandwidth 

and depth is portrayed. Considering the RCS depth, in this case, 7.25 mm is chosen as the 

optimized gap since it provides the highest depth of 18.5 dB. At this distance, the bandwidth is 

comparatively higher than most of the other cases, however, this bandwidth difference is not 

too significant as we only have a total variation of less than 100 MHz. The RCS depth is rather 

more significant as it determines the readability of the resonator when interrogated with a 

reader antenna. 

 

Figure 4-68. Horizontal gap variation between IDC resonator with 5 arms and outbox. 
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Figure 4-69. Impact of horizontal gap variation between IDC resonator with 5 arms and outbox on 

bandwidth and RCS depth.      

       Figure 4-70 shows the RCS response of gap variation between the arms of the IDC 

resonator, gidc while the impact of this variation is illustrated in Figure 4-71. It can be observed 

that the RCS response of the resonator with 0.1 and 0.15 mm gaps provide the maximized 

resonance depths compared to others. However, the bandwidth of 0.1 mm gap is comparatively 

higher than that of 0.15 mm gap. Alongside that, it is quite difficult to provide a narrow gap of 

0.1 mm in fabrication. Therefore, in order to achieve an optimized quality factor with narrow 

bandwidth, high RCS depth and greater fabrication accuracy, the arm gap is chosen to be 0.15 

mm. Figure 4-72 shows the optimized tightly coupled IDC resonator along with its RCS 

response. It can be seen that the resonator operates at around 6.5 GHz with a detection depth 

of more than 20 dB. Figure 4-73 (a) shows the finalized tightly coupled IDC resonator based 

tag sensor designed on TLX-8 substrate with 0.127 mm thickness. A closer look into this figure 

shows that the optimized resonator has a non-connected extra surrounding box as a part of the 

sensing resonator. Altogether, they generate a single resonance at 5.2 GHz as depicted in 

Figure 4-73 (b). 

 
Figure 4-70. Gap variation between IDC resonating arms. 
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Figure 4-71. Impact of gap variation between IDC resonating arms on bandwidth and RCS depth. 

 

 
                              (a)                                                                                                 (b) 

                     Figure 4-72. (a) Optimized tightly coupled IDC based sensing resonator and (b) its RCS. 

  

 
                              (a)                                                                                                 (b) 

Figure 4-73. Designed tightly coupled IDC based tag-sensor and its (b) simulated RCS response.     

        

    
                              (a)                                                                                           (b) 

Figure 4-74. Fabricated tightly coupled IDC based tag-sensor and its (b) measured S-parameter. 
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       The necessity of this extra surrounding box is explained in chapter 8 along with the entire 

optimization procedure. The proposed tag-sensor also has three ID generating boxes that create 

3 resonances in the 2.8 -4.2 GHz band. Figure 4-74 shows the fabricated version of this tag 

sensor along with its measured transmission co-efficient. A thicker version of the TLX-8 

substrate with 0.5 mm thickness is used in this case, which results in a resonance shift of the 

entire tag-sensor towards lower frequencies similar to the case of fabricated loosely coupled 

IDC based tag-sensor depicted in Figure 4-59. 
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4.5. Monopole Probe Resonator4.5. Monopole Probe Resonator4.5. Monopole Probe Resonator4.5. Monopole Probe Resonator    

4.5.1. Introduction     4.5.1. Introduction     4.5.1. Introduction     4.5.1. Introduction         

 

      This section introduces the design of a resonator based on a monopole probe. This resonator 

is directly used as a sensor to measure the salinity contents in soil. A simple monopole probe 

based antenna is used here as the sensing resonator. In this case, the probe is inserted into the 

soil to extract its salinity content rather than allowing it to radiate into the free space. As the 

probe comes in close contact with soil, its RF behaviour varies based on the soil properties. 

The monopole resonator is generally built using a conductive probe or rod which is mounted 

above another conductive surface known as ground plane. This has a very simplistic and low 

cost structure which can distinguish between different soil salinity and moisture levels.  

4.5.2. Design and Results4.5.2. Design and Results4.5.2. Design and Results4.5.2. Design and Results    

 

     The proposed resonator is designed by mounting the probe perpendicularly over a 

conductive ground plane. Here, a simple washer with a radius of 19.05 mm is used as the 

ground which is sealed with a conductive copper rod (probe) of 1.5 mm radius via a SMA 

connector. Figure 4-75 shows the designed monopole resonator with all its dimensions. The 

length of the probe is determined by optimizing the resonator to resonate at central UHF band 

of 905 MHz inside the soil environment. To achieve this, a simulation model of dry sandy soil 

is designed whose dielectric constant, ɛr = 2.53 and the loss tangent, tanδ = 0.0036.  

 

Figure 4-75. Designed monopole probe resonator.                                
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        As shown in Figure 4-76, the monopole probe resonator model is penetrated into the dry 

soil and its length is optimized as 175 mm (0.175 m) so that the sensing resonator operates at 

905 MHz. Figure 4-77 shows the simulated frequency response of the designed resonator at 

free space and dry soil environment. It can be seen that at the dry soil environment, the 

resonator has its first harmonic at 905 MHz followed by a second harmonic at 1.35 GHz. Based 

on the first harmonic or fundamental frequency in this environment, the wavelength of the 

resonator is calculated as 0.33 m. Therefore, the 0.175 m long probe can be regarded as a half 

wavelength monopole resonator. For the free space, the first harmonic of the resonator occurs 

at 1.32 GHz which indicates a resonance shift of the probe towards lower frequencies when 

inserted into soil.   

 

               Figure 4-76. Monopole resonator penetrated into dry soil. 

 

 

Figure 4-77. Comparison of simulated frequency response of resonator at free space and dry soil 

environment. 
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      Figure 4-78 shows the fabricated monopole probe resonator with its measured frequency 

response. It can be observed that the measured results validate their simulated counterparts as 

they exhibit quite similar s-parameter responses. In this case, the fundamental resonance at free 

space occurs at 1.4 GHz whereas the dry soil response has its first harmonic at 925 MHz 

followed by its second harmonic at 1.46 GHz. The slight deviation in the measured response 

occurs due to the fabrication error of the resonating device. This deviation does not have any 

impact on the measured salinity sensing response as it uses the entire UHF RFID band of 860-

960 MHz for its operation. The detailed illustration of the salinity measurement is presented in 

section 8.3. 

 

          (a)                                                                                               (b) 

Figure 4-78. (a) Fabricated sensing resonator prototype. (b) Measured frequency response 

comparison between free space and dry soil environment. 
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4.6. Flying Bird Dipole Resonator4.6. Flying Bird Dipole Resonator4.6. Flying Bird Dipole Resonator4.6. Flying Bird Dipole Resonator    
 

4.6.1. Introduction     4.6.1. Introduction     4.6.1. Introduction     4.6.1. Introduction         
   

      This section of the thesis illustrates the design of a flying bird dipole resonator which is 

specifically designed to function as a temperature sensor. This resonator is formulated by 

joining two separate metallic arms with different thermal expansion co-efficient. The sensing 

mechanism for this resonator is pretty simple. As the surrounding temperature increases, the 

size of the metallic arms having different thermal expansion co-efficient varies differently. This 

physical change of the resonator eventually modifies its RF parameter enabling the detection 

of a temperature variation. In order to choose the right candidate for the sensing resonator, a 

number of resonating shapes including a conventional dipole, bent dipole and the flying bird 

shaped dipole are investigated. It is observed that the flying bird dipole exhibits the maximum 

shape deformation when it undergoes a temperature change due to its uncanny structure 

stretched in two different orientations.    

4.6.2. Design and Results  4.6.2. Design and Results  4.6.2. Design and Results  4.6.2. Design and Results      
 

       The flying bird dipole resonator is designed to operate in both the chip based and chipless 

RFID formats. Figure 4-79 shows the proposed resonator along with its dimensions. The two 

metallic arms of this resonator are built based on zinc and copper plates having thickness of 

0.508 mm. In order to provide a base of the joint structure, an inductive loop is placed at the 

junction of the two metals.  This inductive loop also works as a matching circuit for the 

commercial UHF RFID IC impedance of 18-j164 ohms at 915 MHz.  

 
Figure 4-79. Designed flying bird dipole resonator. 
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     This sensing resonator works as both the chipless and chipped RFID based temperature 

sensor. In order to operate as a passive chipped RFID sensor, the resonator needs to integrate 

an IC so that it can acquire sufficient power to get itself activated through the RF signal from 

the RFID reader. To provide the maximum power transfer, the impedance of the integrated IC 

needs to be matched correctly to that of the resonating structure that operates as an antenna. In 

the proposed design, the inductive loop is optimized in such a way that it ensures the impedance 

of the flying bird dipole resonator matches to that of the integrated IC.   

      Figure 4-80 shows the impedance smith chart of the proposed resonator. Here, marker 1 is 

indicating the impedance value of the resonator at 915 MHz. Based on the position of the 

marker, it can be seen that the impedance value is designated as 18+j165.17 ohms. This 

indicates a proper impedance matching between the resonating structure and the IC being used. 

 
Figure 4-80. Smith chart (impedance) of flying bird dipole resonator. 

 
Figure 4-81. Reflection co-efficient of resonator at UHF RFID band. 
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       The simulated S-parameter in terms of reflection co-efficient is exhibited in Figure 4-81. 

This is the actual corresponding S-parameter value for the impedance smith chart shown in 

Figure 4-80. It shows the reflection co-efficient magnitude of the resonator in the entire UHF 

RFID band of 860-960 MHz. At 915 MHz, the specific reflection co-efficient magnitude is -

0.516 dB. Due to the temperature variation, the shape of the resonator is modifed which 

instigates an impedance variation of the resonator at the specified frequency. This impedance 

variation eventually results in a change of magnitude in the s-parameter value. This 

phenomenon is comprehensively illustrated in the thermal expansion based sensing section of 

chapter 8. 

      As mentioned above, the designed resonator has the feature of offering sensing capability 

in the chipless RFID domain as well. In this domain, the frequency span is much more relaxed 

compared to that of the chipped UHF RFID. Here, ideally the entire UWB band of 3.1-10.6 

GHz or a portion of this band can be used.  In this case, the proposed resonator with the same 

dimension and shape exhibits a resonance at around 6.2 GHz as shown in Figure 4-82.  

 
Figure 4-82. Simulated S-parameter of resonator in chipless RFID domain. 

 

Figure 4-83. Fabricated flying bird dipole resonator. 
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Figure 4-84. Measured S-parameter of resonator in chipless RFID domain. 

       Figure 4-83 and Figure 4-84 show the fabricated version of the proposed resonator and its 

measured transmission co-efficient respectively. The two metallic arms are built by using laser 

cutting on two individual sheets of zinc and copper. Both these arms are joined together by 

using a conductive epoxy to form a single conductive resonant structure instead of a complete 

dipole antenna built of two separate conductors. This subtle technical modification is 

performed in order to make sure that the impact of the expansion of the arms are absolutely 

prominent on each other. Figure 4-84 shows that the resonator has a resonance at around 6.83 

GHz instead of the simulated resonance of 6.2 GHz. This deviation occurs due to the manual 

fabrication process of the resonator. While joining the arms using epoxy, the angle between the 

arms could not be set absolutely according to the simulated version. This might also have an 

effect on the structure’s resonance. However, this resonance shift has a very little or no impact 

on the sensing performance at both chipped and chipless domain which is shown later in 

chapter 8.  

4.7. Conclusion4.7. Conclusion4.7. Conclusion4.7. Conclusion    

 
      This chapter completes the illustration of the designed RF and microwave components that 

play the prime role in sensing and item identification applications, introduced in the thesis. It 

focuses on the design and analysis of different resonating structures that are utilised to form 

the RFID based tag and sensing resonators.  
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       Firstly, this chapter presents the design of a conventional spiral resonator based low cost 

and flexible credit card sized chipless RFID tag. This resonator is integrated into a coplanar 

waveguide (CPW) based transmission line to form a band stop filter via electromagnetic 

coupling. This stop band characteristics of the resonating tag enables it to resonate at its 

specified frequencies. The designed high data capacity tag is printed on extremely low cost 

paper material and its measured result confirms the enormous potential for the 

commercialization of the tag. 

        A similar CPW based resonating structure is introduced in the next section of this chapter. 

The proposed split box resonator has a better resonance performance in the UWB band 

compared to that of the spiral resonators. A number of these resonators are arranged in a 

cascaded manner to create a sensing tag which makes a great candidate for structural crack 

sensing. The entire surface of the designed tag has a special non-discretised and coupled 

behaviour which enables a smart way of detecting the opening and presence of cracks in any 

concomitant structure.    

        Alongside the CPW based resonating tags, this chapter also portrays the design of a 

loosely coupled and tightly coupled interdigital (IDC) capacitor based resonators. The 

theoretical modelling of the IDC capacitor followed by the progressive design procedure of the 

resonators from a conventional ELC is illustrated here. The designed resonators are 

incorporated with rectangular box shaped ID generators in order to enable the identification 

capability. The designed prototypes of the ID equipped resonators are fabricated on low cost 

substrates and the measured results signify their tremendous commercialization prospect. The 

proposed resonators are used for realizing several sensing applications including soil moisture 

and environmental temperature variation. The loosely coupled IDC based resonator printed on 

paper facilitates the detection of moisture content in biomaterials such as leaves.        

       Chapter 4 also focuses on the design of a monopole probe resonator that is optimized to 

work as a soil salinity sensor. The resonator has an extremely simplified and low cost structure 
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which allows it to be manufactured very easily. The operating frequency of the resonator at 

UHF RFID band ensures that the sensing resonator is long enough to provide high penetration 

depth at soil. This eventually enables the sensor to extract salinity content information at a 

greater depth from the soil surface. Finally, the design of a flying bird shaped dipole resonator 

is also described in this chapter. The proposed resonator is built by joining two different 

metallic arms having a low and a high thermal expansion co-efficient respectively. This results 

in a thermal expansion based temperature sensor that exhibits an interesting feature of 

functioning in both the chipped and chipless RFID domain.      

       The next chapter illustrates the incorporation of smart materials into the designed RF 

components. These materials perform as the sensing element for several sensors proposed in 

this thesis. The frequency domain based soil moisture sensor uses “polyether sulphone (PES)” 

as the moisture sensing material along with the IDC resonator, since this material changes its 

characteristics with the variation in moisture or humidity content. Similarly, the characteristics 

of “Barium Strontium Titanate (BST)” can be altered by changing its temperature. Therefore, 

this material can be used as the sensing element of a temperature sensor designed based on the 

IDC resonator. The RF characterization of the designated smart materials is carried out in the 

following chapter. It also demonstrates the laboratory formation procedure of BST material 

from raw Barium and Strontium powder.  
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Chapter 5Chapter 5Chapter 5Chapter 5 . Smart Materials. Smart Materials. Smart Materials. Smart Materials    
 

5.1. Overvie5.1. Overvie5.1. Overvie5.1. Overviewwww    
 

    The two previous chapters describe the RF components including antennas and resonators 

which act as the basic building blocks of the sensors introduced in this thesis. This chapter 

provides an illustration of the smart materials utilised to form a couple of the sensors proposed. 

Smart materials are one of the prime components in chipless RFID based sensing systems. 

These materials possess an inherent ability to sense and react to a change in their environment. 

The external environmental stimuli such as temperature, pressure, moisture, light, gas and 

electric fields instigate such changes in the intrinsic properties of the smart materials [30]. This 

eventually confers the sensing capability of such materials. As the chipless RFID based sensors 

do not use any silicon chip or active element for sensing, the smart materials become quite a 

lucrative option in this domain. These materials can be combined with the microwave based 

passive resonators to offer a particular sensing scheme. Two different materials having the 

ability to detect moisture and temperature variations are demonstrated in this chapter. These 

materials are integrated with the IDC based sensing resonators (depicted in section 4.4) to form 

the sensors for monitoring temperature and soil moisture variation. 

5.2. Smart Materials and Their Applications 5.2. Smart Materials and Their Applications 5.2. Smart Materials and Their Applications 5.2. Smart Materials and Their Applications     
 

         In addition to responding to the environment, the smart materials also have the capability 

to receive, transmit and process a stimulus [189]. Any material that exhibit such intelligent 

intrinsic characteristics can be regarded as having smart or adaptive or sense-able behaviour 

[190]. One of the prime characteristics of the smart materials is their ability of being reversible. 

This means the materials need to exhibit a reversible behaviour in their corresponding operating 

zone where they receive and respond to an external stimulus [189]. The intelligence or 

smartness of a material can be attuned by adjusting the material composition, processing, defect 

and microstructure [191]. Based on this intelligence, in response to a stimulus, the material can 
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exhibit a change in colour or volume, dielectric constant or dissipation factor or even in 

viscosity [192]. 

         Different smart materials enable different sensing schemes based on their ability in 

reacting to a certain environmental parameter. In terms of functionality, types of material and 

application areas, the smart materials can be classified into various categories. These categories 

include shape memory alloys (SMA), piezoelectric materials, electrostrictive and 

magnetostrictive materials, thermo-responsive, pH sensitive and light sensitive materials along 

with smart polymers [189]. The SMA such as Nitinol has an interesting ability to remember a 

particular shape as it can recover from any apparent permanent strains at a specific temperature 

[189]. Thermo-responsive materials include a range of temperature sensitive materials such as 

phenanthrene, PEDOT-PSS, plastic crystals, Barium Strontium Titanate (BST) and mercury 

[193]. The smart polymers can react to a number of environmental parameters such as moisture 

or humidity, UV radiation, pH, temperature and many others. Polymers such as Kapton, 

polyvinyl alcohol (PVA), polyvinyl chloride (PVC), polyether sulfone (PES) are moisture 

sensitive while poly acrylic acid (PAA) and conducting polymers such as PEDOT are pH 

responsive [30, 189, 192].  

        Smart materials find a wide range of application areas and market sectors depending on 

their functionalities. The transport sector such as aerospace, automotive, marine and rail can 

be a potential market for the intelligent materials such as piezoelectric fibre composites and 

SMAs [190]. The biocompatibility of SMAs may fetch them a huge prospect in the medical 

sector. Alongside this, other polymeric materials also have a high penetrability into different 

applications in the healthcare industry such as drug delivery or sensing [189]. The construction 

industry such as structural health monitoring, vibration and environmental control as well as 

the sports and leisure sector embrace new structural materials on a regular basis in order to 

adopt low cost intelligent sensing scheme along with improving equipment performance. Smart 

materials have a tremendous applicability in agriculture, food and consumer packaging [190].  
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Figure 5-1. Proposed smart materials.  

Integration of such materials enables a tremendously low cost RFID based smart labelling as 

well as provides innovative package design with additional communication and sensing 

abilities. It also facilitates the monitoring of environmental parameters such as moisture and 

temperature which is immensely important for precision agriculture and supply chain industries 

[190].  

      The following sub-sections illustrate the proposed moisture and temperature sensing smart 

materials introduced in this thesis (shown in Figure 5-1). The smart polymer polyether sulfone 

(PES) functions as the sensing material of the frequency domain based soil moisture sensor 

while the tunable dielectric Barium Strontium Titanate (BST) is used as the temperature 

sensing material in the real time temperature sensor designed to monitor perishable food items.  

5.2.1. Moisture Sensitive Material5.2.1. Moisture Sensitive Material5.2.1. Moisture Sensitive Material5.2.1. Moisture Sensitive Material----    Polyether sulfone (PES)Polyether sulfone (PES)Polyether sulfone (PES)Polyether sulfone (PES)    

 

       Polyether sulfone (PES) is a thermoplastic polymer having a hydrophilic characteristics. 

The hydrophilic films are quite stable at higher humidity levels which increase their uptake in 

humidity or moisture sensing applications [194]. PES polymer has an excellent heat and 

chemical resistance with a high dimensional stability. This enables them to withstand exposure 

to high temperature for an extended time period [195]. Figure 5-2 shows the PES membranes 

(having thickness of 0.08 mm) used in the moisture sensing applications proposed in this thesis. 

These membranes are graciously provided by GE healthcare as giveaway samples.  

 

Figure 5-2. Polyether sulphone (PES) membrane. 
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Figure 5-3. Chemical structure of PES [196]. 

     The chemical structure of PES is shown in Figure 5-3 which provides a molecular formula 

of (C12H8O3S)n and molecular weight of (232.258)n g/mol [197]. The aromatic compounds in 

PES make it highly stable against hydrolysis and acidic or basic conditions. These compounds 

along with stiff sulfone groups in the backbone chain of this polymer provide it with a high 

glass transition temperature (about 2200C) and oxidation resistance. The ether linkage in the 

structure provides a great mechanical strength to this polymer along with a moderately high 

tensile modulus of 2.6 GPa [198]. PES has a low dielectric constant and dissipation factor over 

a wide range of temperature and frequencies. At radio frequency ranges, the relative 

permittivity and loss tangent of PES are 3.5 and 0.001 respectively [199]. PES is typically 

insoluble in water; however, owing to the presence of hygroscopic sulfone group, it can absorb 

moisture. This enables it to be used as a moisture sensing material. High temperature stability 

coupled with low flammability and chemical resistance makes PES a great candidate for the 

electrical and electronic devices operating in harsh environments. It also has an excellent 

resistance to microwave radiation, which makes it a robust sensing element for soil moisture 

contents [196, 198].   

5.2.2. Temperature Sensitive Material 5.2.2. Temperature Sensitive Material 5.2.2. Temperature Sensitive Material 5.2.2. Temperature Sensitive Material ––––    Barium Strontium Titanate (BST) Barium Strontium Titanate (BST) Barium Strontium Titanate (BST) Barium Strontium Titanate (BST)     

 

        This section provides a detailed illustration of temperature sensitive ferroelectric material 

BST. It is a tunable dielectric which can be engineered to realize temperature sensing for a 

wide range of temperature by combining with a microwave resonator. The relative permittivity 

of BST varies as temperature changes. This results in a change of capacitance in the sensing 

resonator which eventually introduces a resonance frequency shift. The operating temperature 

range of such sensors is dependent on the Curie temperature and the ratio of Barium and 

Strontium (Ba/Sr) in BST. Hence, different Ba/Sr ratio are used to adapt the area of application 
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to different requirements. The relative permittivity is also a function of the different material 

quality factors. For example, the BST bulk ceramic has a high temperature co-efficient 

compared to that of BST thick films. As a result, these ceramics are more sensitive to 

permittivity variation and therefore, regarded as one of the few materials that can be used as 

high temperature sensors. The Curie temperature and the material quality can be tweaked by 

doping the material or changing the processing technology to adapt to the needs of temperature 

dependence [146, 200]. 

5.2.2.1. Behavioral Analysis of BST 5.2.2.1. Behavioral Analysis of BST 5.2.2.1. Behavioral Analysis of BST 5.2.2.1. Behavioral Analysis of BST     

       

      Curie point, Tc is the temperature where a ferroelectric material encounters its phase 

transition between ferroelectric to para-electric. The ferroelectric phase of the material below 

Tc exhibits spontaneous electrical polarization which leads to the memory effect or hysteresis. 

For ideal ferroelectrics, materials enter into para-electric phase at temperature above Tc (as 

shown in Figure 5-4) where spontaneous polarization no longer exists. This results in a field 

dependence of the dielectric constant that provides tunability [201]. For tunable microwave 

devices, the specified materials should be in the para-electric phase in general. Hysteresis effect 

in ferroelectric phase hinders the tunability of the material. Alongside that, this phase also 

contains the piezoelectric properties which causes additional losses in the microwave domain. 

Therefore, para-electric phase is much preferred over the ferroelectric for microwave based 

applications [202]. This is the reason why it is quite important to determine the point (Curie 

temperature) where phase transition takes place.  

 
Figure 5-4. Behaviour of ideal ferroelectric material [201]. 
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       Based on the Landau theory of phase transitions, Ginzburg and Devonshire have developed 

an equation for free energy density which in turn helps determining the spontaneous 

polarization in a ferroelectric material. This equation also leads to the description of 

temperature dependent dielectric permittivity given by [200, 203] 

                ε	(E, T) = ykk
U[�(�)MJ�(�)OJ�(�)VMOJU[�(�)MJ�(�)Oq�(�)VMOq�(�)                              (5-1) 

              																				ξ(E) = 	�� ����( + ξ�(																																		                                      (5-2) 

    																												�(�) = �� ������( + � ����( − 1																				                                    (5-3) 

                                    						�� = (��
�k(K�kk)OM																																														                                      (5-4) 

     Here, ξ (E) is a function that consists of information regarding both the built in field, ξs and 

external biasing field E. The parameter, ξs also describes the structural quality of the 

ferroelectric material. The smaller the built in field, the higher the material quality. Hence, it 

can be said that the parameter ξs is used to characterize the practically available (not ideal) 

ferroelectric crystals and ceramic samples. This built in field is actually generated from the 

defects, non-homogeneities and structural damages in the material [200]. The other parameters 

depicted in the above equations are the external temperature T, Curie constant ε00, Curie 

temperature Tc, effective Debye temperature θF and the normalized displacement and 

normalized field are given by DN and EN respectively [203]. At the absence of any external 

biasing field, equation (5-1) becomes:  

                         							ε	(T) = ykk
 ��¡MJ�(�)OJ�¡¢

MOJ ��¡MJ�(�)Oq�¡¢
MOq�(�)

										                              (5-5) 

For the Ba/Sr ratio in BaxSr1-xTiO3 (BST), the Curie temperature is approximated by [146]  

                   													�D(£) = P42 + 439.37£ − 95.95£(Q	K								                                         (5-6) 

       In order to ensure that the perishable food items or products remain safe, they need to be 

stored or transported at a very cold (50C or colder) temperature. To prevent the growth of 
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certain food-poisoning bacteria, some items like fish, poultry and dairy require to be kept at a 

temperature near freezing point (-10 to -20C) [204, 205]. Hence, the temperature sensor 

proposed to be built using BST film should be operable at a temperature lower than 00C. A 

50:50 composition of Ba/Sr ratio (x=0.5) sets the Curie temperature approximately at -350C. 

This means, above this temperature, an ideal BST film (perfect crystal) should be in the para-

electric phase with no spontaneous polarization and hysteresis. For a practically formulated 

BST film, the phase transition occurs (enters para-electric state) at a temperature even lower 

than the theoretically calculated Curie point. Hence, it does not pose any conflict with the 

temperature range of interest. This phenomenon is explained later in greater details in section 

8.6.2.     

5.3. BST 5.3. BST 5.3. BST 5.3. BST Material Material Material Material Formulation Formulation Formulation Formulation     

    
     The proposed BST film with 50:50 ratio of Ba/Sr is formulated from raw Barium Titanate 

(BaTiO3) and Strontium Titanate (SrTiO3) powders. The entire process is carried out at Belcher 

lab of Massachusetts Institute of Technology (MIT) with the generous support from material 

scientist Dr. NeelKanth Bardhan.  

5.3.1. 5.3.1. 5.3.1. 5.3.1. Preparation of the SlurryPreparation of the SlurryPreparation of the SlurryPreparation of the Slurry    

 

     BaTiO3 (mol. wt. 233.2 g, density 6.02 g/cm3) and SrTiO3 (mol. wt. 183.5 g, density 4.81 

g/cm3) precursor powders are obtained from Tplinc, USA thanks to their generous giveaway 

samples. To prepare the BST film with a 50-50 molar ratio of BaTiO3:SrTiO3, a casting process 

is used. For the ceramic powder slurry, prepared in water as the solvent, the solids loading 

content is chosen to be 20 wt. %, to achieve a high-enough loading for the desired cast geometry 

while maintaining low-enough viscosity for pouring into the mould. 

  

Figure 5-5. Formulated BST film. 
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Accordingly, for a 10 ml slurry (stock solution), the powders are added in the amounts of 1.12 

g of BaTiO3 and 0.98 g of SrTiO3. Poly (acrylic acid), PAA (mol. wt. 8,000, from Sigma-

Aldrich, MO, USA) is used as a surfactant and added as 2 wt. % (0.2 g). The pH of the slurry 

is adjusted to 10.5 using a pH meter, using a weak base NaHCO3, to negatively charge the 

polymer, resulting in better dispersion capability of the precursor powders. The slurry is stirred 

overnight at room temperature to make it ready for casting.  

5.3.2. 5.3.2. 5.3.2. 5.3.2. Film CastingFilm CastingFilm CastingFilm Casting    

 
The mould for the BST film is designed as follows. An 8 mm thick plexiglass stock is used as 

the mould material. In the stock sheet, a mould is laser cut, having an inner dimension of 16.4 

mm × 13.6 mm, to match the dimensions of the BST resonator as shown in Figure 5-6. For the 

intended film thickness of 0.6 mm, the required portion of the mould volume is calculated as: 

16.4 ×13.6 × 0.6 = 0.133824 cm3. Considering the density of BaTiO3 and SrTiO3, the required 

weight of powder mixture (in the final slurry) is then found to be: ((6.02+4.81)/2) g/cm³ × 

0.133824 cm³ = 5.415 g/cm³ × 0.133824 cm³ = 0.724 g. Since the actual stock solution of 10 

ml contains a total of 2 g (1.12 g of BaTiO3 and 0.98 g of SrTiO3) powder, therefore, a scaled 

down portion (3.7 ml) from this solution is extracted to obtain the total powder mixture weight 

of 0.724 g (approx.). 

 

 

 

 

 
Figure 5-6. Mould. Figure 5-7. Film casting process. 
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The 3.7 ml mixture is then further diluted to 6.3 ml water to prepare the final slurry. The slurry 

is then cast into the mould, and left to air dry for 2-3 days to evaporate the liquid. Following 

air drying, the green (as-cast) film is oven-dried at 80°C overnight, prior to the sintering 

process.  

5.3.3. 5.3.3. 5.3.3. 5.3.3. SinteringSinteringSinteringSintering    

 
     The sintering process is performed in a Lindberg Blue programmable furnace. Initially, the 

furnace is rapidly heated from room temperature to 100°C. The furnace is maintained at 100°C 

for 30 minutes to remove any residual moisture in the green film. In the second step, the 

temperature is ramped up to 340°C in 30 minutes (8 °C/min. ramp rate), and held at 340°C for 

60 minutes. The purpose of this step is to remove organic material, such as the surfactant PAA 

from the film. Following this, the temperature is increased to the sintering temperature, 1300°C 

in 120 minutes. (8°C/min. ramp rate), and the film is sintered at 1300°C for 180 minutes. 

Finally, the sample is allowed to cool down to room temperature. It is observed that the 

formulated BST samples undergo a slight shrinkage in size upon sintering. 

 
      Figure 5-8. Sintering temperature profile. 

                                             
                           (a) Prior to sintering.                                                        (b) After sintering. 

 Figure 5-9. BST film subjected to sintering process. 
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5.3.4. 5.3.4. 5.3.4. 5.3.4. XXXX----ray Diffractionray Diffractionray Diffractionray Diffraction    
 

     To verify the formation of the BST phase upon sintering, the X-ray diffraction is performed. 

One of the sintered films is ground into a powder and used as the sample for XRD, performed 

on a Philips PANalytical XPert Pro diffractometer. The scan range used is 2θ ranging from 20 

to 90°. The XRD spectrum is shown in Figure 5-10.  

      The measured spectrum is compared to reference spectra of BST films from the JCPDS 

database on diffraction data [206]. The important XRD peaks identified are attributed to the 

lattice planes (110), (111), (200), (211), (220) and (310), at 2θ = 32, 39, 46, 52, 57, 68 and 76° 

respectively, which helps verifying the formation of the BST phase upon sintering.  

5.4. RF Characterization of BST5.4. RF Characterization of BST5.4. RF Characterization of BST5.4. RF Characterization of BST    

 
     This section illustrates the RF characterization of formulated BST 50 film. The purpose of 

this characterization is to obtain the actual dielectric constant of the material. Here, a passive 

high Q microwave resonator is used to determine the dielectric property of devised BST film. 

Figure 5-11 and Figure 5-12 show the designed and practically fabricated version of the 

resonator and its corresponding simulated and measured transmission co-efficient responses. 

The resonating device is designed to operate in a specified frequency (5.41 GHz) of UWB 

spectrum. Here, a split box resonator is coupled to a 50 Ω transmission line to form the passive 

device.  

 

Figure 5-10. XRD Pattern of Ba0.5Sr0.5TiO3 (BST 50). 
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To measure the dielectric relative permittivity of BST material, the devised film is overlayed 

on the resonator as a superstrate as shown in Figure 5-13 (a). This incurs a resonance shift of 

the split box resonator. As shown in Figure 5-13 (b), the fundamental resonance of the resonator 

is shifted to 2.09 GHz owing to the presence of BST 50 as superstrate.     

        

                                           (a)                                                                                     (b) 

Figure 5-11. Designed resonator and its simulated S-parameter. 

      

                                           (a)                                                                                     (b) 

Figure 5-12. Fabricated resonator and its measured S-parameter. 

 

(a) 

 

(b) 

Figure 5-13. BST 50 superstrate on resonator and its measured S-parameter 
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      The detailed theory of RF and microwave characterization of a material is given in [30]. 

To obtain the actual dielectric constant of the overlayed film, a parametric study is carried out 

in CST microwave studio. Here, the dielectric relative permittivity of the BST superstrate is 

varied (εr = 250 to 320) to observe the resonance variation of designed split box resonator as 

depicted in Figure 5-14 (b). In this case, an exact model of the BST sample is designed in terms 

of size and thickness. The designed CST model of BST film has a dimension of 12.3 ×10.2 

×0.6 mm3 as shown in Figure 5-14 (a).  

      Figure 5-15 illustrates the simulated fundamental resonance frequency variation for varied 

range of BST 50 film permittivity. It can be observed that the resonance varies from around 

2.27 GHz to 1.9 GHz as the superstrate permittivity increases from 250 to 320. For BST 50 

permittivity of 290, the resonator exhibits its fundamental resonance at 2.09 GHz. Hence, 

comparing the measured response of overlayed BST sample and the simulated result, it can be 

deduced that the dielectric constant of the formulated BST 50 film is 290. The obtained value 

is quite close to the BST 50 permittivity (300) found in the literature [207].    

 

(a) 

 

(b) 

Figure 5-14. Simulated model of BST sample and its RF characterization. 
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Figure 5-15. Simulated resonance variation for different εr of BST superstrate. 

5.5. Conclusion5.5. Conclusion5.5. Conclusion5.5. Conclusion    
 

     This chapter provides a brief review of different smart materials used in various sensing 

related applications. It also discusses some potential application areas where such materials can 

become a good fit. This thesis introduces a couple of sensing applications to monitor moisture 

and temperature which are realized by using smart materials. Hence, a humidity/moisture 

sensitive polymer PES and a temperature sensitive tunable dielectric BST is introduced hereby.          

    A comprehensive review detailing the important characteristics of PES along with the 

justification of its selection in the moisture sensing application is also illustrated herein. The 

temperature sensitive BST film is quite an interesting material with component ratio dependent 

operating temperature range. Hence, the film is formulated in the lab environment from the raw 

precursor powders to ensure its operating range for intended application. The chapter delineates 

the entire formulation method and characterization process to obtain the material 

characteristics.  

     The next chapter presents a general idea of the chipless RFID based sensing system. Here, 

the concept of integrating different antennas, resonators and smart materials to form the entire 

sensing device is illustrated. The process of sensor data extraction and its communication to 

the outside world is also depicted here. 
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Chapter 6Chapter 6Chapter 6Chapter 6 .Chipless RFID Sensing System.Chipless RFID Sensing System.Chipless RFID Sensing System.Chipless RFID Sensing System    
 
6.1. Overview6.1. Overview6.1. Overview6.1. Overview                                
 

      This chapter provides a broad view on the chipless RFID based sensing devices and system. 

A number of passive RF and microwave based components including antennas and resonators 

are introduced in the prior chapters. A chapter on the environmental parameter sensitive smart 

materials is also depicted earlier. Based on a particular application, a chipless RFID sensing 

device consists of such components and materials. In this chapter, various ways of comprising 

and realizing such sensing devices are illustrated. A brief discussion on the process of 

extracting the data generated by these devices and its distribution to the end user is also 

delineated here. 

6.2. Sensing Devices6.2. Sensing Devices6.2. Sensing Devices6.2. Sensing Devices    
 

       The chipless RFID sensors proposed in this thesis can be classified into two categories 

based on the signal analysis technique, namely: time and frequency domain. The time domain 

based sensors mostly use time domain reflectometry (TDR) technique for realizing sensing. In 

general, this technique compares two or more time based signals extracted from the sensing 

device to reach a decision on the current state of the element being sensed.  

      In this thesis, the time domain based sensors are realized simply by using the long 

transmission line based monopole antennas described in section 3.3. While the antennas 

communicate the signal to the outside world via readers, the integrated transmission lines 

function as the sensing element. For conventional TDR, the length of these transmission lines 

play a key role in sensing.  

      Figure 6-1 shows the used components to form the time and frequency domain based 

sensors proposed in this thesis. The frequency domain based sensors are more versatile 

compared to their time domain counterparts, in terms of realising the sensing scheme. In this 

case, often the passive microwave resonators themselves can react to the environment to enable 

the detection of a certain physical parameter variation. 
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                                 (a)                                                                                                (b) 

Figure 6-1. Components used to comprise (a) time domain (b) frequency domain based sensors.  

      The resonators can also get combined with smart materials to offer a particular sensing 

solution. In this case, the integrated smart materials respond to the environmental variation to 

facilitate sensing. Some resonators use integrated antennas to communicate the sensed 

information to the reader while others simply use a direct backscattering technique. Depending 

upon the communication method, the proposed frequency domain based sensors can be 

classified into two different categories: (i) retransmission and (ii) backscattered RCS based. 

      The retransmission based tag-sensors use cascaded multi-resonators to encode information. 

These resonators are coupled with a transmission line to create the tag-sensor. The tag 

integrates two antennas at either of its sides in a cross-polarized manner as shown in Figure 6-2. 

A reader is used to interrogate the sensing tag by using a wideband signal. The receiving 

antenna of sensing tag receives the interrogating signal and passes it through the transmission 

line of the tag. The coupled resonators encode their respective spectral signatures into the 

signal. Once coupled to the transmission line, the resonators actually create stop band filters at 

their particular resonance frequencies. Hence, the interrogating signal eventually gets encoded 

by several stop band responses depending upon the number of resonators. 

 
Figure 6-2. Retransmission based communication system. 
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The stop band resonances are exhibited through amplitude attenuation and phase variation. 

This encoded signal is then transmitted back to the reader by using the transmitting antenna in 

the tag. The cross-polarized orientation in both antennas is maintained in order to reduce the 

cross-talk between them.  This in turn provide isolation between the transmitting and receiving 

signals although it introduces orientation dependence for the sensing tag. The proposed chipless 

RFID based identification tag depicted in section 4.2 and the smart skin sensor shown in section 

8.2 utilise the concept of retransmission based communication with the reader [178]. 

     The backscattered RCS based technique does not require any integrated antenna with the 

sensing tag. Here, the sensing tag or resonator itself works both as the data encoding element 

and radiator (reflector). In this case, the reader transmits an interrogating signal onto the tag 

which is then reflected back with the encoded information as shown in Figure 6-3. This 

backscattered RCS signal usually has a much lower amplitude compared to that of the 

interrogating signal. In general, RCS is a measure of a target's ability to reflect radio signals in 

the direction of receiver. The target is, in this case, the sensing tag. Hence, RCS can be 

attributed as the ratio of the backscattered power per unit solid angle in the direction of receiver 

from the tag to the power density intercepted by the tag. The RCS of a target generally depends 

on the polarization of the interrogation signal, the angle of incident signal and observation, the 

geometrical shape and electrical properties of target along with operating frequency. In this 

thesis, the proposed frequency domain based soil and leaf moisture sensors as well as both the 

temperature sensors use the backscattering based RCS technique to communicate with the 

reader or interrogating antenna [208]. 

 
Figure 6-3. Backscattered RCS based communication system. 
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6.3. Sensing Sys6.3. Sensing Sys6.3. Sensing Sys6.3. Sensing System and Communication with Endtem and Communication with Endtem and Communication with Endtem and Communication with End----usersusersusersusers    

 

     As observed in the earlier section, the chipless RFID sensing devices can be comprised in 

various ways and their signal analysis can occur using multiple techniques. However, be it a 

time domain or a frequency domain based analysis, the common phenomenon is- the sensing 

devices need to be interrogated with a reader to extract the sensed information. Based on the 

types of different IoT application areas, the interrogation process also vary to some extent. 

       In case of precision agriculture (PA), multiple sensor nodes need to be deployed in the 

field at a mass scale. Such nodes can be monitored with a single reader/data logger system 

(sink/hub) within its reading zone as shown in Figure 6-4. In practice, the constraint of 

transmission range may require proximity reading of the sensor, however, the utilization of 

equipment like centre pivot booms, sprinklers or sprayers that regularly pass over the field as 

a mount for the reader, can increase the feasibility of this system [209]. 

    In this case, the existing chipless RFID readers can be utilized for the interrogation purpose. 

To overcome the limitation of the interrogation zone further, the radar interrogation based 

remote sensing technique can be adopted which adds another dimension in the identification 

of the location of sensors too [210]. The sensing and identification data can be further 

communicated to a nearby farmhouse from the reader by using a wireless sensor network 

(WSN) through WLAN or Wi-Fi.    

 
Figure 6-4. Prospective sensing system for precision agriculture [30]. 
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Figure 6-5. Prospective drone based sensing system for structural health monitoring.  

      The structural health monitoring (SHM) requires a different approach for sensor data 

extraction as it involves the public infrastructure like high rise buildings, bridges, power plants 

and dams. In these cases, the sensors can be deployed at different locations, positions and 

heights. In order to cover the typically wide area of a structure, the sensors are often arrayed in 

a cascaded manner. Therefore, it is quite difficult for a reader placed at a fixed position to 

communicate with such large number of sensors. This issue can be resolved by using flying 

drones as shown in Figure 6-5. The chipless RFID reader can be attached to a drone which can 

fly to a convenient position to interrogate the individual sensing tags. Some indoor scanning 

such as crack sensing inside residential buildings or garments factories often require 

lightweight drones with plastic rotors in order to reduce injury risks for the occupants. 

However, such small drones are incapable of carrying a RFID reader. To confront this problem, 

researchers at MIT has recently developed a relay based RFID reader system facilitated by 

lightweight drones named “RFly”. This system utilises a standard UHF RFID reader positioned 

at a fixed place and a relay equipped drone. Here, the relay acts like a Wi-Fi repeater which 

receives the interrogating signal from the reader and retransmits it further to scan the nearby 

sensing tags [211]. A similar concept can be used for the chipless RFID system to interrogate 

the sensing tags deployed in public or private infrastructures.    

        In case of retail and supply chain industry, the handheld readers are the most common 

equipment to scan the RFID tags and sensors. However, this data logging method requires 

direct involvement of the store personnel as they need to update inventory by manual item 
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scanning. The relay equipped drone based system proposed for SHM can be an appropriate 

solution in this case as well. This automated scanning method improves the accuracy of 

inventory tracking. Small sized drones can easily fly to reach and scan an object which is 

otherwise difficult for a person to access.      

      From a wireless communication perspective, the IoT paradigm is strongly related to the 

effective integration of WSN and RFID systems. Be it PA, SHM or retail, in all the cases, the 

extracted ID and sensing information need to be communicated to the end users via wireless 

technologies such as Wi-Fi, ZIGBEE, Bluetooth and WLAN. A proper combination of WSN 

and RFID enables the users to utilise the obtained information from RFID readers. For 

example, the farmers can monitor environmental data remotely sitting at homes and make 

decisions while a retail store manager can order some more products if he/she finds a shortage 

in the inventory. In this thesis, the primary focus is on designing the sensor nodes and the ID 

generation circuits along with antennas for the sensing system to communicate with the reader. 

The implementation of the complete system involving RF transceiver circuit design for reader 

and setting up the WSN is beyond the scope of this research project.      

6.4. Conclusion6.4. Conclusion6.4. Conclusion6.4. Conclusion    
 

       This chapter gives a brief overview on the chipless RFID based sensing devices proposed 

in this thesis. It illustrates the components that are used to comprise the time and frequency 

domain based sensors. The different communication methods between the reader and 

frequency domain sensors are also depicted here. Although the sensors require a reader to 

convey their sensed information to the end user, the different IoT application areas pose 

different challenges. A prospective vision towards acquiring an appropriate solution to these 

challenges are also discussed hereby.  

      The next chapter illustrates the time domain based sensors proposed in this thesis. It starts 

with the detailed theory of time domain reflectometry technique and thereafter, it provides the 

design concept and thorough analysis on soil moisture and high resolution crack sensors.     
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Chapter 7Chapter 7Chapter 7Chapter 7 .Time Domain Based Sensors.Time Domain Based Sensors.Time Domain Based Sensors.Time Domain Based Sensors    

7.1. Overview 7.1. Overview 7.1. Overview 7.1. Overview     

     

The previous chapter illustrates how the designed antennas and resonators along with smart 

materials combine to contribute towards a unique chipless RFID sensing system. In most cases, 

the antennas work as the interface of the RF transceiver, however they can be manipulated in 

a smart way to provide sensing capability as well. This chapter describes the techniques of 

exploiting the advantages of high bandwidth antennas in generating time domain based sensing 

scheme. The first section of the chapter discusses the method to utilise a super wide band 

(SWB) antenna in detecting the opening and presence of structural cracks. It also provides a 

comparative analysis of this method with the crack detection technique using Ultra Wide Band 

(UWB) antennas. Here, both these techniques use the conventional time domain reflectometry 

(TDR) based detection where the difference between the reflected time-domain signals from 

sensing antenna play the key role. The next section portrays another time domain based low 

cost sensing scheme for soil moisture monitoring. This scheme uses a slightly modified version 

of the TDR and it allows the users to obtain the moisture content of soil at different depths 

from the ground surface. Here, instead of time difference, the amplitude variation between the 

reflected time domain signals is considered as the basis of transduction. Figure 7-1 shows the 

classification of the time domain based sensors to be described in this chapter.    

 
Figure 7-1. Classification of proposed time domain based sensors.  
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7.2. Theory of Time Domain Reflectometry (TDR)7.2. Theory of Time Domain Reflectometry (TDR)7.2. Theory of Time Domain Reflectometry (TDR)7.2. Theory of Time Domain Reflectometry (TDR)    

 

       The proposed sensors in this chapter utilize the time domain reflectometry (TDR) based 

detection to identify any crack in the enclosed structure or the moisture content in the soil under 

investigation. TDR is a method of measurement in which a high speed signal edge is 

propagated through a transmission line and the reflected response is measured via receiver. It 

provides an intuitive and direct look at the device under test’s (DUT) characteristics. In this 

technique, a pulse of energy is transmitted through the transmission line. When the RF or 

microwave pulse encounters a discontinuity along the path or reaches the end of the line, part 

or all of the pulse energy is reflected back. Here, the energy pulse is generated by launching an 

impulse or a step into the DUT and its transmission line. The incident and reflected voltage 

waves are monitored by a broadband oscilloscope at a particular point on the line. The 

impedance of simple discontinuities can be calculated by measuring the ratio of the input 

voltage (Ei) to the reflected voltage (Er) [212, 213]. TDR measurements are described in terms 

of reflection co-efficient, ρ which is defined as: 

                                                              ρ	 = �z�j                                                                          (7-1) 

 

For a fixed termination, ρ can also be expressed in terms of the transmission line characteristic 

impedance, Z0 and the load impedance ZL as follows [213]: 

                                                ρ	 = �z�j =	 �¦§�k�¦J�k                                                           (7-2) 

 

       Figure 7-2 (a) shows the setup of a time domain reflectometer. Here, the step generator 

produces a positive-going incident wave which is applied to the DUT through the transmission 

line. The wave travels down the transmission line at its velocity of propagation. When the load 

impedance ZL is equal to the characteristic impedance Z0 of the line, no wave is reflected and 

therefore, only the incident voltage (Ei) is appeared as the oscilloscope output as shown in 

Figure 7-2 (b). However, if a discontinuity is encountered in the transmission line, it leads to a 

mismatch between the ZL and Z0. This results in a reflection of the incident wave. 



190 

 

 
 

(a) 

                       
 

(b)                                                                                                     (c) 

Figure 7-2: (a)    Functional block diagram for a time domain reflectometer. (b) Response when Er = 0    

(c) response when Er ≠ 0 [213]. 

 Hence, the oscilloscope output depicts the reflected voltage wave which is algebraically added 

to the incident wave as illustrated in Figure 7-2 (c). The reflected wave can be easily identified 

since it is separated in time from the incident wave [213]. 

     The position of the discontinuity in the transmission line can also be determined as a 

function of time by applying the velocity of propagation along the line [212]. We know, the 

travel velocity, v, of an electromagnetic wave through a dielectric media can be calculated as 

[214]:   

                                                     v = 	 x√yz	                                                                 (7-3) 
 

     Here, c is the velocity of electromagnetic wave in free space (3×108 m/s) and ɛr is the 

dielectric constant [214]. The time for the electromagnetic wave travelling down and back in a 

media with length, L, is given by [214]: 

                                                           t = 	 (©ª                                                                      (7-4) 
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   Substituting equation (3) in (4) yields: 

                                                            εm & �x«(©�
(
                                                            (7-5) 

      By defining		x«(   as apparent length	l¬, the apparent dielectric constant can be calculated as: 

                                                            εm & �	®© �
(
	                                                           (7-6) 

   
       In the TDR signal, the apparent length is determined by analysing the time elapse between 

reflections. The above analysis is used for determining the position of sensing antenna and 

sensitive zone of the sensor during measurement. 

7.3. SWB Technology Based High Resolution Crack Sensor7.3. SWB Technology Based High Resolution Crack Sensor7.3. SWB Technology Based High Resolution Crack Sensor7.3. SWB Technology Based High Resolution Crack Sensor    

       

      This section describes the TDR based chipless RFID crack detection sensors based on 

Taconic TLX-0 material. Here, an antenna that covers a super wide bandwidth ranging from 2-

20 GHz is integrated with various shapes of transmission lines to offer an extremely high 

resolution; enabling a more accurate detection and localization of the crack in the structure. 

This sensor has the ability to accurately distinguish and detect a crack in the sensing structure 

even if it is quite adjacent to the sensing antenna. The fabricated prototypes of the proposed 

sensors are developed and measured using a vector network analyser to experimentally validate 

the simulated results.  

 

(a) 

 

(b) 

Figure 7-3. Proposed Taconic TLX-0 based sensor with straight transmission line (a) healthy (b) 

cracked structure. 
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(a) 

 

(b) 

Figure 7-4. Proposed Taconic TLX-0 based sensor with meandered transmission line (a) healthy (b) 

cracked structure. 

7.3.1. Working Principle7.3.1. Working Principle7.3.1. Working Principle7.3.1. Working Principle    

 

       Figure 7-5 shows the sensing system consisting of a reader or interrogator along with the 

chipless RFID based crack sensor. When an RF interrogating pulse from the reader reaches the 

sensor, a portion of it is immediately reflected back and another part is harnessed by the 

receiving antenna of the sensor which travels through the long transmission line segment until 

it experiences the abrupt termination of the transmission line. At this point the signal gets 

reflected back towards the antenna of the sensor and ultimately gets retransmitted into the free 

space. These phenomena at the sensor instigate two prominent RF echoes: i.e. the initial 

reflection of the sensor antenna and the secondary retransmission of the harnessed energy. 

 
 

Figure 7-5. Chipless RFID based crack sensing system using SWB. 



193 

 

      The time difference of arrival (TDOA) of these two echoes at the reader is determined by 

the length of the transmission line which in fact introduces a propagation delay to the secondary 

echo. In case of a structural failure, the sensor transmission line is ruptured which causes an 

open circuit termination at a shorter length. This premature termination of the transmission line 

changes the TDOA between the two echoes received at the reader and hence the TDOA can be 

used to determine the presence of a crack in the structure and also to localize it [89].  

        A Super Wide Band (SWB) antenna based sensor can achieve more accurate localization 

of the crack by enabling extremely short SWB pulses. These short duration pulses also enable 

very high resolution estimation of distance to target cracks. If the crack is very close to the 

sensing antenna, the initial and secondary echo times of the UWB sensors will be nearly 

identical and so the sensors will not have enough of a time-gap to detect the crack. However, 

since the SWB sensors have shorter pulses, the initial reflection will be decayed before the 

arrival of secondary reflection which will give them enough time to detect the TDOA. For this 

type of sensors, the time domain antenna transients also decay extremely quickly to enhance 

the probabilities of clearly distinguishing both the echoes. Here, the SWB antenna sensor is 

interrogated with a plane wave and the reflected signal is captured by a receiving probe. 

Figure 7-6 shows the reflected time domain response at the probe. It depicts the comparison 

between the time domain signals of both UWB and SWB antennas.  

 

Figure 7-6. Time domain response indicating the application of the SWB antenna as high resolution 

sensor. 
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     From Figure 7-6, it can be observed that for low bandwidth, the transient response and the 

initial echo is quite widespread in the time domain which indicate their longer duration for 

getting decayed. However, for higher bandwidth (SWB) the same antenna time domain 

responses get decayed very quickly and offer extremely short pulses. Thus the SWB sensor 

enables reflected signals to be detected more precisely and accurately since one pulse does not 

interfere the other.  

7.3.2. Analysis of Simulated Results 7.3.2. Analysis of Simulated Results 7.3.2. Analysis of Simulated Results 7.3.2. Analysis of Simulated Results     

 

     The electromagnetic solver CST microwave studio is used to design and analyse the 

performance of the proposed sensors. Sensors with both the transmission lines are analysed for 

the UWB and SWB cases. For UWB performance emulation, the response of the same sensing 

antenna is computed for a bandwidth of 2-5 GHz. An extensive comparative analysis is then 

carried out to establish the SWB sensor’s superiority over the UWB sensor.  

7.3.2.1. Straight Transmission Line7.3.2.1. Straight Transmission Line7.3.2.1. Straight Transmission Line7.3.2.1. Straight Transmission Line    

      Figure 7-7 and Figure 7-8 show the TDR signature of the UWB and SWB sensors 

respectively. The initial echo is instigated due to the structural mode of the sensing antenna 

when it is illuminated by a reading antenna or plane wave (ideal case).  

 
Figure 7-7. Time Domain Reflectomery (TDR) signature of the UWB sensor (TLX-0) with straight 

transmission line. 
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Figure 7-8. Time Domain Reflectometry (TDR) signature of the SWB sensor (TLX-0) with straight 

transmission line. 

          The secondary echo arises due to the antenna mode of the sensor and difference between 

the initial and secondary provides the TDOA. It is evident from Figure 7-7 and Figure 7-8 that 

the secondary echo of the cracked structure arrives comparatively earlier than that of the 

healthy structure. This means the TDOA of the cracked structure is shorter than that of the 

healthy structure.  

7.3.2.2. Meandered Transmission Line7.3.2.2. Meandered Transmission Line7.3.2.2. Meandered Transmission Line7.3.2.2. Meandered Transmission Line    

       Figure 7-9 and Figure 7-10 depict the TDR signature of the meandered sensor for UWB 

and SWB sensors in a corresponding manner. A significant difference between the both types 

of sensors lies in the pulse duration of their echoes. 

 

Figure 7-9. Time Domain Reflectometry (TDR) signature of the UWB sensor (TLX-0) with 

meandered transmission line. 
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Figure 7-10. Time Domain Reflectomery (TDR) signature of the SWB sensor (TLX-0) with 

meandered transmission line. 

          A closer look at Figure 7-7 and Figure 7-9 reveals that the duration of the UWB pulses 

are in the order of 1-2 nanoseconds whereas for SWB it reduces down to several hundred 

picoseconds as shown in Figure 7-8 and Figure 7-10. 

7.3.2.3. 7.3.2.3. 7.3.2.3. 7.3.2.3. Crack Detection near to the sensing antenna Crack Detection near to the sensing antenna Crack Detection near to the sensing antenna Crack Detection near to the sensing antenna     
      
        If a crack is encountered very near to the sensing antenna, it becomes difficult for the 

sensor to detect it since the transmission line cannot provide enough propagation delay. For the 

UWB sensors where the pulse duration is comparatively larger, the initial and secondary echo 

are superimposed on each other and hence gives an ambiguous TDR signature as shown in 

Figure 7-11.  However, since the SWB sensor has extremely short duration pulses, the initial 

echo (structural mode) decays before the arrival of the secondary echo and hence provides a 

detectable signature of the nearby crack as depicted in Figure 7-12. Hence the proposed sensor 

offers an accurate detection and precise localization of the crack in a structure. 

 
 

Figure 7-11. Ambiguous Time Domain Reflectomery (TDR) signature of the UWB sensor due to 

nearby crack to the sensing antenna      
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Figure 7-12. Detectable Time Domain Reflectomery (TDR) signature of the SWB sensor despite of 

nearby crack to the sensing antenna. 

        This means that the TDR signatures of the SWB sensors decays fairly quickly and hence 

enable an extremely high resolution sensing. A further analysis on the obtained results 

illustrates that due to the short pulses of the SWB sensor, a crack at the same location of the 

structure is detected by the SWB sensor requiring little propagation delay than that of the UWB 

sensor. This allows the length of the transmission line of the SWB sensor to be reduced which 

means a smaller size SWB sensor can offer the same service that a UWB sensor with a long 

transmission line would deliver. To avoid the reflection from the surrounding objects in the 

environment, the transmission line adjacent to the circular antenna can be made longer or it 

could be meandered further so that a significant propagation delay is introduced. This delay 

will ensure that the reflection from the actual sensing part arrives much later than that of the 

neighbouring objects. The reflection from the other nearby objects usually arrives immediately 

after interrogating the sensor. If any echo comes from some surrounding objects that are 

comparatively far from the sensor, their amplitude level will be so negligible that the reflection 

from the sensor will be easily detectable even if they arrive at the same time. Thus the 

contamination of the TDR profile due to surrounding environment can be prevented by 

introducing a delay in the sensing antenna [51]. 
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 7.3.3. Sensor Fabrication and Experimental Results7.3.3. Sensor Fabrication and Experimental Results7.3.3. Sensor Fabrication and Experimental Results7.3.3. Sensor Fabrication and Experimental Results    

 

     The prototypes of the proposed Taconic TLX-0 based straight and meandered sensors are 

fabricated. Figure 7-13 shows the straight transmission line based healthy and cracked sensors 

along with the different crack locations. Similarly, Figure 7-14 portrays the meandered sensor 

along with its crack positions.  A horn antenna covering the frequency band of 0.8 MHz-20 

GHz is used here to determine the performance of the designed sensors. The experimental 

analysis is carried out by using the agilent programmable network analyzer E8361a. 

 

(a) 

 

  (b) 

Figure 7-13. Fabricated Taconic TLX-0 based sensor with straight transmission line (a) healthy (b) 

cracked structure. 
 

 

(a) 

 

(b) 
 

Figure 7-14. Fabricated Taconic TLX-0 based sensor with meandered transmission line (a) healthy 

(b) cracked structure. 

     .  
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7.3.3.1. Experimental Setup7.3.3.1. Experimental Setup7.3.3.1. Experimental Setup7.3.3.1. Experimental Setup    

      The experimental setup for interrogating the crack sensor is depicted in Figure 7-15. The 

sensing antenna is placed in line of sight of the reader (horn) antenna with a distance of 30 cm 

in between. The PNA is connected to the horn antenna for obtaining the TDR signature of the 

sensor. The entire experimental settings is surrounded by microwave absorbers. Figure 7-16 

shows the measured response of different objects under UWB and SWB conditions. Here, the 

experimental set up including the supporting stand is considered as the background. Utilizing 

the backscattered response of the stand at the abesence of any metallic object as reference, the 

respense of the sensing antennas along with a metallic circular disc is measured using the PNA. 

It can be observed that the reference background has a flat response at 0 dB level for both the 

UWB and SWB cases.  

      
 

                                            (a)                                                                                        (b) 

Figure 7-15. Experimental setup for crack sensor interrogation (a) front view  (b) side view. 

 

(a) 
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(b) 

Figure 7-16. Position determination of sensing antennas from the interrogator at time domain for 

different badwidth cases (a) UWB (b) SWB. 

    The sensing antenna at the healthy and cracked condition along with the circular disc exhibit 

the first distinctive signature from the background exactly at 13.5 ns time positon. This 

eventually indicates that the backscattered (initial) echo from the the metallic antenna occurs 

at this position. Hence, this can be used as the reference point for determining the position of 

the healthy or cracked responses by looking at the secondary echoes. 

7.3.3.2. 7.3.3.2. 7.3.3.2. 7.3.3.2. Straight Transmission LineStraight Transmission LineStraight Transmission LineStraight Transmission Line    

Figure 7-17 and Figure 7-18 demonstrate the measured TDR response of the fabricated sensor 

prototype with straight transmission line for UWB and SWB cases respectively. Figure 7-17 

(a) shows the comparison of healthy and cracked sensor in the logarithmic scale. It is evident 

that both the responses have their initial echo (structural mode) starting at 13.5 ns which 

eventually get deviated from each other at their respective secondary echoes (antenna mode). 

For the healthy sensing structure with a straight transmission line of 541 mm length, the total 

time to travel through and back to the initial reference point of the line is calculated as 5.64 ns 

by using equations 7-3 and 7-4. Therefore, according to the theoretical calculation, the 

secondary echo of the healthy sensor should appear at 13.5 ns + 5.64 ns = 19.14 ns. Similarly, 

for the crack location-0 (depicted in Figure 7-13 (b)) which occurs at 255 mm distance from 

the starting point, the equation 3 gives a total time of 2.65 ns. Hence, the secondary echo of the 

cracked sensor would appear at 16.15 ns (13.5 ns + 2.65 ns) theoretically. These calculations 

are valid for straight transmission line with SWB case as well. 
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(a) 

 

                                                                 

(b) 

Figure 7-17. Measured Time Domain Reflectomery (TDR) signature of fabricated UWB Sensor (TLX-

0) with straight transmission line 

 
                                                             

(a) 
 

 
                                                                 

(b) 
 

Figure 7-18. Measured Time Domain Reflectometry (TDR) signature of fabricated SWB Sensor (TLX-

0) with straight transmission line. 



202 

 

        A closer look at the Figure 7-17 (a) shows that the healthy and cracked response starts to 

deviate just after 16 ns time position. The linear TDR response depicted in Figure 7-17 (b) 

provides a more clear distinction between the healthy and cracked responses. The healthy 

sensor exhibits its secondary echo at around 19.1 ns whereas the cracked structure has its 

reflective echo at around 16.5 ns. Both these values closely match with the respective 

theoretically calculated time positions. However, due to the long time span (greater than 1.5 

ns) of the secondary echo, it becomes a bit difficult to directly differentiate between the healthy 

and cracked response of the UWB sensor which is evident from the slightly ambiguous TDR 

signature depicted in Figure 7-17. For the SWB sensor (2-20 GHz), however, the cracked 

secondary echo does not have an overlapping response with that of the healthy structure at 

around 19 ns. The cracked response has a single distinctive peak at around 16.6 ns which is 

easily separable from the healthy response. The TDR signature occupies a time span of about 

500 picoseconds for both the cracked (16.4-16.9 ns) and healthy (18.65-19.15 ns) structures.  

7.3.3.3. Meandered7.3.3.3. Meandered7.3.3.3. Meandered7.3.3.3. Meandered    Transmission LineTransmission LineTransmission LineTransmission Line    

       The measured backscattered TDR signature of the meandered sensor prototype exhibits a 

better response compared to its straight transmission line counterpart. The meandered 

transmission line has an actual total length of 903 mm. Therefore, theoretically the secondary 

echo should appear at a distance of 9.42 ns from the antenna reflection point (initial echo) at 

13.5 ns. Hence the position of the antenna mode response due to the healthy structure 

(irrespective of UWB or SWB) is at 13.5 ns +9.42 ns = 22.92 ns. The crack location-1 shown 

in Figure 7-14 (b)  is introduced at a distance of 457 mm from the antenna. Therefore, according 

to equations 7-3 and 7-4, the reflection due to this crack appears at 13.5 + 4.77 ns = 18.27 ns. 

It can be observed from Figure 7-19 (a) that both the healthy and cracked structure at UWB 

bandwidth have a clearly distinctive peak at around 21.8 ns and 18.2 ns respectively. These 

echoes do not have an overlapping component unlike the UWB straight transmission line case. 

This clarity of response is the result of large propagation delay introduced by the meandering 
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section. A closer look at the linear TDR response portrayed in Figure 7-19 (b) also illustrates 

the same phenomena. Here, the cracked response at around 18.2 ns exhibits a higher amplitude 

compared to the healthy response (at 21.8 ns) due to a shorter TDOA distance.  

 
(a) 

 

                                                                  
(b) 

 

Figure 7-19. Measured Time Domain Reflectometry (TDR) signature of fabricated UWB Sensor 

(TLX-0) with meandered transmission line. 

 

(a) 
 

                                                                  
(b) 

Figure 7-20. Measured Time Domain Reflectomery (TDR) signature of fabricated SWB Sensor (TLX-

0) with meandered transmission line. 
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         It can be observed from Figure 7-20 that even in the case of SWB meandered transmission 

lines, the cracked and healthy responses appear at around their respective theoretically 

calculated values. However, the SWB sensor is advantageous over its UWB counterpart which 

is evident from a comparative analysis of Figure 7-19 (b) and Figure 7-20 (b). It is observed 

that the cracked echo of UWB meandered line has a comparatively long time span starting from 

17.5 ns to around 19 ns (1.5 ns) whereas the SWB meandered echo for cracked structure lasts 

a time duration of only 0.5 ns starting from 18 -18.5 ns. This short duration pulse offers an 

added advantage in accurately localizing a crack in the structure as illustrated at a later section 

of the thesis.  

7.3.3.4. 7.3.3.4. 7.3.3.4. 7.3.3.4. Cracks at DifferenCracks at DifferenCracks at DifferenCracks at Different Location of the Sensort Location of the Sensort Location of the Sensort Location of the Sensor    

       This section focuses on obtaining the measured response of cracks at different locatons of 

the fabricated straight and meandered transmission lines for both UWB and SWB cases. It is 

to be noted that in this analysis, the cracks at all the locations are not considered to be 

simultaneously present, instead; only the presence of one crack is considered at a certain  time. 

To obtain this, except the cracked location under consideration, the other cracked positons of 

the transmission line are repaired by using conductive tapes. 

7.3.3.4.1. Straight Transmission Line-UWB 

 

        Figure 7-21. portrays the comparison of cracks instigated at different locations of the 

straight transmission line for UWB case. The crack locations of the straight sensor designated 

with location 0 to 3 are also depicted here. The crack location-0 is introduced at a distance of 

255 mm from the circular antenna and provides an echo at 16.15 ns theoretically which is 

discussed in a preceeding section. According to the measured result, the corresponding echo of 

this crack appears at around 16.5 ns which is evident from Figure 7-21 (a-2). As the crack 

location shifts towards the end of the transmission line, the secondary echoes of cracked 

structure due to the antenna mode also change and get closer to that of the healthy structure. 
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(a-1) 

 

(a-2) 

     

(b-1) 

 
(b-2) 

   

(c-1) 

  
(c-2) 
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(d-1) 

 
(d-2) 

Figure 7-21. Comparison of crack at different locations for UWB straight transmission line based 

sensor (a) location-0 (b) location-1 (c) location-2 (d) location-3. 
 

        The location-1 is assigned to the cracked position of the sensor at 314 mm from the 

antenna. Mathematically, this generates the backscattered response at 16.77 ns time position 

which illustrates a distance of 3.27 ns from the initial point at 13.5 ns. This result is completely 

supported by the measured response depicted in Figure 7-21 (b-2) which shows the starting 

point of the corresponding echo is at around 16.7 ns. Similarly, the theoretical values of crack 

location-2 and 3 also match with the measured responses. The location-2 is represented by the 

crack at 377 mm whereas the location-3 designates the crack position at 465 mm from the 

circular disc antenna. The theoretical secondary echoes corresponding to these two locations 

appear at 17.43 ns and 18.35 ns respectively. Figure 7-21 (c-2) and (d-2) exhibits the cracked 

response at similar corresponding positions. It can be observed that as the crack location moves 

away from the antenna, the amplitude of the reflective echoes also get reduced. This occurs 

due to the reduction in signal strength at increased distance from the antenna.  
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7.3.3.4.2. Straight Transmission Line-SWB 

 

        The measured results for SWB straight transmission line based atenna depicted in 

Figure 7-22 also shows a resembling results to its UWB counterpart. It can be observed that 

the secondary echoes of the measured healthy and cracked response comply with the respective 

theoretical values. As the SWB bandwidth provides shorter time pulse compared to that of 

UWB, it becomes covenient to distinguish between the healthy and cracked echoes even when 

they are very close to each other. For example, the measured results illustrated in Figure 7-21 

(d) shows that the healthy and cracked echoes are quite widespread with a time duration of 

about 1 ns which causes an overlapping of responses. However, for Figure 7-22 (d) the same 

crack response at the SWB bandwidth does not seems to have any overlapping with the healthy 

response. In this case, the pulse duration reduces down to about 0.5 ns which provides clearly 

distinctive sharp peaks at around 18.35 ns and 19.1 ns for cracked and healthy structures 

respectively. 

                                                                  
(a) 

 

                                                                  

(b) 
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(c) 
 

 

(d) 

Figure 7-22. Comparison of crack at different locations for SWB straight transmission line based 

sensor (a) location-0 (b) location-1 (c) loation-2 (d) location-3. 

7.3.3.4.3. Meandered Transmission Line-UWB 

 
    Figure 7-23 shows the comparative analysis of cracks at different locations of the meandered 

transmission line for UWB case. The crack locations 0,1 and 2 represent the actual distance of 

107 mm, 457 mm and 630 mm respectively from the attached circular antenna. According to 

the theoretical calculation, these cracks produce their corresponding secondary echoes at 

around 14.61 ns, 18.27 ns and 20.07 ns respectively. Since the the actual total length of the 

meandered line is 903 mm, the position of backscattered echo for the healthy structure is 

mathematically calculated as 22.92 ns which is already demonstrated earlier. The measured 

TDR echo of the healthy structure appears around 22 ns which is quite close to the theoretical 

value. From Figure 7-23 (a-2), (b-2) and (c-2), it can be seen that the backscattrered echo of 

the cracked structure for locations 0,1 and 2 appear at around 14.8 ns, 18.2 ns and 20 ns 

respectively. This demonstrates the compatibility of the measured results with the analytically 

obtained values. 
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(a-1) 
 

                                                                 

(a-2) 

 

(b-1) 

 
                                                                

(b-2) 

 

(c-1) 
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 (c-2) 

 

Figure 7-23. Comparison of crack at different locations for UWB meandered transmission line 

based sensor (a) location-0 (b) location-1 (c) location-2.        

7.3.3.4.4. Meandered Transmission Line-SWB 
 

      For the SWB case portrayed in Figure 7-24, a similar set of healthy and cracked response 

is obtained. The measured echo positions are found to be well-matched with the theoretically 

calculated values. The backscattered echo for location-0 appears at about 14.8 ns and lasts till 

15.3 ns. Likewise, the responses for location 1 and 2 appears at around 18 ns and 20 ns 

respectively. 

  
                                                                                                                                (a) 

                                                                 
(b) 
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(c) 
 

Figure 7-24. Comparison of crack at different locations for SWB meandered transmission line 

based sensor (a) location-0 (b) location-1 (c) location-2. 

7.3.3.5. 7.3.3.5. 7.3.3.5. 7.3.3.5. Crack adjacent to the sensing antenna Crack adjacent to the sensing antenna Crack adjacent to the sensing antenna Crack adjacent to the sensing antenna     

 

       In case of SWB based sensors, the secondary echoes of the sensing structure are much 

sharper and narrower in terms of time span compared to that of UWB case. This enables the 

healthy and cracked responses to be clearly differentiated from each other. Hence, the SWB 

technology based sensor offers a high resolution and more precise detection of cracks. The 

conventional UWB based sensors are not capable of detecting a crack if it occurs at a position 

which is very near to the sensing antenna. 

      Figure 7-25 (a) shows the meandered transmission line based sensor with a crack located 

near the circular disc antenna. Here the crack is introduced at a mere 30 mm distance from the 

antenna. From Figure 7-25 (b) and Figure 7-26, it can be observed that the initial echo occupies 

the time position of up to 14.5 ns for both the UWB and SWB cases. For UWB sensor, the time 

pulses are quite widespread in general and therefore, the secondary echo due to the adjacent 

crack is superimposed with the initial echo which can be seen in Figure 7-25 (b). This makes 

it impossible to distinguish this response from that of the healthy or other crack locations. 

However, in case of SWB sensor, due to the shorter time pulses, a secondary echo with an 

amplitude of about 5.5 mv is produced nearly at 14.6-14.9 ns. This echo is completely 

distinctive from the initial echo and can be easily distinguished. 
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(a) 

 

(b) 

Figure 7-25. (a) Crack near antenna. (b) Ambiguous TDR signature of the fabricated UWB Sensor 

due to adjacent crack to the sensing antenna. 

 
 

Figure 7-26. Detectable TDR signature of the fabricated SWB Sensor despite the presence of 

adjacent crack to the sensing antenna. 
 

        A closer look at the amplitude level enables to differentiate this echo from the response of 

the crack location-0. From Figure 7-24 (a), it can be seen that the backscattered echo for 

location-0 appears at around 14.8-15.3 ns which indicates a slight overlap with the adjacent 

crack echo. However, since the crack location-0 has an increased distance from the antenna 
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compared to that of the adjacent crack, the maximum amplitude of its backscattered peak 

amounts to a value of about 3.5 mv. The higher maximum amplitude of the adjacent crack peak 

(5.5 mv) indicates its proximity to the sensing antenna and provides a clear distinction between 

the responses from two specified locations.      

7.3.4. Discussion7.3.4. Discussion7.3.4. Discussion7.3.4. Discussion    

      The above discussed segment of the thesis focuses on the design and performance analysis 

of a SWB antenna based crack sensor that provides higher resolution as well as accurate 

detection and localization of a crack in an enclosed structure. The extremely short pulses of 

SWB signal facilitates very precise determination of a crack compared to its UWB counterpart 

and enables to localize a crack even if it is very near to the sensing antenna. This sensor can 

also be designed on thin and flexible materials to enhance its effectiveness in some particular 

applications. The fabricated prototype of the sensor on TLX-0 is experimentally validated with 

the theoretical and simulated results. A comparative analysis of cracks at different locations of 

the fabricated sensors is also performed. The implementation of such sensors would be a great 

breakthrough for the chipless RFID based sensing technology and hence prevail as a 

tremendous contribution to the Internet of Things (IoT).  
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7.4 .TDR Based Soil Moisture Sensor7.4 .TDR Based Soil Moisture Sensor7.4 .TDR Based Soil Moisture Sensor7.4 .TDR Based Soil Moisture Sensor    

 

      This section of the thesis describes the TDR based soil moisture sensor. The proposed 

sensor utilizes a non conventional TDR based detection technique to identify variation in the 

soil moisture content. The sensor is inserted into the soil and interrogated with a reader to 

obtain the backscattered TDR response as shown in Figure 7-27. In this case, the variation of 

moisture content does not appear to have any significant impact on the apparent length 

(discussed in section 7.2) of the sensing structure, instead it causes TDR amplitude variation.     

7.4.1. Soil Dielectric Models7.4.1. Soil Dielectric Models7.4.1. Soil Dielectric Models7.4.1. Soil Dielectric Models    

 
       Soil is a dielectric mixture which consisting of air, bulk soil, bound water and free water. 

The measurement of soil moisture content depends on the difference between dielectric 

properties of water and other soil components. The soil dielectric model establishes a 

relationship between the dielectric properties of different soil components and that of the bulk 

soil medium, which can be related to the soil volumetric water content [215]. A number of 

different soil dielectric models are available in literature and discussed below:    

7.4.1.1. Topp7.4.1.1. Topp7.4.1.1. Topp7.4.1.1. Topp’s Model’s Model’s Model’s Model    

 

      The volumetric water content, ¯°	is defined as the volume of water as a percentage of the 

total volume of the soil. The equation to relate real component of the relative dielectric 

constant,ɛ? of soils to the volumetric water content,¯° is given by [214, 216]:  

                         ̄ ° 	= 0.0000043ɛmK @ 0.00055ɛ?( R 0.0292ɛ? @ 0.053.                       (7-7) 
       

 

 

Figure 7-27. Soil moisture sensor interrogation system. 
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     The limitation of this model lies in the fact that it can only provide the real component of 

ɛ? and does not account for the temperature or salinity variation. It is valid for the frequency 

range of 1 MHz to 1 GHz only. At higher microwave frequencies, an alternative model is 

required. 

7.4.1.2. Dobson’s Model7.4.1.2. Dobson’s Model7.4.1.2. Dobson’s Model7.4.1.2. Dobson’s Model    

 

      Dobson’s model provides a relationship between the dielectric constant of a soil water 

mixture and its volumetric moisture content, ¯°  over the frequency range of 1.4 -18 GHz. For 

a given soil with bulk density ρ² (grams per cubic centimetre) and specific density, ρ³  = 2.66 

g/cm3 (for solid soil particles), the expression for Dobson’s semi-empirical model is:   

                                                          ε3 = ´3
µ − ¶´3

µµ 																                                           (7-8) 
  

                                       ´3µ = P1 + ·¸·¡ (´¹º − 1) +	¯°»¼ ½́Cµº −¯°Q¾¿                                  (7-9) 

                                                         ́ 3µµ = P¯°»¼¼ ½́CµµºQ¾¿ ,                                                   (7-10) 

 where ́3, ´¹ and ́ ½C are the relative dielectric constant of soil water mixture, dry solid soil 

and free water respectively. The single and double dashes correspond to the real and imaginary 

components of permittivity values. The value of constant shape factor α has been determined 

as 0.65 whereas the empirical constant β depends on the textural composition of the soil. For a 

given ρs the value of ́¹ can be calculated using: 

                                          ε¹ = (1.01 + 0.44	ρ³l( − 0.062.                                            (7-11) 

The real and imaginary parts of free water permittivity	ε½C	can be derived at a given frequency 

and temperature using the Debye equation: 

                                             ½́Cµ =	 ´CÁ +	 yÂkqyÂÃGJ((ZÄÂ)M                                                    (7-12) 

                                 ½́Cµµ =	 (Z½ÄÂ(�Âkq�ÂÃ)GJ((ZÄÂ)M + Å+ÆÆ(Z½�k 	(Ç¡q	Ç¸)Ç¡3È  ,                                (7-13)     

where ́� is the permittivity of free space equal to 8.854 x 10-12 Fm-1,	´C�	is the static dielectric 

constant of water and	´CÁ = 4.9 is the and high frequency limit of ½́Cµ , < is the frequency in 
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hertz and ÉC is the relaxation time of water. The effective conductivity Ê1½½ is an empirically 

derived function of soil texture. Using α = 0.65, the values of soil texture dependent co-efficient 

β and  Ê1½½ have been optimized for different types of soil. The resultant values are related to 

the soil texture of soils by:             

                                            Ëµ=1.2748 - 0.519S - 0.152C                                                (7-14) 

                                         Ëµµ =1.33797 - 0.603S - 0.166C                                               (7-15) 

                                  	Ê1½½	= -1.645 + 1.939	Ì² -2.25622S +1.594C,                              (7-16) 

where, S and C represent the mass fractions of sand and clay respectively. 

           The relaxation time for water, ÉC and the static dielectric constant of water, εC� are 

given as a function of soil temperature T (°C) by: 

     2ÍÉC (T) = 1.1109 × 10-10 – 3.824 × 10-12 T + 6.938 × 10-14 T2 – 5.096 × 10-16 T3             (7-17) 

              εC�	(�) 	= 	88.045 − 0.4147	� + 	6.2958 × 10-4 T2 +1.075 × 10-5 T3.                     (7-18) 

At room temperature (200C), 2ÍÉC = 0.58 x10-10 s and εC�= 80.1. 

7.4.1.3. Peplinsky’s Model 7.4.1.3. Peplinsky’s Model 7.4.1.3. Peplinsky’s Model 7.4.1.3. Peplinsky’s Model     

 

        The Dobson’s model slightly underestimates the real (́3
µ l part of the relative complex 

dielectric constant for high values of ¯° at frequencies in the lower part of the 0.3 -1.3 GHz 

range and significantly over-predicts imaginary part (´3
µµ ) for all moisture conditions. These 

errors can be corrected by the following adjustments proposed by Peplinsky: 

                                                ´3	(DB??1DF1¹)µ =	1.15	´3µ − 0.68                                       (7-19) 

                                 	Ê1½½= 0.0467 +0.2204	Ì² -0.4111S +0.6614C.                               (7-20) 

Using equation (7-20) instead of (7-16) provides a better estimation of imaginary dielectric 

constant behaviour in the frequency range of 0.3 -1.3 GHz. 

7.4.1.4. Mironov’s model7.4.1.4. Mironov’s model7.4.1.4. Mironov’s model7.4.1.4. Mironov’s model    

  
      The Mironov’s model provides a very straight forward relationship between the soil 

moisture volumetric concentrations to dielectric constant in the frequency band from 1-10 GHz. 

This model gives a good dielectric constant prediction for a wide variety of soils. In clay-rich 
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soils, a considerable fraction of the bulk soil moisture is present in the form of bound soil water 

(BSW) and therefore, the soil water mixture model is given by:  

           √´	 = Î [´¹ 	 + Ï[´²	 − 1Ð¯°,										¯° < ¯°F	[´¹	 	+ 	Ï[´²	 − 1Ð¯°F + Ï[ ½́C	 − 1Ð	(¯° −¯°F),					¯° > ¯°F.	        (7-21) 

        Here, ́²	and ́ ½C	are the dielectric constants of the BSW and FSW (free soil water), 

respectively,	¯° is the volumetric soil moisture content and ¯°F	is equal to the Maximum 

Bound Water Fraction (MBWF). At soil moisture equal to the MBWF, the next increment of 

soil water in excess of the MBWF behaves as FSW in terms of its dielectric property. The 

dielectric constant of dry soil ´¹ can be calculated by using the dielectric constant of soil solids 

´³ and soil bulk density such that: 

                                                     [´¹ 	= 1 + ([´³		- 1)̄ °³	,                                          (7-22) 

where ̄ °³	 = ·/·¡ is the volumetric content of solids in a dry soil, ρ¹ is the bulk density of dry 

soil and ρ³ is the specific density of soil solids. For sandy soil, the soil water mixture model 

reforms to: 

                                        [´3	=	[´¹ 	 + ([ ½́C		- 1)̄ ° ,                                         (7-23) 

where ́ 3	and	 ½́C are the dielectric constants of soil (sandy) water mixture and wet soil 

respectively. Thus, (7-23) is a special case of (7-21) wherein ̄ °F = 0. Using these equations, 

the volumetric moisture content can be calculated from the corresponding dielectric constant 

of the soil water mixture.  

      All four models discussed above have been thoroughly scrutinized and after a careful 

consideration on the soil dielectric constant prediction ability, availability and ease of 

calculation of required parameters as well as the operating frequency range, the Mironov’s 

model has been selected to be used for the designed sensor’s calibration. Table 7-1 provides a 

comparative summary of the soil dielectric models depicted above. 
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Table 7-1. Comparison of soil dielectric models. 
 

Model 

 

Prediction ability 
Availability and ease of calculation 

of required parameters 

Operating 

frequency 

 

Topp 

Only predicts real 

component of 

dielectric constant 

 

Does not account for temperature or 

salinity variation 

 

1MHz -1GHz 

 

 
 

Dobson 

Mispredicts real 

and imaginary 

parts of  dielectric 

constant  

 

Requires soil texture dependent 

empirical constant β and 	Ê1½½ 

 

1.4 -18 GHz 

 

Peplinsky 

Provides better 

estimation than 

Dobson’s model 

 

Requires soil texture dependent 

empirical constant β and 	Ê1½½ 

 

0.3 -18 GHz 

 

Mironov 

Provides good 

dielectric constant 

prediction on a 

wide variety of soil 

Provides a straight forward 

relationship between dielectric 

constant and volumetric moisture 

content with no empirical functions 

 

1 -10 GHz 

     
7.4.2. Sensor Design7.4.2. Sensor Design7.4.2. Sensor Design7.4.2. Sensor Design    
       
      The sensor is made of a co-planar waveguide (CPW) based circular disc monopole antenna 

as depicted in Figure 3-25. It is designed on Taconic TLX-0 material with permittivity, εr =2.45 

and dissipation factor tan δ = 0.0019. The thickness of the substrate is 0.5 mm whereas the 

metallization thickness is 0.017 mm. It is in fact the same antenna used for straight transmission 

line based crack sensing described in section 7.3. Here, the sensor is made to have a long 

transmission line attached to the sensing antenna, which provides a larger propagation delay. 

Overall, this sensing structure has a total length of 59.3 cm as illustrated in Figure 7-28. 

Figure 7-29 shows the simulated return loss of the sensing antenna with long transmission line 

which covers the frequency band of 2-11 GHz. It is noteworthy that the time domain based 

sensors require a high bandwidth in order to provide short duration time pulses. The position, 

duration and amplitude of these pulses are instrumental in providing distinction between 

different sensing conditions. 

 
 

Figure 7-28. Proposed soil moisture sensor with longer transmission line on Taconic TLX-0 

substrate. 
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Figure 7-29. Return loss of Taconic TLX-0 based sensing antenna. 

 
       The proposed soil moisture sensor is practically fabricated and its measured s-parameter 

is depicted in this section. Here, two different approaches are adopted by varying the length of 

the transmission line. This allows a comparative analysis of the sensor’s perfomance for a 

standard and long transmission line. The sensor with standard size transmission line is 

manually fabricated using Monash University’s in-house facilities whereas the sensor 

prototype with long transmission line is devised by a commercial manufacturer. 

       Figure 7-30 and Figure 7-31 show the fabricated sensor with standard sized transmission 

line and its measured s-parameter respectively. It can be seen that the manually fabricated 

sensing antenna occupies a bandwidth of 2-10 GHz, however, it shows a poor impedance 

matching after 9.5 GHz with a return loss value of less than 10 dB. 

 
Figure 7-30. Fabricated sensor with standard sized transmission line. 

  

Figure 7-31. Measured sensing antenna performance with standard transmission line.  
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       Figure 7-32 and Figure 7-33 show the fabricated sensor with long transmission line and its 

corresponding measured s-parameter. It can be observed that the fabricated sensor using 

commercial manufacturing method has a better impedance matching with a return loss of more 

than 15 dB all over its occupied bandwidth (2-11 GHz).  

7.4.3. 7.4.3. 7.4.3. 7.4.3. Simulation SetSimulation SetSimulation SetSimulation Set----up   up   up   up       

 
        In order to simulate a soil model with varied moisture contents, different values of 

corresponding dielectric constant or relative permittivity, εr, for soil with different percentages 

of water contents are used. These soil characteristics are measured at 10 GHz frequency [217].  

        At this stage of the analysis, the sandy loam soil is used for the computerized simulation 

and experimental measurements due to the ease of its availability. To emulate the different soil 

moisture contents in simulation, a set of measured values of real and imaginary dielectric 

constants of sandy loam soil (at 10 GHz) depicted in Figure 7-34 are considered from literature 

[215]. The dissipation factor or loss tangent, tanδ, is calculated by [218]:   

                                                             tanδ = 	 y¼¼y¼                                                              (7-24) 

       Hence, the required parameters obtained (from Figure 7-34) for creating the soil models 

with different moisture contents are listed in Table 7-2.  

 
Figure 7-32. Fabricated sensor with long sized transmission line. 

 

  
Figure 7-33. Measured sensing antenna performance with long transmission line. 
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Figure 7-34. Measured dielectric constant of sandy loam soil at 10 GHz [215]. 

Table 7-2. Required Parameters for Soil Model Simulation. 

Volumetric 
Moisture Content, 

mv 

Real 
Dielctric 

Constant, ɛ′ 

Imaginary 
Dielctric 

Constant, ɛ′′ 

Loss 
Tangent, 

 tanδ 

0 (Dry Soil) 2.47 0.0307 0.0124 

0.05 3.85 0.5053 0.1312 

0.15 7.51 2.0614 0.2741 

0.25 12.05 4.2928 0.3561 

0.35 17.45 6.9865 0.4001 

0.45 23.40 12.0298 0.513 
 

     Figure 7-35 shows the simulation settings of the designed sensor using CST microwave 

studio. Here, a plane wave is used to send an interrogating pulse to the sensor partially inserted 

into the soil. A receiving probe is used to receive the reflected signal which arrives from the 

sensng antenna. This signal is eventually analyzed further to obtain the moisture content 

variation.   

 

Figure 7-35. CST simulation settings of soil moisture sensor. 
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7.4.4. Result Analysis 7.4.4. Result Analysis 7.4.4. Result Analysis 7.4.4. Result Analysis     

 
        This section analyses the response of the backscattered TDR signal from the proposed soil 

moisture sensors. In this case, the simulated field energy level in logarithmic scale is considered 

to provide a clearly distinctive signature between the different soil moisture contents. Variation 

in moisture content causes a change in the energy losses encountered by soil. As the moisture 

content increases, it instigates a higher loss in the energy which is in fact observed from the 

field energy plot. The energy curve (Figure 7-36) exhibits an exponential decay with respect to 

time. The higher the losses, the quicker the energy decays. During the measurement, the same 

phenomena can indeed be observed from the resulting signals. The reflected amplitude level 

decreases with increased energy losses, due to higher soil water contents.   

7.4.4.1. Simulated Results7.4.4.1. Simulated Results7.4.4.1. Simulated Results7.4.4.1. Simulated Results    

       
       The following sub-sections describe the simulated results of the standard and long 

transmission line based sensors developed on Taconic TLX-0 substrate. 

7.4.4.1.1. Sensor with Standard Transmission Line 

      Figure 7-36 shows the TDR response of different soil moisture levels in terms of field 

energy plots expressed in dB. As expected from the definition of structural mode (initial echo 

due to sensing antenna), a portion of the energy plot responses are the same irrespective of 

moisture levels. In this case, the structural mode signature exists from 0 to 1 ns as evident from 

Figure 7-36. It can be observed that the sensor starts to produce different energy levels 

immediately after 1 ns. Therefore, the time period 0-1 ns can be attributed to the distance 

between the plane wave and sensing antenna depicted in Figure 7-35. Figure 7-37 shows a 

zoomed portion of the Figure 7-36 from the time period 1.88 to 2 ns.   

      It can be observed that the sensor starts to produce distinctive energy levels for different 

moisture contents only after a certain divergence point. Figure 7-37 indicates that the 

divergence point for this particular case is at around 1.89 ns. In between the time from 1 to 1.89 

ns the sensor provides an ambiguous response. This can be considered as the settling time prior 
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to demonstrating the different moisture level signatures. During this time, the sensor does not 

provide any meaningful information and the corresponding signals for different soil moisture 

contents overlap each other. It can be attributed as the time required for the signal to travel 

from the sensing antenna to the point of the transmission line where the soil touches it. 

Therefore, this soil touching point is termed as the divergence point since this is where the 

energy levels for different moisture contents start to provide their unique and distinct signature 

in terms of amplitude. 

 

Figure 7-36. Simulated TDR based field energy plot for different soil moisture contents (for 

standard transmission line). 

  
Figure 7-37: Zoomed version of Figure 7-36 indicating divergence point. 
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       It can be observed from Figure 7-36 that the energy plots for soil with dry and other 

moisture levels have a distinct and non-overlapping response starting from the divergence point 

(1.89 ns) to up till 4 ns. The energy levels starts to overlap each other once again after 4 ns. 

This means that the sensor has its sensing zone of 2.11 ns time period starting from 1.89 ns to 

4 ns. Using equations (7-3) and (7-4) for Taconic TLX-0 substrate medium, the corresponding 

length of the sensing zone is calculated as 20.22 cm. Therefore, it can be said that the sensor 

has a sensing zone of about 20 cm starting from its soil touching point. This means that the 

sensor can measure the moisture content of the top 20 cm of the soil when penetrated vertically.  

         Although the EM wave travels through the Taconic TLX-0 medium, the presence of soil 

has a significant impact on the sensing zone length. Depending on the moisture contents, it 

regulates the penetrability of the signal through the sensor transmission line. In general, the 

higher moisture levels limit the penetration distance (from soil touching point) of the signal 

through the transmission line. Beyond these distances, the signals cannot retain their unique 

signature for the corresponding moisture content and start to provide ambiguous responses. 

This causes the overlap between the signals after a certain time period (4 ns in this case) and 

eventually sets the sensing zone length. In practical cases, the soil contamination or non-

uniformity limits the penetration distance further.   

7.4.4.1.2. Sensor with Long Transmission Line 

 
      Figure 7-38 shows the TDR response of the sensor with long transmission line. Since the 

simulation settings for this sensor are identical to that of the sensor with standard transmission 

line, the position of the structural mode also remains the same. The zoomed portion of 

Figure 7-38 depicted in Figure 7-39 indicates the divergence point at around 1.89 ns. This also 

demonstrates the consistency between both the sensors as both have the same soil touching 

points in simulation.  
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Figure 7-38. Simulated TDR based field energy plot for different soil moisture contents (for long 

transmission line). 
 

  
Figure 7-39. Zoomed version of Figure 7-38 indicating divergence point. 

However, the sensor with long transmission line exhibits a shorter sensitive zone in 

comparison. Starting from the divergence point, it lasts up to 3 ns after which the energy levels 

for different moisture contents start to overlap each other. Therefore, the sensing zone with 

non-overlapping responses cover a time period of  (3-1.89) ns = 1.11 ns. Hence, the 

corresponding length is calculated as 10.63 cm for which the sensor is considered to be valid.  
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                         (a) Inductance variation.                                                   (b) Capacitance variation. 

 
(c) Resistance variation. 

Figure 7-40. Lumped component variation in sensor. 

       
        Figure 7-40 shows the lumped component variation in the designed sensor in order to 

identify the reason behind the energy level deviation when exposed to different soil moisture 

contents. Here, the sensor is attached to an inductor, a capacitor and a resistor separately and 

the simulated variations of each of these components are recorded. It can be seen that a 

variation in the inductance and capacitance does not change the energy level response of the 

sensor. However, when the resistance is varied from 10 to 50 ohms, the energy level is rapidly 

dropped. This eventually indicates that when the moisture content in soil increases, it escalates 

the soil resistivity and in turn, induces more energy loss.  

7.4.4.2. Measured Results7.4.4.2. Measured Results7.4.4.2. Measured Results7.4.4.2. Measured Results    
 

       This section of the thesis illustrates the measured results of the fabricated soil moisture 

sensor with standard and long tranmission lines. In order to evaluate the sensor performance in 

the worst case scenario, the initial experiments are performed using non-uniform sandy loam 

soil. This soil contains several contaminants including wooden pieces, rock, manure and other 
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minerals which hampers the uniformity of the soil. The performance analysis of the sensor 

using such soil ensures that the sensor is functional even if the soil quality poses absolute worst 

case. Based on the comparative performance study, an optimized form of the standard 

transmission line based sensor is chosen as the finalized version and this sensor is then used 

for detecting moisture variation in uniform sandy soil.       

7.4.4.2.1. Non-Uniform Soil (Worst Case Scenario)  

      The sensing mechanism and the experimental procedure of the proposed sensor is depicted 

hereby. The entire measurement process utilizes the non-uniform sandy loam soil filled with 

contaminants. 

7.4.4.2.1.1. Experimental Set-up 

 
       Figure 7-41 shows the experimental setup of designed soil moisture sensor during 

measurement. The sensor is inserted into a container filled with soil. The sensing antenna is 

interrogated with a horn antenna which are kept 30 cm apart from each other as shown in 

Figure 7-42. The backscattered TDR response from the sensor is analyzed using the Agilent 

Programmable Network Analyzer E8361a.  

 
Figure 7-41. Experimental Setup of soil moisture sensor measurement. 

  
Figure 7-42. Sensor interrogation using horn antenna (for sandy loam soil). 
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      During the measurement of fabricated sensor prototype with long transmission line, the 

actual volumetric moisture content of soil is measured by using the Stevens hydra probe. The 

Getac handheld PC shown in Figure 7-41 is used to record the measured data from the hydra 

probe.   

7.4.4.2.7.4.4.2.7.4.4.2.7.4.4.2.1.2.1.2.1.2.1.2.    MeasuMeasuMeasuMeasurement of Sensor with Standard Transmission Linerement of Sensor with Standard Transmission Linerement of Sensor with Standard Transmission Linerement of Sensor with Standard Transmission Line    

 

        The experimentally measured TDR based response for different soil water contents are 

depicted in Figure 7-43. Here, different moisture levels are introduced by adding a certain 

amount of water at a time gap of 1 hour. Prior to varying the moisture content by an added 

level of water, the backcattered response of the existing level is measured using the Vector 

Network Analyzer (VNA). The timegap is maintained in order to allow the added water to 

distribute throughout the soil. In order to obtain a clear and unambiguous response from the 

sensor, the background subtraction technique is applied. In this experiment, the measured 

response of the experimental set up without the presence of sensor is considered as the 

background. The response of the sensor at different soil moisture levels are calibrated with 

respect to this background. This calibration in terms of a reference value results in a positive 

amplitude of the TDR response. 

    It can be observed from Figure 7-43 that the measured response follows the same trend to 

that of the simulation. It provides an identical response starting from 0 to 22.6 ns for soil with 

dry and all other water levels. Therefore, this can be considered as the structural mode or initial 

echo from the sensing antenna only. After 22.6 ns, the sensor responses start to deviate from 

each other. However, these responses keep overlapping on top of the others and do not provide 

a distinctive signature for different moisture levels until 23.5 ns. As described in the analysis 

of the simulated results, this time period with ambiguous responses is considered as the settling 

time and is attributed to the time required for the electromagnetic signal to reach the soil 

touching point of the transmission line from the sensing antenna.   
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Figure 7-43. Measured TDR response for different soil moisture contents (for standard 

transmission line). 

        Figure 7-44 shows the sensing zone of the sensor with standard transmission line. As 

evident from the figure, the sensor starts to exhibit clearly distinctive and non-overlapping 

response starting from 23.5 ns. Therefore, this is considered as the divergence point of the 

sensor when the soil touches the tranmission line. The sensing zone lasts up to 23.61 ns after 

which the responses of 150 ml and 250 ml water levels overlap each other. Therefore, it is 

evident that the sensing zone covers a time period of 0.11 ns. Using the equation for 

determining travel time and velocity, the corresponding length of the specified sensing zone is 

found to be 1.05 cm. Hence, it can be stated that the sensor can measure the soil moisture 

contents of the top 1.05 cm from the soil surface.       

  
Figure 7-44. Zoomed sensing zone of the sensor with standard tranmission line.      
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7.4.4.2.7.4.4.2.7.4.4.2.7.4.4.2.1111....3.3.3.3.    Measurement of Sensor with Long Transmission LineMeasurement of Sensor with Long Transmission LineMeasurement of Sensor with Long Transmission LineMeasurement of Sensor with Long Transmission Line    

        
      This section provides a more rigorous analysis on the fabricated soil moisture sensor with 

long transmission line. Figure 7-45 shows the interrrogation process of an absorber using the 

reader horn antenna and its response compared with the backscattered response of the sensor 

placed inside the soil. The absorber is placed just in front of the sensor so that the interrogation 

signal from the horn antenna is prohibited to reach the sensing antenna. As soon as the absorber 

is removed, the sensor starts to produce reflected signals. 

       It can be observed from Figure 7-45 (b) that the absorber produces a completely flat 

response while the soil with different conditions have their own distinct signatures in presence 

of sensor. This analysis is useful to indicate that the backscattered TDR responses starting from 

22.58 ns is due to the presence of the metallic sensor only. 

 

  (a) 

 
 
 
 
 
 
 
 
 
 

 
(b) 

Figure 7-45. (a) Interrogation of absorber using horn antenna  (b) Comparison between responses 

from absorber and sensor at different conditions. 
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        The measured TDR response of the sensor with long transmission line depicted in 

Figure 7-46 represents the backscattered signal for different water levels in soil. In order to 

bring more clarity and accuracy in the moisture content responses, here the background is 

chosen as the sensor response at the absence of soil. In this case, the sensor is placed inside the 

empty container and its backcattered free space response is recorded as the reference 

background. The signals corresponding to the different moisture contents are calibrated in 

terms of this background. Due to the use of free space response in background substraction, 

the structural mode signature starting from 0 to 22.58 ns provides a completely flat response 

which is different from the case of  the sensor with standard transmission line featured in 

Figure 7-43. As mentioned earlier, in the case of Figure 7-43, the experimental environment in 

absence of the sensor is used as the background. Therefore, presence of the sensor during actual 

moisture measurement provides the fluctuating response from the sensing antenna itself. 

However, it does not have any impact on the overall moisture content responses, as this signal 

is the same for all the water levels and can be easily nullified. 

 
Figure 7-46. Measured TDR response for different soil moisture contents (for long transmission 

line). 
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      The long transmission based sensor has a settling time of up to 23.25 ns starting from the 

end of the structural mode signature point at 22.58 ns. The divergence point (23.25 ns) when 

the soil touches the tranmission line, initiates the sensing zone of the sensor. This sensing zone 

lasts until 23.34 ns and hence covers a duration of 0.09 ns which corresponds to a valid sensing 

length of 0.86 cm.  

          Figure 7-47 provides an illustrated analysis on the sensing zone response. In this figure, 

the sensing zone response for four different cases are represented. The experiment for this 

sensor is carried out for a total duration of 12-13 hours at a stretch. The sensor responses are 

measured at four stages-immediately after adding each different water levels followed by 30 

minutes, 1 hour and 2 hours later. This means, initially the response for the dry soil is measured. 

Thereafter, 50 ml water is added and an immediate measurement is carried out. The next 

measurement is performed 30 minutes after taking the initial reading. Two more measurements 

are carried out at the same soil water level, one at 1 hour and the other at 2 hours from the time 

of water addition. At the end of the measurement corresponding to 2 hours into the initial water 

level addition (50 ml in this case), the next level of water (another 50 ml to provide a total of 

100 ml water content) is added.  The same workflow is followed all through the measurement 

process for all the water levels represented in Figure 7-47. Therefore, the entire experiment 

requires an increased amount of time. 

       It can be observed from the immediate reading depicted in Figure 7-47 (a) that the TDR 

responses for 50 ml and 100 ml water levels overlap each other while the other responses 

remain distinct. The comparative readings at 30 minutes after the addition of different water 

levels show that the responses start to reach their saturated positions as they tend to move from 

the corresponding immediate readings. However, at this stage the signal levels are not yet 

saturated which can be observed from the overlapping in between responses. The measurement 

result at 1 hour after adding the water levels illustrates that the signal level for all the moisture 

contents attain their saturation. 



233 

 

Immediate reading after adding each different water level 

 
(a) 

Reading at 30 minutes after adding each different water level 

 
(b) 

Reading at 1 hour after adding each different water level 

 
(c) 

Reading at 2 hours after adding each different water level 

 
(d) 

 

Figure 7-47. Sensing zone response of the sensor with long tranmission line at different times 

during measument. 
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At this stage, the readings exhibit a separate response from each other and reach at a specified 

individual corresponding amplitude level. To allow more time to observe if the signals have 

actually reached the saturation point, another set of reading is taken at 2 hours from the initial 

measurement. It can be observed from Figure 7-47 (c) and (d) that both the responses for 1 and 

2 hours time gap are almost identical which confirms that the added water is well soaked in the 

soil after 1 hour of adding it.   

      Table 7-3 shows the measured volumetric moisture contents for different soil conditions 

attained during the experiment. These values are obtained through the measurement by using 

commercial Stevens hydra probe sensor. The obtained values are utilized to form a calibration 

curve for the designed soil moisture sensor with the help of the expeimentally achieved sensing 

zone response. The dielectric constant values shown in Table 7-3 are calculated by using the 

Mironov’s formula illustrated in equation 7-21 [219]. 

Table 7-3. Measured volumetric moisture content with their corresponding theoretically 

calculated dielectric constant for different water levels. 

 

 

Soil Condition 
 

    

Reading at 1 hour 
 

Reading at 2 hours 

Volumetric 

moisture 

content (ÓÔ) 

Dielectric 

Constant 

(ɛr) 

Volumetric 

moisture 

content (ÓÔ) 

Dielectric 

Constant 

(ɛr) 
 

Dry 
0.01 

(initial value) 

2.59 0.01 

(initial value) 

2.59 

Soil with 50 ml 

water  

0.176 5.04 0.173 5.0 

Soil with 100 ml 

water  

0.197 5.41 0.204 5.54 

Soil with 150 ml 

water  

0.274 6.88 0.268 6.76 

Soil with 250 ml 

water  

0.284 7.08 0.280 7.0 

Soil with 350 ml 

water  

0.302 7.45 0.296 7.33 

Soil with 450 ml 

water  

0.309 7.60 0.322 7.88 
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      As described earlier, this formula provides a relationship between the volumetric moisture 

content and dielectric constant of soil water mixture in terms of dry and wet soil. At the 

volumetric moisture content, ̄° = 0, Table 7-2 provides the real dielectric constant of 

absolutely dry sandy loam soil as 2.47. By using the hydra probe, during the experimental 

analysis, the measured ¯° of dry soil is obtained as 0.01. Considering the theoretical value of 

2.47, mironov’s formula results in a slight increase in the corresponding dielectric constant (ɛr 

= 2.59) of the experimentally obtained dry soil value. For the theoretical calculation, the 

dielectric constant of wet soil is chosen to be 23.4 which has a corresponding volumetric 

moisture content value of 0.45 as depicted in Table 7-2. 

       Since the measured immediate and 30 minute readings does not provide a saturated value, 

they are ignored during the formation of calibration curve depicted in Figure 7-48. The sensing 

zone readings at 1 and 2 hours after adding water levels are utilized to generate the calibration 

curves. In Figure 7-48, the readings at 23.30 ns time point are considered, corresponding to a 

point near the center of the sensing zone represented in Figure 7-47. The calibration curve plots 

the amplitude of different soil water mixture levels with respect to their corresponding 

dielectric constant values obtained by Mironov’s formula. It can be observed that since the 

saturation point is already reached, the curves at 1 and 2 hours do not have much difference 

from each other. The calibration curves allow the users to look at the amplitude level obtained 

from the sensor and determine the corresponding dielectric constant or volumetric moisture 

content.  

 
Figure 7-48. Calibration curve of the designed sensor. 
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     Instead of 23.30 ns, these curves can be generated for any time point in the sensing zone. 

As mentioned earlier, this particular sensor can provide the sensing response of the top 0.86 

cm from the soil surface. A certain time point in the sensing zone eventually corresponds to 

the soil moisture contents at a particular depth. For example, the reading at the 23.34 ns which 

is the end point in the sensing zone gives the soil moisture values exactly at 0.86 cm from the 

surface. Likewise, the readings at 23.25 ns and 23.30 ns corresponds to the moisture responses 

at the top soil surface (0 cm) and at 0.48 cm depth respectively.   

7.4.4.2.1.4. Discussion 
        
    The main advantage of the proposed sensors lie in their low cost. They have a passive 

structure with no circuitry and they do not need to incorporate any integrated circuit. The 

sensors can provide precise and accurate moisture content measurements at each and every 

point of its sensing zone starting from the top soil surface. However, it can be observed that 

the sensors have a comparatively small penetration depth (sensing zone). The simulated results 

show that the standard transmission line has the ability to provide a sensing zone of more than 

20 cm from the top soil surface while for sensor with long transmission, its slightly over 10 

cm. The experimental analysis also provides a longer penetration depth for the sensor with 

standard transmission line. Therefore, it is recommended to use the standard sensor with shorter 

length. However, the experimental results show a discrepancy with the simulated results in 

terms of sensing zone length, as the measured penetration depth of both the sensors are roughly 

in the range of mere 1 cm from the top surface. This is due to the usage of non-uniform soil 

during the experiment while the simulated soil model is completely uniform. As mentioned 

earlier, the contaminants in the used soil impedes the uniformity of the soil. However, this 

provides the worst case scenario for measurement and illustrates that the sensor is capable of 

sensing irrespective of soil texture though the penetration depth is compromised. To reduce the 

discrepancy between simulated and measured results, an experimental analysis on the uniform 

sandy soil with an optimized version of the designed sensor is carried out in the next section.  
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7.4.4.2.2. Uniform Soil (Optimized Solution) 

 

       The abovementioned analysis shows that the sensor with standard sized transmission line 

provides a better penetration depth. Therefore, in this section, an optimized version of the 

standard transmission line based sensor is proposed. As shown in Figure 7-49, this sensor 

maintains the same length (288 mm) as that of the standard transmission line, however, both 

of its ground planes are chopped to form a triangular shape so that it becomes easier to penetrate 

to the soil. 

        Figure 7-50 shows the experimental setup for measuring uniform sandy soil using the 

optimized sensor. In order to find the structural mode signature point, a metallic plate and an 

absorber is initially measured exactly at the location of the sensor by turns. It can be observed 

from Figure 7-51 that the absorber produces a flat line whereas the metal plate along with the 

dry soil and 50 ml water responses start to deviate from each other at 13.25 ns. This deviation 

indicates the end of structural mode of the sensing antenna at 13.25 ns and represents the 

initiation of antenna mode of the sensor. 

 
Figure 7-49. Optimized Sensor. 

 

 
Figure 7-50. Sensor interrogation using horn antenna (for sandy soil). 
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Figure 7-51. Comparison between responses from absorber, metallic plate and sensor at different 

conditions. 

     Figure 7-52 shows the measured TDR response of the optimized sensor at different soil 

moisture levels. Here, all the moisture content signals are calibrated against the free space 

response of the sensor which is similar to the case of long transmission line based sensor 

measurement depicted in Figure 7-46. As the free space signal is used for background 

subtraction, therefore, the structural mode signature starting from 0-13.25 ns provides a flat 

response. In this case, the divergence point of the sensor is indicated at 16.15 ns which portrays 

the initiation of the sensing zone. It can be seen that the settling time for this measurement 

process is comparatively higher than that of the non-uniform soil measurement cases. Here, 

starting from the structural mode signature point (13.25 ns) to the divergence point (16.15 ns), 

the settling time spans a time period of 2.9 ns whereas for the non-uniform soil, the settling 

time is typically less than 1 ns. This difference is essentially attributed to the delicate nature of 

sandy soil. As observed during the experiment, the addition of water to the sand causes the soil 

level to go down inside the container. This eventually increases the distance of the soil touching 

point in the sensing transmission line from the circular disc antenna. As the divergence point 

of the TDR response represents the actual soil touching point of the sensor, it indicates a longer 

settling time in accordance. In this case, starting from the divergence point, the sensing zone 

lasts up to 17 ns which corresponds to an active sensing length of 8.15 cm.  
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Figure 7-52. Measured TDR response for different soil moisture contents (for optimized sensor) 

       The achieved valid sensing length indicates that the sensor is capable of extracting the soil 

moisture content of up to 8.15 cm from the top soil surface. This portrays a significant 

improvement in comparison to the non-uniform soil cases.  

        Figure 7-53 depicts a further illustration of the sensing zone response. Alike the case of 

Figure 7-47, the TDR responses of the optimized sensor are extracted for four stages where the 

measurements are taken immediately, 30 minutes, 1 hour and 2 hours after adding individual 

water levels. These responses along with the measured TDR signal of dry soil are compared 

hereby. It can be observed from Figure 7-53 (a) and (b) that the measured results for immediate 

and 30 minutes after adding water are completely ambiguous. The responses for different water 

levels overlap each other and do not show any clear distinction. The reading at 1 hour after 

adding water depicted in Figure 7-53 (c) represents distinct responses for different water 

contents, however, they still do not attain their saturated amplitude level. The responses still 

remain quite close to each other and at some time positions they seem to get on top of the 

others. 
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Immediate reading after adding individual water levels 

 

(a) 

Reading at 30 minutes after adding individual water levels 

 

(b) 

Reading at 1 hour after adding individual water levels 

 

(c) 

Reading at 2 hours after adding individual water levels 

 

(d) 

Figure 7-53. Sensing zone response of the optimized sensor at different times during measument. 
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Figure 7-54. Comparative sensing zone response of the optimized sensor at 2 hours after adding 

individual water levels with 50 ml gap (with respect to time). 

       Figure 7-53 (d) and Figure 7-54 show the reading at 2 hours after adding different water 

levels, for the entire sensing zone. Figure 7-54 illustrates an extensive response depicting water 

levels at 50 ml gap. It can be seen that the TDR signals for each of the soil water levels are 

absolutely distinctive even though the gap between water levels are quite narrow. The two 

hours’ time gap allows each of the water levels to attain their saturation since the added water 

gets well soaked by the sandy soil by this time. This in turn allows such clear distinction 

between soil water contents. 

Table 7-4. Theoretically calculated volumetric moisture content and dielectric constant for 

different water levels. 

 

 

Soil Condition 
 

 

Reading at 2 hours 
 

Volumetric 

moisture 

content (mv) 

Dielectric 

Constant 

(ɛr) 

Dry 0  2.53 

Soil with 50 ml water  0.025 2.74 

Soil with 100 ml water  0.05 2.96 

Soil with 150 ml water  0.075 3.18 

Soil with 200 ml water  0.1 3.42 

Soil with 250 ml water  0.125 3.67 

Soil with 300 ml water  0.15 3.92 

Soil with 350 ml water  0.175 4.18 

Soil with 400 ml water  0.2 4.45 

Soil with 450 ml water  0.225 4.73 
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     Table 7-4 shows the theoretically calculated volumetric moisture content and their 

corresponding dielectric constant values for the used soil water levels illustrated in the 

experiment. The volumetric moisture content is calculated by using the following formula 

[220]:  

                                Volumetric Moisture Content, ̄ ° = *Õ

*/
×

ρ¸
ρÂ

                                    (7-25) 

       Here, Wd and Ww represent the weight of dry soil and water in the samples whereas the soil 

bulk density and density of water are designated by ρb and ρw respectively. During the 

experiment, the weight of the dry soil sample is measured as 3268.4 g. The volume of the used 

container is 2000 cm3 which leads to a soil bulk density value of 1.63 g/cm3. The density of 

water has a constant value of 1 g/cm3 and hence the corresponding weight of added water levels 

are the same as the amount of water. For example, the 50 ml water has a corresponding weight, 

Ww = 50 g. 

       Considering these values, the volumetric moisture contents portrayed in Table 7-4 are 

calculated using the equation 7-25 and their corresponding dielectric constant values are 

obtained using Mironov’s formula designated by equation 7-23. In case of uniform sand, the 

dielectric constants of dry (2.53) and absolutely wet soil (13) are obtained from a set of 

measured values depicted in [217]. These values are used in Mironov’s equation to calculate 

the dielectric constants of soil water mixture.       

As mentioned earlier, the experimentally obtained time duration based sensing zone of the 

sensor can be attributed as its valid sensing length or depth from the top soil surface. Equation 

(7-3) and (7-4) are used to convert the propagation times of the TDR signal into their 

corresponding sensing depths. As illustrated earlier, at the divergence point, 16.15 ns which is 

the start of the sensing zone, the sensor penetration depth is zero (soil touching point). In other 

words, this indicates the top soil surface. As the signals propagate through the transmission line 

inserted into the soil, the subsequent time points shown in Figure 7-54 correspond to their 

respective travel distances in the line, calculated by equation (7-3) and (7-4). Considering 16.15 
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ns time point as the zero depth, the other time points are also exploited to obtain their respective 

depths from their corresponding travel distances. Figure 7-55 plots the TDR amplitude of 

different soil levels with respect to the calculated soil depths in the sensing zone. As expected, 

it can be seen that the Figure 7-54 and Figure 7-55 completely resemble each other.      

      Figure 7-56 shows the calibration curves extracted from depth vs TDR amplitude plot 

depicted in Figure 7-55. In this case, the TDR amplitude levels for a certain depth are plotted 

against the theoretically calculated dielectric constant values portrayed in Table 7-4. As 

described earlier, the added water levels used in the experiment are converted into their 

corresponding volumetric moisture content and eventually they are expressed into their 

respective dielectric constant values by using Mironov’s formula. 

 

Figure 7-55. Comparative sensing zone response of optimized sensor at 2 hours after adding 

individual water levels with 50 ml gap (with respect to depth). 

 

Figure 7-56. Calibration curves of optimized sensor at different depths from soil surface. 
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      In Figure 7-56, the dielectric constant vs TDR amplitude level plots for three different 

depths from the soil surface are depicted. Here, the zero cm depth represents the top surface of 

the soil whereas 8.15 cm depth gives the end point of the sensing zone. It also shows the 

calibration curve for an arbitrary depth of 3.84 cm in the middle of the sensing zone. These 

plots allow the determination of soil moisture contents at those specified depths. By using 

Figure 7-55, the calibration curve for any particular depth in the sensing zone can be obtained.  

Figure 7-57 provides the 3D representation of a number of calibration curves at different soil 

penetration depths in the entire sensing zone. 

      When the sensor is penetrated into the soil with an unknown moisture content, its measured 

TDR amplitude is extracted and compared against the calibration curve of a particular depth 

under consideration. This comparison provides the corresponding dielectric constant value for 

the measured TDR response and it eventually leads to find the relevant volumetric soil moisture 

content at that particular depth. Thus this sensor allows the determination of soil moisture 

contents at any specified depth of its validated sensing zone. 

 

Figure 7-57. 3D representation of calibration curves at different penetration depths. 
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7.5. 7.5. 7.5. 7.5. CCCConclusiononclusiononclusiononclusion    

 
     This chapter discusses the time domain based sensors proposed to partially accomplish the 

goal of this thesis. Initially, the theory of time domain reflectometry (TDR) based technique is 

illustrated, since it works as the basis of time domain based crack and moisture sensors depicted 

herein. The designed crack sensor uses the conventional time difference based TDR detection 

technique for the sensing operation whereas the soil moisture sensor adopts a non-conventional 

approach of TDR. In this case, the sensing principle is established on the amplitude variation 

of TDR signals. 

     The next section of the chapter provides a detailed illustration on the TDR based crack 

detection sensor. This sensor uses a high frequency bandwidth (SWB) in order to generate 

extremely short time pulses. These short pulses, lasting a fraction of nanoseconds, ensure a 

high resolution and precise detection of cracks in a surface where the sensor is attached. Here, 

two different sensors with a straight and a meandered transmission line are proposed. An 

analytical comparison for the sensors with both transmission lines are carried out for UWB and 

SWB cases to establish the superiority of the latter. The SWB based detection enables the 

localization of a crack even if it severs the transmission line at a location absolutely adjacent 

to the sensing antenna. This feature is completely unique to the SWB technology and it cannot 

be obtained using UWB due to its comparatively longer time pulses. A rigorous analysis on the 

inflicted cracks at different locations of the designed sensors provides a mathematical 

validation on the experimental results. Such low cost, planar sensors can be instrumental in 

detecting cracks in any building structure.  

         This chapter also focuses on the design and experimental analysis of a novel soil moisture 

sensor based on non-convetional TDR technique. The working principle of the sensor is 

illustrated through a theoetical analysis and a brief review of the soil dielectric models is 

presented to choose the best model for using in experimental calculations. The robustness of 

the designed sensor is verified through a number of measurements. The experimental results of 
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the developed prototypes indicate the sensor’s functionality even at the worst case scenario of 

a non-uniform soil. The convergence of simulated and measured results is attained as the sensor 

responses in terms of field energy plot and s-parameter amplitude variation exhibit similar 

results. A theoretical analysis shows that the change in soil moisture content induces a 

resistivity variation which causes the amplitude level to change. The structural and antenna 

mode responses of the developed sensors are mathematically calculated to obtain the actual 

sensing zone. A calibration technique based on amplitude variation over different moisture 

levels and their corresponding dielectric constant values is proposed herein. This technique 

allows the users to obtain the volumetric moisture contents by simply looking at the sensor 

response. An experimental analysis using uniform soil ensures that the sensor has a 

comparatively longer penetration depth or sensing zone at ideal conditions. It has the ability to 

determine the moisture content at any particular soil depth in its validated sensing zone. The 

proposed sensor is extremely low cost as well as robust and hence, it will have a great impact 

on the deployment of an efficient irrigation system.  

        The next chapter provides a comprehensive analysis on the frequency domain based 

sensors proposed in this thesis. It starts with the detailed illustration of smart skin sensor based 

on split box resonators. This sensor is able to provide a non-discretised detection of crack in a 

building structure. A simple monopole probe based sensor is illustrated next which is used to 

determine the salinity content in soil. Thereafter, the design and performance analysis of IDC 

resonator based soil moisture sensor is delineated. The same resonator designed on a paper 

material is used to determine the dryness level in leaves. The experimental analysis of such leaf 

dryness detection is also portrayed hereby. A temperature sensitive smart material is integrated 

into the IDC resonator to form a real time temperature sensor which is analysed next. Another 

temperature sensor based on materials with different thermal expansion coefficients is also 

proposed in this thesis.  
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Chapter 8Chapter 8Chapter 8Chapter 8 . Frequency Domain Based Sensors. Frequency Domain Based Sensors. Frequency Domain Based Sensors. Frequency Domain Based Sensors    

 

8.1. Overview8.1. Overview8.1. Overview8.1. Overview    

 
     The previous chapter describes the time domain based crack and soil moisture sensors that 

are able to provide a low cost sensing solution for the infrastructural health monitoring and 

precision agriculture in IoT industry respectively.  This chapter proposes several other sensors 

for IoT and offers a detailed illustration of the proposed sensors that demonstrate their sensing 

scheme through frequency domain. The sensing principle of these sensors mostly depend on 

two parameters- resonance frequency and quality factor. When the physical or environmental 

parameter like moisture or temperature changes, it provokes a resonance or Q factor deviation 

in the frequency domain. This results in a resonance frequency shift or amplitude variation in 

the sensing signal which allows the determination of corresponding physical parameter change.      

     In order to provide an inexpensive and maintenance free passive RFID based solution to the 

emerging areas of IoT industry, this chapter of the thesis proposes six different sensors. The 

structural health monitoring (SHM) requires a pervasive sensing scheme to detect the tiniest of 

cracks in a particular area of any building structure. Therefore, it is desired to have a contiguous 

structure that can detect a deformation at any point of its surface rather than a discretised CPW 

transmission line based sensor. Hence, a non-discretised sensing scheme termed as smart skin 

sensor is proposed and illustrated in this chapter.  

      Alongside SHM, this thesis also addresses the sensing solution for two other IoT areas, 

namely- precision agriculture and retail. As mentioned earlier in the previous chapters, 

agricultural sector requires to monitor the moisture and salinity levels in soil or plants in order 

to ensure precise application of irrigation water, nutrients or pesticides. Therefore, this chapter 

introduces the sensing schemes to monitor soil salinity and moisture content. The RF properties 

of a simple monopole probe is exploited here to determine the salinity level in soil. This chapter 

also illustrates the design and performance analysis of an IDC resonator based soil moisture 

sensor which utilizes a smart material to distinguish between different moisture levels. The 
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same IDC resonator is designed on a paper substrate and the modification of electromagnetic 

coupling between paper based resonator and leaf due to moisture variation is exploited to 

determine the leaf dryness content. This eventually equips farmers with an estimation of 

required water content in a specific plant and hence helps optimizing the irrigation process as 

well as conserving water. An experimental analysis on this leaf dryness monitor is also depicted 

here in this chapter.  

     The retail and supply chain industry has a tremendous need for temperature sensors as 

illustrated in the literature review section in chapter 2. This chapter provides a comprehensive 

analysis of a real time temperature sensor based on the proposed IDC resonator which is 

integrated with a temperature sensitive smart material called Barium Strontium Titanate (BST). 

Finally, another temperature sensor is also proposed in this thesis which is based on materials 

with different thermal expansion coefficients. This sensor is designed to function as a chip 

based UHF RFID sensor while its higher frequency harmonics allows it to be used as a chipless 

sensor as well. Figure 8-1 shows the classification of the frequency domain based sensors to 

be described in this chapter.       

 
Figure 8-1. Classification of proposed frequency domain based sensors. 
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8.2. Split Box Resonator Based Sma8.2. Split Box Resonator Based Sma8.2. Split Box Resonator Based Sma8.2. Split Box Resonator Based Smart Skin Sensorrt Skin Sensorrt Skin Sensorrt Skin Sensor    

 

       The split box resonator illustrated in chapter 4 is utilized to realize a highly sensitive 

frequency domain based sensor for infrastructural health monitoring. In structural engineering, 

a number of different approaches have been adopted for detecting surface cracks. Most of these 

approaches involve placing a grid of wires or sensing elements on the surface. A crack is 

detected as long as it physically breaks a wire or a sensing element in the grid. If a crack 

develops between the sensing elements or does not sever the element, the crack is missed. 

Therefore the accuracy of the system is only as good as the spatial resolution of the grid. 

Though the proposed TDR based sensor in this thesis offers a high sensing resolution, it also 

suffers from the specified limitation. In this case, its transmission line needs to be physically 

ruptured in order to enable the crack detection. The proposed “Smart Skin” sensor aims to 

resolve this limitation using a frequency domain based chipless RFID design approach. This 

sensor uses an array of gap coupled split box resonators integrated with a Coplanar Waveguide 

(CPW) transmission line. The conductive surface of the CPW line becomes ultra-sensitive in 

the frequency domain as its response changes with the slightest of perturbation. This unique 

feature is exploited here to deploy the hypersensitive device that provides an uninterrupted and 

continuous detectability of cracks at any part of its surface. It allows the detection of presence 

of a crack even if none of its sensing (split box) resonators are physically perturbed directly. 

As the resonators of a sensing tag are designed to operate at different individual frequencies, 

they can facilitate the simultaneous identification of multiple cracks or ruptures on different 

locations of the sensing surface. The proposed device is termed as the ‘smart skin’ sensor since 

it can sense the disruption all over its surface just like the human skin.       

     The smart skin sensor can generate a noticeably different response between signal due to 

crack development and moisture spreading across the surface. Therefore the sensor is capable 

of not only detecting cracks but also for monitoring moisture ingress or damping in a structural 

material. This “smart skin” can be deployed in a cascaded manner to monitor the critical zones 
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of beams and columns in buildings and bridges particularly those that are prone to sudden, 

catastrophic failures.  

8.2.1. Sensor Design8.2.1. Sensor Design8.2.1. Sensor Design8.2.1. Sensor Design    

The simulated and fabricated version of the proposed smart skin sensor is shown in Figure 8-2. 

As mentioned earlier, the sensor has a number of split box resonators integrated into the 

transmission line. These resonators are replicated further in the immediately adjacent 

corresponding locations of the ground planes in order to enhance their minimum resonance 

depth. This sensor has 12 different resonators that generate individual frequency signatures in 

the 3.1-10.5 GHz band. If a crack develops anywhere on the sensing structure, it causes a 

noticeable difference in RF performance. A detailed illustration of such deviation is provided 

in the following sections.   

8.2.2. Simulated Results Analysis8.2.2. Simulated Results Analysis8.2.2. Simulated Results Analysis8.2.2. Simulated Results Analysis    

 

     In this section, some generalised scenarios of the sensor’s RF performance deviation are 

discussed through simulated analysis. Here, two specific situations are considered to show that 

the sensor exhibits distinctive response for any crack onto its structure irrespective of 

resonators being ruptured. The other scenario establishes the fact that the sensor responds in a 

different manner in moist situation compared to that of the cracked condition.  

 

(a) 
 

 

(b) 

Figure 8-2. Designed smart skin sensor. 
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8.2.2.1. Crack develops and does not perturb the resonators8.2.2.1. Crack develops and does not perturb the resonators8.2.2.1. Crack develops and does not perturb the resonators8.2.2.1. Crack develops and does not perturb the resonators    

 

     Figure 8-3 shows the response of a thin vertical crack in between the 2nd and 3rd resonators. 

It can be seen that the sensor signal amplitude has decreased due to the presence of crack 

through the sensing structure. Each of the frequency notches corresponding to 12 resonators 

are still existing since the resonators are not physically disturbed. However, the presence of 

crack caused the amplitude level variation.    

8.2.2.2. Crack develops and does perturb the TX lines and box resonators8.2.2.2. Crack develops and does perturb the TX lines and box resonators8.2.2.2. Crack develops and does perturb the TX lines and box resonators8.2.2.2. Crack develops and does perturb the TX lines and box resonators                

 

     Figure 8-4 shows the results of a parametric variation on the sensor where only the 1st, 2nd 

and 3rd resonators are vertically cracked respectively along with their corresponding 

replicators. It can be observed that for each case, the corresponding frequency signatures are 

detuned which indicates that if the sensing resonators are cracked, their respective frequency 

signatures are perturbed and hence the crack locations can be determined precisely. Since the 

entire transmission line is ruptured due to the crack, the amplitude of the other resonances are 

also affected, however, they still continue to exhibit the frequency notches at their 

corresponding positions; whereas the resonance notches for the cracked resonators are 

absolutely eliminated as observed. 

 
 

(a) 
 

 
(b) 

Figure 8-3. (a) Crack between 2nd and 3rd resonators and (b) corresponding frequency response. 
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Figure 8-4. Frequency response for different crack locations. 

   
8.2.2.3. Moisture ingress detection8.2.2.3. Moisture ingress detection8.2.2.3. Moisture ingress detection8.2.2.3. Moisture ingress detection    

    
   The designed sensor also exhibits a distinguishable signature for moisture and crack. A closer 

look at Figure 8-3 and Figure 8-4 shows that the development of a crack causes either a 

disappearance of a frequency notch or a decrease in signal amplitude. 

      However, as seen in Figure 8-5, exposure to moist condition incurs a significant left shift 

of resonances. This shift of resonator frequency response is caused by a uniform moisture 

ingress across the entire simulation boundary area. It is therefore encouraging to note that the 

designed sensor is capable of monitoring moisture build up in a structural surface as well.  

 
Figure 8-5. Comparison of dry and moist sensor response. 
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8.2.8.2.8.2.8.2.3333. . . . MeasuredMeasuredMeasuredMeasured    Results AnalysisResults AnalysisResults AnalysisResults Analysis    

 
     This section portrays a detailed analysis on the fabricated smart skin sensor prototypes. All 

these prototypes have the same dimension and contain 12 different resonators that exhibit 12 

resonance notches in the frequency response. However, these responses (at non-cracked 

condition) slightly differ from each other in terms of notch amplitude and this is absolutely due 

to the non-uniformity during fabrication process. These prototypes are measured for different 

crack conditions and thus the sensor’s sensing capability is validated through experimental 

results. In this case, the sensor performance for three different crack orientations namely, 

vertical, horizontal and angled cracks are analysed. In terms of the severed area, the positions 

of crack on the sensor are also categorized into three different zones: (i) crack on transmission 

line only, (ii) crack on ground only and (iii) crack on transmission line and ground both. 

Different scenarios of cracks under these categories are delineated in Table 8-1. The 

corresponding resonator numbers that are involved at each of these scenarios are specified in 

the parenthesis beside the respective scenario.   
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8.2.3.1. Different Crack Orientations and Severed Areas8.2.3.1. Different Crack Orientations and Severed Areas8.2.3.1. Different Crack Orientations and Severed Areas8.2.3.1. Different Crack Orientations and Severed Areas    
 

        The effect of different crack orientations on the smart skin sensor is analysed here in terms 

of various severed areas on its surface.  

Table 8-1. Experiemental analysis on smart skin sensor for different crack orientations and area. 

Crack 
Orientations 

 

Severed Area (in terms of length and position) 

 

 

 

 

 

 

 
 

Vertical 
Crack 

 
Transmission 

Line Only 
 

Only 1 resonator cracked (R-2) 

2 Resonators cracked (R-2 and R-9) 

Crack in between resonators (R-10 and R-9) 

Crack inside a resonator (R-12) 
 

 
 
 

Only Ground  

Crack in one part of ground (R-1) 

Only 1 resonator cracked (R-1) 

Crack in both parts of ground (R-1) 

2 resonators cracked (R-1 and R-10) 

Crack inside a resonator (R-12) 

Crack in between resonators (R-3 and R-4) 
 

 

 
Both 

Transmission 
Line and 
Ground 

Crack in between resonators (R-1 and R-2) 

Crack through one resonator with replicated 

counterparts (R-2) 

Crack through two resonators with replicated 

counterparts (R-2 and R-11) 

 

 
 
 
 

Horizontal 
Crack 

 
 
 

Transmission 
Line Only 

Only 1 resonator cracked (R-2) 

2 Resonators cracked (R-2 and R-1) 

Crack inside a resonator (R-11) 

Crack in between resonators (R-4 and R-5) 
 

 
 

Only Ground 
 

Crack inside a resonator (R-10) 

Crack in between resonators (R-11 and R-12) 

1 resonator Cracked in one part of ground (R-1) 

1 resonator cracked in both parts of ground (R-1) 

2 Resonators cracked in both parts of ground (R-1 and 

R-2) 
 

 
 
 
 

Angled Crack 

 

Transmission 
Line Only  

 

2 Resonators cracked (R-5 and R-6) 

 

 

Only Ground 

 

2 Resonators cracked in one part of ground (R-10 and 

R-11) 
 

 

Both 
Transmission 

Line and 
Ground 

 

Narrow angled crack through one resonator with its 

replicated counterparts (R-6) 

Wide angled crack through one resonator with 

replicator of others (R-1, R-2 and R-3 ) 
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8.2.3.1.1. Vertical Crack 

 

      The experimental analysis on the sensor starts with the effect of a thin vertical crack on its 

sensing surface. In this case, a crack having the width of 0.5 mm is originated on different parts 

of the smart skin. The following sub-sections illustrate the response of such cracks on different 

severing zones of the sensor and compare their deviation from the response of the healthy 

structure. 

8.2.3.1.1.1. Only Transmission Line 

 

      This section shows the comparative results of instigated cracks only on transmission line 

of the sensor. Figure 8-6 shows the results of the sensor when a resonator only on its 

transmission line is ruptured vertically. In this case, the second resonator having frequency 

resonance at around 4.3 GHz is chosen. It can be seen that due to the presence of crack, the 

second resonance is almost detuned from its designated frequency. The non-cracked replicators 

of this resonator on both parts of the sensor’s ground plane still generate a resonance at 4.3 

GHz, although its insignificant notch amplitude followed by an added notch at 4.75 GHz 

clearly indicates the perturbation caused by the crack on the specified resonator.   

 
(a) 

 
(b) 

Figure 8-6. One resonator only on transmission line is cracked.  
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      The other resonances are also affected in terms of amplitude, however, their frequency 

signatures remain pretty much the same. The instigated crack on the transmission line severely 

obstructs the entire current path of the RF signal. This is the reason why all the resonating 

responses (including the non-cracked resonators) undergo an amplitude deviation as shown in 

Figure 8-6. The extent of this deviation depends on the adjacency of a particular resonator from 

the severed one. As observed, the resonators 3 and 4 are the ones that are mostly affected in 

terms of amplitude compared to the others. 

      Figure 8-7 portrays the response of the sensor when two resonators on its transmission line 

are cracked. In this case, along with the second resonator, the ninth resonator having resonance 

at 8.25 GHz is also ruptured. The comparative figure shows the absence of resonance notch at 

8.25 GHz due to the presence of crack on 9th resonator whereas the healthy structure has a 

sharp notch having a resonance depth of about 15 dB at the same frequency. A closer look at 

Figure 8-6 and Figure 8-7 also confirms the absence of specified resonance notch due to the 

crack on 9th resonator while the effect of crack on the second resonator remains unchanged.       

 

(a) 

 

(b) 

Figure 8-7. Two resonators only on transmission line are cracked. 
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(a) 

 

   

(b) 

Figure 8-8. Crack in between resonators (on transmission line only). 

        Figure 8-8 shows the sensor response when none of the resonators are affected directly. 

In this case, a crack is originated only on the transmission line in between resonators 9 and 10. 

It can be observed that both the healthy and cracked responses remain almost identical up to 

the 9th resonance. However, as the current path gets perturbed afterwards, it inflicts its impact 

on the next resonances. It can be seen that the notch amplitude of the 10th resonator increases 

significantly due to the instigated crack which also effects the 11th resonator by scaling down 

its entire magnitude level from the healthy response. In this case, it is mention worthy that the 

used sensor prototype for this investigation is different from the one that is used for the analysis 

depicted in Figure 8-6 and Figure 8-7. This is the reason why the healthy response of these 

prototypes are slightly different from each other although they contain 12 resonance notches at 

the same frequency positions.  

     The next analysis depicted in Figure 8-9 involves a crack only inside the resonator 12 

portraying a resonance at 10 GHz. As it is observed, even though the crack is present inside 

the resonator, since it perturbs the current path in transmission line, the corresponding 

resonance is detuned. The replicators of the 12th resonator on the ground planes still resonate 

at the specified frequency, alike the case depicted in Figure 8-6, however the generated notch 

is quite insignificant and non-detectable in this case as well.  
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curr  

 

 
 
 
 

(a) 

 

(b) 

Figure 8-9. Crack inside a resonator (on transmission line only). 

    The above analysis depicting thin vertical cracks only on transmission lines of the sensor 

signifies that the sensor is able to determine quite narrow cracks having no direct contact with 

its resonators. The position of the detuned or modified resonances enables the detection of a 

particular location of incurred cracks on the sensor.  

8.2.3.1.1.2. Only Ground 

 

    This section illustrates the response of smart skin sensor for thin vertical cracks on different 

locations of its ground plane. The analysis starts with the results of a crack on resonator one 

only on a single part of the sensor’s ground planes. It can be observed from Figure 8-10 that 

the crack inflicts a significant deviation on the response of 1st resonator. As the main current 

path of the signal remains intact due to the non-perturbed transmission line, a detectable 

resonance notch still appears in the frequency (around 3.5 GHz) of the specified resonator. 

However, the amplitude of this notch differs significantly from that of the healthy structure 

which enables the detection of crack presence.  
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(a) 

 

(b) 

Figure 8-10. Only one resonator cracked on one part of ground only. 

 
(a) 

 

(b) 

Figure 8-11. Only one resonator cracked on both parts of ground. 

    Figure 8-11 shows the comparative response of sensor when the 1st resonator is cracked on 

either one or both parts of the ground plane. As the current path on both the ground planes are 

obstructed due to crack, the transmitted power level of the entire signal gets significantly 

reduced. The non-perturbed transmission line ensures that all the resonators continue to 

generate individual notches at their corresponding resonance positions. However, the power 

level deviation still helps identifying the presence of crack. 
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(a) 

 

 

(b) 

Figure 8-12. Crack in two resonators on both parts of ground. 

     Figure 8-12 depicts a comparative response of cracks developed in one and two resonators 

on both parts of the ground with the healthy structure. Here, a crack is instigated in resonator 

10 of the sensor prototype which already had a rupture in its 1st resonator. It can be seen that 

while the entire signal remains the same, the amplitude of the 10th resonance (resonating at 9 

GHz) deviates from the response with crack in resonator 1 only. Both the cracked signals 

exhibit a significant amplitude deviation from their healthy counterpart. 

 

(a) 
 

 

(b) 

Figure 8-13. Crack inside a resonator (on one part of ground plane only). 
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a) 

 

 

(b) 

Figure 8-14. Crack in between resonators (on one part of ground plane only). 

    Figure 8-13 shows the frequency response for a crack inside the resonator 12 on the sensor’s 

ground plane. It can be seen that even though the crack does not sever the resonator directly, it 

perturbs the current path of the signal which results in a frequency shift for the corresponding 

resonance at around 9.9 GHz. The inflicted crack also effects the adjacent resonator having 

resonance at 9.4 GHz, as it reduces the transmitted power level of the notch, however, the 

resonance frequency still remains the same. A close comparison between Figure 8-13 and 

Figure 8-9 (depicted in the earlier section) shows that a crack inside the resonator on a 

transmission line almost detunes the corresponding resonance while the same on a ground plane 

only incurs a slight frequency shift. This equips the user with a precise estimation of the crack 

location and extent.  Figure 8-14 investigates the effects of a crack in between the resonators 3 

and 4. It can be observed that although the signal has a robust current path through the 

unaffected transmission line, a signal amplitude deviation is occurred in between 5.5-6.5 GHz 

which correspond to the resonance position of the 4th resonator and its adjacent resonance.   

     The above analysis establishes the fact that the smart skin sensor is capable of detecting 

even the tiniest of vertical cracks inflicted on any parts of its surface including the transmission 

line and grounds.  
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8.2.3.1.1.3. Both Transmission Line and Ground 

 
     This part of the analysis illustrates the effect of vertical cracks through the entire sensor. In 

this case, the crack severs the sensor’s transmission line along with both its ground planes. 

Figure 8-15 shows the response of sensor when such a crack is developed in between the 

resonator 1 and 2. It can be seen that the crack does not force any of the resonance notches to 

detune, however, the entire signal power amplitude level is greatly decreased due to the 

perturbation in current path.      

 
(a) 

 
(b) 

Figure 8-15. Crack in between resonators (through the entire structure).  

 
(a) 

 

 
(b) 

Figure 8-16. Crack through a single resonator (severing entire sensor). 
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     Figure 8-16 represents the effect of crack through a particular resonator that severs the entire 

sensing structure. The severed transmission line along with the ground plane results in a 

significant power level deviation alike the case of crack in between resonators. Alongside that, 

the corresponding resonance notch of the cracked resonator (resonator 2) is also completely 

detuned which is evident from Figure 8-16. The rest of the resonators still exhibit their 

respective notches although they suffer from a great reduction in transmitted power.   

 

(a) 

 

(b) 

Figure 8-17. Crack through two resonators simultaneously (severing entire sensor). 

     In order to observe the effect of multiple cracks on the smart skin, a crack is originated in 

resonator 11 of the sensor prototype that was used for analysing cracks on single resonator 

only. Figure 8-17 shows a comparative result for cracks in a single and multiple locations of 

the same sensing structure. It is evident that the presence of a second crack on the sensing 

surface disrupts the entire signal. The transmitted power level suffers a further reduction in 

amplitude from its single resonator cracked counterpart. This creates an enormous deviation 

from the response of the healthy structure. A keen inspection on the response of multiple cracks 

still indicates the absence of resonance notches 2 and 11. Although distorted and undergone 

frequency shift due to dual current path disruptions, the non-perturbed resonators continue to 

exhibit their corresponding resonance notches. However, these results are obtained by using 

highly efficient vector network analyser (VNA). Under wireless environments, with a low cost 
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chipless RFID reader, it will be quite difficult to precisely detect the location of a second crack 

on the sensor. This is because, even a highly sensitive reader might not be able to extract all 

the resonance notches properly at such a disrupted condition. However, the signal power 

deviation with each inflicted cracks will certainly enable the detection of multiple crack 

presence.           

8.2.3.1.2. Horizontal Crack 
 

      The previous section studies the effects of vertical cracks on smart skin sensor and it can 

be deduced from the analysis that the sensor can detect the smallest of vertical cracks on its 

surface. In this part of the study, the effects of horizontal cracks are scrutinised. This type of 

cracks generally have less impact on the sensing structure as they do not block the current path 

on the transmission lines or ground planes entirely. Therefore, it is interesting to observe if they 

can create enough signal deviation in the sensor. 

8.2.3.1.2.1. Only Transmission Line 

 
      The specified analysis starts with horizontal cracks on transmission line only. Figure 8-18 

shows the effect of such a crack severing a single resonator while Figure 8-19 depicts the crack 

through two resonators. 

 
(a) 

 

 

(b) 

Figure 8-18. One resonator on transmission line cracked horizontally. 
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(a) 

 

 

(b) 

Figure 8-19. Two resonators on transmission line cracked horizontally.  

      As observed in Figure 8-18 (a), a crack is inflicted on the second resonator entirely. This 

results in a resonance shift of the resonator in the frequency domain as seen in Figure 8-18 (b). 

Since the replicated corresponding resonators on the ground planes remain unaffected, a 

significant resonance notch still exists, however, the ruptured transmission line disrupts the 

surface current and hence the shift in resonance occurs. Similarly, as the crack is extended to 

the 1st resonator, a significant right shift of the 1st resonance notch also becomes eminent. This 

phenomenon enables the estimation of severed area when a horizontal crack is present on the 

smart skin. 

 
(a) 

 

 

(b) 

Figure 8-20. Horizontal crack inside a resonator on transmission line.  



267 

 

     Figure 8-20 investigates the results of a horizontal crack on resonator 11. The same sensor 

prototype used in the previous case is utilised here as well. Therefore, the current results are 

compared with the initially obtained response for two cracked resonators. It is evident that the 

crack inside the resonator does not have enough strength to cause a resonance detuning or shift. 

However, it causes a significant amplitude deviation for the 11th resonance with a power level 

difference of about 8 dB.      

     Figure 8-21 considers an extremely minute crack on the surface of the designed sensor. A 

horizontal crack in between resonator 4 and 5 is originated here as shown in Figure 8-21 (a). 

Even though the crack is quite insignificant, it still provides an amplitude deviation for the 4th 

resonance. As none of the resonators are directly affected, no frequency shift or detuning 

occurs, however, the power level drift of about 3 dB indicates a slight disturbance in the current 

path due to perturbed structure. The sensor response alteration due to such a tiny and 

insignificant crack establishes its robustness.  

 
(a) 

 

 

(b) 

Figure 8-21. Horizontal crack in between resonators on transmission line. 
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8.2.3.1.2.2. Only Ground 

 
     Horizontal cracks on ground plane of the smart skin provides the most nominal crack 

scenarios that the sensor can encounter. In this case, the transmission line remains intact and 

therefore the main signal path does not pose any interruption. 

 
(a) 

 

 

(b) 

Figure 8-22. Horizontal crack inside a resonator on ground only. 

 
(a) 

 

(b) 

Figure 8-23. Horizontal crack in between resonators on ground only. 
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      The analysis on horizontal cracks on ground plane of the sensor starts with a small crack 

inside resonator 10. The presence of this crack does not disrupt the resonator directly, however, 

it causes a little interruption in the surface current. Therefore, a little amplitude deviation of 

the resonances for resonators 10 and 11 are observed in Figure 8-22 although the resonance 

positions remain unchanged. A similar phenomenon is observed when a crack is originated in 

between resonators 11 and 12. It can be seen from Figure 8-23 that the resonance amplitude 

for the specified resonators at around 9.4-9.8 GHz, encounter a further deviation from that of 

the case of crack inside a resonator.    

 
(a) 

 

 

(b) 

Figure 8-24. Horizontal crack severing a resonator on one part of ground only. 

 
(a) 

 

 

(b) 

Figure 8-25. Horizontal cracks severing a resonator and its replicator on both parts of ground.  



270 

 

     Figure 8-24 shows the effect of cracking a resonator on one part of the ground plane 

horizontally. In this case, the analysis is carried on the 1st resonator. It can be observed that the 

resonator continues to resonate at 3.15 GHz even after the crack is instigated. This is because 

of the presence of its corresponding replicators on the other part of the ground plane and 

transmission line. However, the crack inflicts a significant variation in the resonance amplitude. 

Figure 8-25 portrays the case where the replicators of resonator 1 on both the ground planes 

are horizontally cracked. This results in a further perturbation of the resonance signal, however, 

the presence of non-perturbed resonator on transmission line prevents the complete detuning 

of resonance. 

     Figure 8-26 illustrates the response of the sensor when the cracks on the 1st resonator is 

extended to the second resonator as well. As depicted in the figure, here, the transmission line 

remains un-perturbed and therefore, no resonance shift or detuning occurs. The extended crack 

only results in an amplitude variation for the 2nd resonance resonating at around 4.3 GHz.  

 
(a) 

 

(b) 

Figure 8-26. Horizontal cracks severing two resonators and their replicators on both parts of ground. 
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8.2.3.1.3. Angled Crack 

 

This section of the analysis illustrates the effects of angled crack on the smart skin. Such cracks 

disrupt the sensing resonators in a non-proportionate manner and therefore, they block the 

current path of the signal in various positions.   

8.2.3.1.3.1. Transmission Line Only 

 

   Figure 8-27 shows the effect of an angled crack inflicted on resonators 6 and 7 only on the 

transmission line of the sensor. The orientation of the crack makes it a little harder to specify 

the perturbed resonators exactly. It can be observed that the presence of crack detunes the 5th 

and 6th resonators completely and all the consecutive resonators starting from 5-7, contribute 

to the resonance position of 7th resonator by creating a sharp notch at around 7.25 GHz. Though 

the 5th resonator remains physically unperturbed, its adjacency to the perturbed resonators 

causes it to be detuned. Therefore, it can be deduced that the angled cracks on transmission 

lines do not allow the detection of cracked resonators specifically, however, their 

corresponding frequency signature allow an accurate estimation of the crack location.   

 
(a) 

 

 
(b) 

Figure 8-27. Two resonators cracked in transmission line only. 
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8.2.3.1.3.2. Only Ground 
 

       
     Angled cracks on ground plane has a similar effect on the sensor to that of the horizontal 

and vertical cracks. The presence of such cracks do not detune the resonance. They just results 

in a noticeable amplitude deviation for the affected resonances and their adjacent one which 

can be observed in Figure 8-28.  

 
(a) 

 

 

(b) 

Figure 8-28. Angled crack severing two resonators on one part of ground only. 

8.2.3.1.3.3. Both Transmission Line and Ground 

 

      Figure 8-29 and Figure 8-30 illustrate the effect of angled crack on both transmission line 

and ground plane of the sensor. Figure 8-29 provides the results of a narrow angled crack 

severing a single resonator while Figure 8-30 depicts a wide angled crack severing three 

consecutive resonators. In case of narrow angled crack, a sensor prototype with 9 resonators is 

utilised instead of the ones with 12 resonators. This does not have any impact on the sensing 

capability of the sensor apart from a reduced sensor length. 

 

(a) 
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(b) 

Figure 8-29. Narrow angled crack on a resonator severing transmission line and ground. 

 
(a) 

 

 

(b) 

Figure 8-30. Wide angled crack on resonators severing transmission line and ground. 

         A closer look at Figure 8-29 shows the inflicted narrow angled crack on the 7th resonator 

which detunes its corresponding resonance. The crack also severely affects the 8th and 9th 

resonances that appear immediately after the detuned resonance. Since the crack severs the 

transmission line, the overall amplitude level of the entire signal also deviates from its healthy 

counterpart. However, the resonance notches due to resonator 1-6 still continue to appear in 

the frequency response without exhibiting any frequency shift or detuning. 

     The wide angled crack severing resonators 1, 2 and 3 depicted in Figure 8-30 shows that the 

crack severs the resonator 2 on transmission line whereas it perturbs the resonator 1 and 3 on 

ground planes only. This results in a complete detuning of 2nd resonance whereas the other 

resonators continue to resonate at their specified frequency positions due to the presence of 
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non-perturbed replicators on transmission line. As seen earlier, the presence of crack in 

transmission line causes an overall amplitude deviation of the entire signal.  

      From the above analysis, it can be deduced that the angled cracks cause difficulties in 

determining the exact resonators that undergone perturbation. However, since it detunes the 

resonators on transmission line and disrupts the other adjacent resonances, a close investigation 

on the frequency signature of cracked structure allows a precise estimation of the crack 

location.  

8.2.3.2. Different Crack Orientations and Widths8.2.3.2. Different Crack Orientations and Widths8.2.3.2. Different Crack Orientations and Widths8.2.3.2. Different Crack Orientations and Widths    

 

This section of the thesis illustrates the effect of different crack widths on smart skin sensor. 

Table 8-2 shows the scenarios considered for the analysis. 

Table 8-2. Experiemental analysis on smart skin sensor for different crack width 

Crack 

Orientation 

 

Crack 

Width 

 

Severed Area 

 
 

Vertical 

Crack 

 

0.5 mm 

 

Crack through one resonator with replicated counterparts 

(R-2) 
 

 

2 mm 
 

Crack through one resonator and its replicators (R-2) 

 

 

Horizontal 

Crack 

 

0.5 mm 

 

Long crack severing at least two or more resonators (R-1, 

R-2 and R3) 

 
5 mm 

Severs at least one part of the ground and transmission line 

–crack in between resonators (between R-6 & R-7) 

Severs at least one part of the ground and transmission line 

– crack on one resonator and at least one of its replicator  
 

8.2.3.2.1. Vertical Crack 
 

8.2.3.2.1.1. Crack Width- 0.5 mm 

 

     Figure 8-31 portrays the effect of a thin vertical crack through one resonator along with its 

replicators. In this case, a 0.5 mm wide crack is inflicted through the second resonator which 

severs the entire sensor including transmission line and both ground planes. The presence of 

crack detunes the resonance of 2nd resonator while the other resonances continue to exist 

despite suffering an amplitude deviation. 
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(a) 

 

 
(b) 

Figure 8-31. 0.5 mm crack through a resonator.  

 
8.2.3.2.1.2. Crack Width- 2 mm 

      Figure 8-32 shows the effect of vertical crack on the same resonator when the crack width 

is increased to 2 mm. It can be observed that the increased width results in a further deviation 

of the entire amplitude of transmitted signal compared to that of the 0.5 mm crack. However, 

the signal still remains detectable with the presence of all non-perturbed resonances while the 

2nd resonance is absolutely detuned. 

 
(a) 

 
(b) 

Figure 8-32. 2 mm Crack through a resonator.      
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8.2.3.2.2. Horizontal Crack 

8.2.3.2.2.1. Crack Width- 0.5 mm 
 

    
     Figure 8-33 shows the effect of thin horizontal cracks on smart skin. In this case, a long 

crack is originated which severs the first three consecutive resonators. As expected from the 

previous analysis on horizontal cracks, it can be seen that the presence of crack does not affect 

the resonance or signal amplitude of the resonators that are non-adjacent to the cracked ones. 

However, it results in a frequency shift or detuning of the first three resonances. The fourth 

resonance is also slightly affected due to the adjacency with crack line.   

8.2.3.2.1.2. Crack Width- 5 mm 

 

     Figure 8-34 and Figure 8-35 depict the scenario of horizontal cracks that are 5 mm wide.  

 
(a) 

 
(b) 

Figure 8-33. Long crack severing at least two or more resonators. 

 
(a) 

 
(b) 

Figure 8-34. 5 mm crack in between resonators. 
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It can be observed that the width of such cracks makes it appear as a vertical crack onto the 

structure and therefore, an overall amplitude deviation of the signal occurs. The crack in 

between resonators 4 and 5 shown in Figure 8-34 instigates a frequency shift for the 4th 

resonance and forces it to merge with the 5th. Apart from amplitude variation, the frequency of 

other resonances remain unchanged. As the crack is extended onto the 4th resonator (shown in 

Figure 8-35), it detunes the corresponding resonance completely and leaves out the 5th 

resonance to exhibit the notch at its specified frequency position. However, the added 

perturbation to the structure results in the generation of a few undesired notches in frequency 

spectrum, though the distinct response of cracked resonator remains quite evident.    

      
       The above analysis illustrates that, as the horizontal cracks get widen, it is more likely to 

act as a vertical crack. The presence of such cracks on a resonator detunes it completely and 

hence the location of crack can be accurately estimated. The growth of such a wide crack on a 

building structure is highly unlikely as it should be detected way before it becomes so widened 

even with naked eyes.     

 

(a) 

 

(b) 

Figure 8-35. 5 mm crack severing a resonator. 
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8.2.3.3. Effect of Moisture Ingress on Smart Skin8.2.3.3. Effect of Moisture Ingress on Smart Skin8.2.3.3. Effect of Moisture Ingress on Smart Skin8.2.3.3. Effect of Moisture Ingress on Smart Skin    

    Figure 8-36 illustrates an important phenomenon of the designed sensor. It compares the 

response of smart skin under dry and moist condition. It is evident that as the moisture ingress 

occurs, the frequency response of sensor encounters a left shift towards lower frequency. As 

the dielectric constant of water is high, exposure to a moist environment increases the dielectric 

constant of the sensor substrate material. This eventually results in the frequency shift of the 

response. As observed in Figure 8-36, initially the first three resonators (on transmission line) 

are exposed to the water which forces them to resonate in the 1-3 GHz band whereas their dry 

counterparts start to resonate from 3.5 GHz. The non-exposed replicators of the first three 

resonators (on ground planes) still continue to generate their corresponding resonance notches 

at the actual specified positions, with comparatively poor notch amplitude. The undesired 

notches in between the resonance positions occur due to damaged synchronisation between 

replicators. Even though exposed in water, the resonators on transmission line offer a much 

stronger resonance in their shifted frequency positions. The other resonators (4th-9th) which 

remain unexposed to water, continue to generate their corresponding resonances at the same 

frequency position of the dry sensor. When the entire sensor is completely exposed to water, 

the left shift of the signal is still observed. In addition to that, the signal also suffers from a 

significant amplitude deterioration. The first few resonators exhibit strong resonance even after 

water exposure, however, the amplitude of high frequency resonances becomes absolutely 

undistinguishable due to high loss factor or deterioration in Q factor.        

 

Figure 8-36. Smart skin response comparison in dry and moist condition.  
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       The analysis on different types of crack on the structure reveals that the sensor signal never 

encounters a complete left shift in the frequency domain. The presence of crack in the structure 

only provokes different degrees of amplitude deviation or a particular resonance shift 

depending upon the extent of crack. However, at no crack situation, the signal response goes 

beyond the specified UWB band (3-10.5 GHz) of the sensor. Therefore, the frequency shift of 

the entire signal absolutely indicates the sensor’s exposure to damped or wet condition. This 

analysis indicates that the smart skin sensor can distinguish between the response of a cracked 

and a damped condition. This eventually ensures that no crack on the surface of smart skin can 

go unnoticed.      

8.2.3.4. Modified Sensor and Its Wireless Detection8.2.3.4. Modified Sensor and Its Wireless Detection8.2.3.4. Modified Sensor and Its Wireless Detection8.2.3.4. Modified Sensor and Its Wireless Detection    

 
     The smart skin sensor depicted in Figure 8-2 is slightly modified to obtain a better 

transmitted power during wireless interrogation. The simulation model and fabricated version 

of the modified sensor is shown in Figure 8-37 (a) and Figure 8-38 (a) respectively. In this 

case, the number of resonators are reduced from 12 to 9 bits (in the same frequency band) so 

that the resulting frequency notches have an increased gap in between them. This significantly 

increases the transmitted power amplitude level of the entire signal which becomes 

instrumental for its successful wireless detection. 

 

(a) 

 

(b) 

Figure 8-37. Designed modified smart skin sensor and its simulated transmission coefficient 

response. 
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     The reduced number of resonators also enhances the fabrication tolerance of the device and 

therefore, unlike before, all the fabricated modified sensor prototypes have almost the same 

frequency signature when measured. The lesser number of resonators does not impact the 

performance of the sensor at all, however, the overall sensing length is reduced by a mere 2 

cm. Figure 8-37 (b) and Figure 8-38 (b) show the simulated and measured frequency responses 

of the sensor respectively. It can be seen that both the results complement each other quite well. 

The overall amplitude level of the measured signal is at least above -8 dB which is way better 

than its 12 bits counterpart whose amplitude level reaches even below -15 dB for some of the 

prototypes used for crack analysis depicted in earlier sections.  

 

     Figure 8-39 shows the smart skin sensing system where the sensor is integrated with 

transceiver antennas. The transmitting and receiving antennas in the sensing tag are kept as 

orthogonally polarized in order to avoid any coupling. In this case, the super wide band 

antennas depicted in chapter 3 are manipulated slightly to cover the UWB band of 3-10.5 GHz. 

 

 

(a) 

 

(b) 

Figure 8-38. Fabricated modified smart skin sensor and its measured transmission coefficient 

response. 
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Figure 8-39. Smart skin sensor with integrated antennas. 

      Figure 8-40 portrays the wireless interrogation of smart skin sensing tag by the SWB reader 

antennas. Here, the reader antennas are co-polarized with their corresponding tag receiving 

antennas and they are kept 1 cm apart from each other. In this situation, the transmitted signal 

by one of the reader antennas travels through the tag transmission line and it is retransmitted 

back to the other reader antenna which is arranged in a cross polarized manner with respect to 

the initial reader antenna. Figure 8-41 shows successful extraction of the sensing tag signal 

from the specified distance. The received wireless response has 9 clearly distinct notches in the 

UWB band that represent the resonances generated by 9 resonators in the tag. The slight 

discrepancies and resonance distortion of the signal occur due to the use of low gain circular 

monopole based antennas in sensor interrogation system. The use of SMA connectors to attach 

the antennas to sensing tag also causes a significant loss of signal. By using inbuilt antennas in 

the sensing tag, such losses can be minimized. High gain antennas in both the reader and 

sensing tag can also be instrumental in reducing the signal distortion and in enhancing the 

wireless interrogation distance. 

 
(a) Experimental setup. 
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(b) Sensing system interrogation by reader antennas.  

Figure 8-40. Wireless interrogation of smart skin sensor. 

 

Figure 8-41. Measured wireless response of sensing tag with 9 bits.   

8.2.4. Discussion8.2.4. Discussion8.2.4. Discussion8.2.4. Discussion    

     The above analysis provides a detailed illustration of the novel smart skin sensor. The 

designed sensor is capable of identifying even the minutest of cracks onto its structure. It can 

also distinguish between cracked and moisture ingress responses which allows it to precisely 

determine whether a response deviation is occurred due to the presence of a crack or 

dampening. The depicted analysis starts with a few simulated generalised cases which are 

eventually verified through an elaborated investigation of experimentally measured results. 

Here, different types of crack orientations and severed areas are scrutinised to realise the ultra-

sensitivity of the devised sensor. The effect of moisture ingress on the designed smart skin is 

also illustrated here to verify its distinctive nature under damped and cracked condition. 

Finally, a wireless interrogation of the sensor prototype is carried on to establish its robustness 

while validating the design concept.  
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8.3. Monopole Probe Based Soil Salinity Sensor8.3. Monopole Probe Based Soil Salinity Sensor8.3. Monopole Probe Based Soil Salinity Sensor8.3. Monopole Probe Based Soil Salinity Sensor    

 
      This section of the thesis illustrates the soil salinity measurement analysis by using the 

monopole probe resonator depicted in section 4.5. Here, the performance analysis of the sensor 

is carried out through the use of a soil simulation model along with practical measurements.  

Figure 8-42 shows a schematic diagram of the proposed half wavelength monopole resonator 

based sensor.                                                        

8.3.1. Theoretical Analysis Using Simulation Model8.3.1. Theoretical Analysis Using Simulation Model8.3.1. Theoretical Analysis Using Simulation Model8.3.1. Theoretical Analysis Using Simulation Model    

 
In order to obtain a soil simulation model by using the electromagnetic solver CST 

microwave studio, the dielectric mixing model by Dobson [221] is used. The designed sensor 

is inserted into the created soil model and its performance is analysed for different moisture 

and salinity contents. 

8.3.1.1. 8.3.1.1. 8.3.1.1. 8.3.1.1. TheoryTheoryTheoryTheory    and Formation of Soil Model and Formation of Soil Model and Formation of Soil Model and Formation of Soil Model     

      
      Dobson’s dielectric mixing model [221] provides a relationship between the dielectric 

constant of a soil water mixture and its volumetric moisture content mv over the frequency 

range of 1.4 -18 GHz. In order to consider the effect of ionic conductivity of soil (due to the 

presence of ions in free water), the dielectric properties of NaCl solution is determined using 

the Debye's classical theory modified by Lane and Saxton.  

                                    

Figure 8-42. Schematic diagram of monopole resonator based soil salinity sensor. 
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According to the Stogryn formulation, real and imaginary parts of the saline solution are given 

by a modified version of the Dobson’s semi-empirical model [74]: 

´³C
/ = 	 ε³CÁ +	 y¡Âkqy¡ÂÃGq((ZÄ¡Â½)M                                (8-1) 

 

´³C// =	 (Z½Ä¡Â(�¡Âkq�¡ÂÃ)Gq((ZÄ¡Â½)M + Å×(Z½�k	                   (8-2) 

     
 Where, ε� is the permittivity of free space equal to 8.854 × 10-12 Fm-1, 	ε³C�	is the static 

dielectric constant of water and	ε³CÁ is the high frequency limit of Ø³C/ , < is the frequency in 

hertz [221]. Here, É³C and  ÊÙ correspond to the relaxation time (required to cater for the 

momentary delay in the dielectric constant of a material) and the ionic conductivity of the NaCl 

solution [222]. In this case, the above equations are used to calculate the permittivity of sand 

and sea water mixture at 1.5 GHz. Figure 8-43 and Figure 8-44 show real and imaginary 

dielectric constant of the mixture respectively for moisture content, mv<0.4 and salinity, 

S<100°/oo. The bulk density of the mixture is assumed to be 1.74 g/cm3 and the specific density 

of solid fraction as 2.66 g/cm3 whereas the temperature is considered to be fixed at 20°C [74]. 

Salinity (total salt content) and the concentrations of individual chemical constituents in sea 

water are expressed in parts per thousand (also called parts per mil), for which the symbol o/oo 

is used. 

 

Figure 8-43.  Effect of salinity on real dielectric constant with moisture content variation [74]. 
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Figure 8-44.  Effect of salinity on imaginary dielectric constant with moisture content variation 

[74]. 

  To emulate the different soil moisture and salnity content in simulation, the theoretically 

calculated real and imaginary dielectric constants of sandy soil (at 1.5 GHz) depicted in 

Figure 8-43 and Figure 8-44 are considered [74]. The dissipation factor or loss tangent, tanδ is 

calculated by using the following formula:   

                       tanδ = 	 y¼¼y¼                                     (8-3) 
 

8.3.1.2. Simulated Results Analysis8.3.1.2. Simulated Results Analysis8.3.1.2. Simulated Results Analysis8.3.1.2. Simulated Results Analysis    

 

     Figure 8-45 depicts the simulated S-parameter of the designed sensing probe at different 

moisture levels of formulated soil model. As mentioned earlier in section 4.5.2 (Figure 4-77), 

at dry soil condition, the probe exhibits its fundamental resonance at 905 MHz. As the moisture 

content keeps increasing, the resonance frequency shifts towards lower values which is evident 

from Figure 8-45. In order to analyse the salinity variation, a soil model is created with different 

salinity levels at a fixed volumetric moisture content of 0.1. Keeping 905 MHz as center 

frequency, the actual sensing zone of the probe is defined as the entire UHF band of 860-960 

MHz. It can be observed from Figure 8-46 that as the salinity level increases, the amplitude of 

the return loss keeps decreasing which becomes saturated at higher salinity values. The above 

analysis indicates that the designed sensor response is quite different for moisture and salinity 

variation. Variation in salinity incurs amplitude deviation while change in moisture results in 

resonance shift, which allows the sensor to separate the salinity variation from moisture.   
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Figure 8-45. Simulated moisture content variation at zero salinity. 

 

 

Figure 8-46. Simulated salinity variation at moisture content mv = 0.1. 

8.3.1.3. Explanation of Soil Moisture a8.3.1.3. Explanation of Soil Moisture a8.3.1.3. Explanation of Soil Moisture a8.3.1.3. Explanation of Soil Moisture and Salinity Variation Trendsnd Salinity Variation Trendsnd Salinity Variation Trendsnd Salinity Variation Trends    

 

        The phenomenon of distinctive sensor responses for moisture and salinity variation can 

be explained as follows. As the soil moisture content or water level increases, it results in an 

increment in the net polarisation. The larger the net polarisation of a material in a given electric 

field, the larger is its dielectric constant [223]. As the dielectric constant gets increased, it 

results in a resonance shift towards lower frequencies. Therefore, the resonance frequency 

variation is observed due to moisture change. Salinity in soil brings an equilibrium in the net 

polarisation. Hence, during the experimental analysis, it is observed that the sensing frequency 

zone exhibits no resonance shift for saline water, even with added water levels [50]. This allows 

the distinction between saline and non-saline soil. For salinity variation at a fixed moisture 

content, the return loss amplitude of the sensor varies in the specified sensing zone of 860-960 

MHz. Here, the amplitude decreases with salinity increment. This decreased amplitude 

indicates a lower reflection and higher transmission co-efficient. An increased salinity level 

increases the conductivity of soil which means a decrement in soil resistivity. This results in 

the higher transmission of the sensor signal.  
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8.3.2. Experimental Analysis Using Practical Measurements8.3.2. Experimental Analysis Using Practical Measurements8.3.2. Experimental Analysis Using Practical Measurements8.3.2. Experimental Analysis Using Practical Measurements    
                 

      The proposed monopole probe based resonator is practically fabricated and the 

experimental analysis is carried out by using a Vector Network Analyzer (VNA). Figure 8-47 

(a) and (b) show the built sensor prototype and the experimental setup respectively. It can be 

seen that the devised sensor is penetrated into the soil to extract the sensing response. 

8.3.2.1. Moisture Variation Analysis8.3.2.1. Moisture Variation Analysis8.3.2.1. Moisture Variation Analysis8.3.2.1. Moisture Variation Analysis    
 

       Figure 8-48 portrays the sensor response due to moisture variation of soil when the salinity 

content is zero. In this case, the experiment is carried out by using sandy soil of about 2 kg 

weight confined inside a circular test bottle as shown. The measured volumetric soil moisture 

content at the beginning of experiment is 0.00003 and the salinity level is 0.004 g/L which is 

measured by using the commercial hydra probe sensor. This practically indicates a zero 

moisture and salinity level at the start of the experiment. To provide a moisture level variation, 

an added amount of water at a step of 100 ml is introduced at a time gap of 15 minutes. Prior 

to varying the moisture content by an added level of water, the response of the existing content 

is measured using the VNA. The timegap is maintained in order to allow the added water to 

get saturated and well soaked by soil. It can be seen from Figure 8-48 that the response exhibits 

a resonance shift towards lower frequency with moisture content increment. This indicates a 

similar results as obtained in simulation. 

                                               

                          (a)                                                                                           (b) 

Figure 8-47. (a) Sensor prototype (b) Experimental setup. 
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Figure 8-48. Measured moisture content variation at zero salinity. 

       As illustrated earlier in section 4.5.2, the fabricated sensor prototype exhibits its first 

harmonic at 925 MHz at dry soil environment. When 100 ml water is added to the soil, this 

harmonic shifts to 875 MHz. For 200 ml, the corresponding resonance harmonic shifts to 

around 675 MHz. An added water level of 100 ml instigates a further left shift of the harmonic 

to 630 MHz while it also shows a second harmonic at 860 MHz. Similarly, the 400 ml water 

also exhibits a second harmonic at around 800 MHz while its first harmonic represents the 

consistent resonance shift by moving to 525 MHz.     

8.3.2.2. Salinity Variation Measurement Process8.3.2.2. Salinity Variation Measurement Process8.3.2.2. Salinity Variation Measurement Process8.3.2.2. Salinity Variation Measurement Process    
 

       The experimental technique for determining salinity content variation is explained in this 

section. Here, the molar concentration of NaCl (Salt) is varied from 0.1 M-0.5 M while keeping 

the moisture content to a fixed level. The response of sensor is recorded at each molar solution. 

The experiment starts with a fixed water level of 100 ml. Molar concentration variation and 

sensor response extraction are then repeated for other moisture levels (200 ml -500 ml). For a 

fixed moisture content, the soil salinity response for different molar concentrations are 

measured at different time gaps during the experiment. To facilitate the measurement process, 

five different containers (bottles) are used, each of which correspond to a certain molar 

concentration. 

     The molar mass of NaCl is 58.44 g/mol. Therefore, dissolving 58.44g of NaCl in a volume 

of 1 litre water produces a 1M NaCl solution. In order to prepare a 0.1 M NaCl solution, one 

needs to dissolve 5.844g of NaCl in 1 litre or 0.5844g of NaCl in 100 ml of water. Table 8-3 

illustrates the process of NaCl molarity variation for different soil water levels.  
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Table 8-3. Salinity variation for different soil water contents. 
Bottle (B) B-1 B-2 B-3 B-4 B-5 

Molarity 0.1M 0.2M 0.3M 0.4M 0.5M 

 (Step-1) 

100 ml 

0.5844g in 

100 ml 

1.1688g in 

100 ml 

1.7532g in 

100 ml 

2.3376g in 

100 ml 

2.922g  

in 100 ml 

 (Step-2) 

200 ml 

 1.1688g in 

200 ml  

 2.3376g in 

200 ml  

 3.5064g in 

200 ml  

 4.6752g in 

200 ml  

5.844g in 

200 ml  

(Step-3) 

300 ml 

 1.7532g in 

300 ml  

3.5064g in 

300 ml  

 5.2596g in 

300 ml  

 7.0128g in 

300 ml  

 8.766g in 

300 ml  

(Step-4) 

 400 ml 

2.3376g in 

400 ml  

4.6752g in 

400 ml  

7.0128g in 

400 ml  

9.3504g in 

400 ml 

 11.688 g in 

400 ml  

(Step-5) 

 500 ml 

 2.922g in 

500 ml  

 5.844g in 

500 ml  

 8.766g in 

500 ml  

11.688g in 

500 ml 

 14.61g in 

500 ml  

 
     It can be observed that for B-1, one can simply add 0.5844g of NaCl into 100 ml water at 

each of the five steps to vary its water level while keeping the molarity fixed. Similarly, for 

B2-B5, 1.1688g, 1.7532g, 2.3376g and 2.922g of NaCl respectively, are dissolved into 100 ml 

water and added to the existent soil in 5 different steps to induce moisture variation while 

maintaining the corresponding fixed molarity in the bottles. The use of five different bottles 

for different molar concentrations allow simultaneous measurement of salinity contents at a 

fixed soil water level.   

      As the salinity contents for a fixed moisture level is varied, the first measurements are taken 

immediately after adding each saline solution. A set of measurements are then carried out 30 

minutes, 1 hour and 2 hours into the salinity contents addition. For example, at step-1, the initial 

salinity contents of 0.1 M-0.5 M are introduced to the corresponding bottles B1-B5, while 

providing a fixed water content of 100 ml. The sensor response is then recorded immediately 

at each of the bottles. A second set of response are recorded 30 minutes after the initial 

measurements. Similarly, two more measurement sets are also carried out 1 and 2 hours after 

the first response extraction. Once these measurements are completed, each of the bottles are 

added with calculated levels (depicted in Table 8-3) of saline water to fix the water content at 

200 ml. The sensor response extraction is then carried out in a similar repetitive manner.  
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    Figure 8-49 depicts the sensor response for different salinity levels at the specified time gaps 

during measurements when the soil water content is fixed at 100 ml. It is noteworthy that the 

sensor response for all the measurements are extracted for UHF band of 860-960 MHz. From 

the measured results, it can be seen that the immediate readings for different salinity contents 

overlap each other for the entire frequency band, leaving no comprehensible signal pattern. As 

time progresses, the salinity signal tends to become more settled and therefore, they start to 

exhibit distinct amplitude levels for different molar concentrations. As evident from 

Figure 8-49 (b), (c) and (d), the sensor responses for 0.1 M and 0.2 M still overlap each other 

even two hours after adding salinity contents. However, the 2 hours readings which are more 

saturated in terms of signal settlement, exhibits distinct amplitude levels for all salinity contents 

after 900 MHz. Hence, any frequency point from 900-960 MHz can be chosen to signify the 

sensor’s performance in detecting different salinity contents at 100 ml water level. The sensor 

response for 200 ml soil water content exhibits differentiable salinity variations for all the time 

points during measurement, which can be observed in Figure 8-50. For immediate readings, 

the responses for 0.2 M and 0.3 M appear to be fairly close to each other, however, with time 

progression, all the responses become quite distinctive. This allows the sensor to acquire 

different salinity amplitude levels at any frequency point in the entire UHF band. 

    

    Figure 8-53 shows the salinity variation with different molar concentrations at the fixed soil 

water level of 300 ml. The immediate reading for this scenario shows a fair amount of overlap 

of sensor responses which is similar to the case of 100 ml water level. With time progression, 

the signals start to deviate from each other, however, even the readings at 30 minutes or 1 hour 

also depict a significant overlapping of signals corresponding to 0.4M and 0.5M (shown in 

Figure 8-53 (b) and (c)). At 2 hours, the responses of different molar concentrations seem to 

exhibit distinct signature after 900 MHz which is evident from Figure 8-53 (d).  
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Immediate reading after adding individual salinity levels (100 ml) 

 

(a) 

Reading at 30 minutes after adding individual salinity levels (100 ml) 

 

(b) 

Reading at 1 Hour after adding individual salinity levels (100 ml) 

 

(c) 

Reading at 2 Hours after adding individual salinity levels (100 ml) 

 

(d) 
 

Figure 8-49. Salinity variation for 100 ml water level at different times during measument. 
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Immediate reading after adding individual salinity levels (200 ml) 

 

(a) 

Reading at 30 minutes after adding individual salinity levels (200 ml) 

 

(b) 

Reading at 1 Hour after adding individual salinity levels (200 ml) 

 

(c) 

Reading at 2 Hours after adding individual salinity levels (200 ml) 
 

 

(d) 
 

 

Figure 8-50. Salinity variation for 200 ml water level at different times during measument. 
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      Figure 8-51 and Figure 8-52 show the calibration curves extracted from the plots of 100 ml 

and 200 ml water levels respectively. As the signal levels at 2 hours after adding individual 

salinity contents are at a more saturated state, only those corresponding plots are considered 

for obtaining the calibration curves. Since the proposed sensor is resonant at 925 MHz (as 

depicted in Figure 4-78), the calibration curve to set a reference for future sensing response 

extraction is produced at this frequency. It can be observed that for different salinity levels 

ranging from 0.1 M to 0.5 M, both the curves span a total of almost 3 dB in terms of amplitude. 

They exhibit a minimum of 0.35 dB amplitude level gap between any two salinity signals. This 

allows the sensor to clearly distinguish between various salinity contents at these specified soil 

moisture levels.  

 
Figure 8-51. Calibration curve for 100 ml water level. 

 
Figure 8-52. Calibration curve for 200 ml water level. 
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           Immediate reading after adding individual salinity levels (300 ml) 

 

(a) 

Reading at 30 minutes after adding individual salinity levels (300 ml) 

 

(b) 

Reading at 1 Hour after adding individual salinity levels (300 ml) 

 

(c) 

Reading at 2 Hours after adding individual salinity levels (300 ml) 

 

(d) 
 

Figure 8-53. Salinity variation for 300 ml water level at different times during measument.       



295 

 

      Figure 8-54 shows the calibration curve for the soil moisture level corresponding to 300 ml 

water. At this moisture level, the minimum amplitude gap between any two salinity contents 

appear to be less than those corresponding to 100 ml and 200 ml water levels. Here, the entire 

salinity range spans a total amplitude of about 1.2 dB with a gap of at least 0.15 dB in between 

two molarity levels. This minimum gap variation is easily detected by using the portable VNA 

used in this experiment. However, to commercialise this sensor, a high resolution chipless 

RFID reader is required which is less expensive than the VNAs. MMARS lab is working 

towards the development of such low cost readers.     

      The response of the designed monopole probe resonator is quite similar for the fixed soil 

water levels of 400 ml and 500 ml. The immediate reading for different molar concentrations 

of salt at 400 ml soil, shown in Figure 8-55 depicts quite distinctive response right from the 

beginning. At this situation, the responses appear to be somewhat random and close to each 

other at some frequency points. However, as the time progresses, the signals attain their 

saturation and they become absolutely differentiable from each other. For example, the 2 hours 

response shown in Figure 8-55 (d) exhibits at least an amplitude level gap of at least 0.5 dB 

among different NaCl molar concentration levels.  

       Figure 8-56 shows the amplitude variation for different salinity contents at 500 ml water 

level. The sensor can extract distinct amplitude levels for different salinity signals even for the 

immediate reading which become more robust with time. Apart from slight dB level variation, 

the trend of responses for 30 minutes, 1 hour and 2 hours remain pretty much the same. 

 

Figure 8-54. Calibration curve for 300 ml water level. 
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Immediate reading after adding individual salinity levels (400 ml) 

 

(a) 

Reading at 30 minutes after adding individual salinity levels (400 ml) 

 

(b) 

Reading at 1 Hour after adding individual salinity levels (400 ml) 

 

(c) 

Reading at 2 Hours after adding individual salinity levels (400 ml) 

 

(d) 

Figure 8-55. Salinity variation for 400 ml water level at different times during measument. 
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Immediate reading after adding individual salinity levels (500 ml) 

 

(a) 

Reading at 30 minutes after adding individual salinity levels (500 ml) 

 

(b) 

Reading at 1 Hour after adding individual salinity levels (500 ml) 

 

(c) 

Reading at 2 Hours after adding individual salinity levels (500 ml) 

 

(d) 
 

Figure 8-56. Salinity variation for 500 ml water level at different times during measument. 
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     Figure 8-57 and Figure 8-58 show the calibration curves for 400 ml and 500 ml soil water 

contents respectively. For both the moisture contents, the sensor exhibits quite distinctive 

salinity levels. The calibration curve for 400 ml has a minimum amplitude level gap of 0.4 dB 

in between two salinity signals while the 500 ml curve exhibits at least more than 0.5 dB gap. 

Given the moisture content is known, the designed sensor can be penetrated into any unknown 

soil to extract its salinity content by using these calibration curves. The extracted amplitude 

level of the unknown soil would correspond to a certain NaCl molar concentration in the curve, 

which would eventually provide the specific salinity content. From this analysis, it is evident 

that, for soil salinity content extraction using the proposed sensor, the moisture level needs to 

be known beforehand.  

 

Figure 8-57. Calibration curve for 400 ml water level. 

 

Figure 8-58. Calibration curve for 500 ml water level. 
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8.3.4. Discussion8.3.4. Discussion8.3.4. Discussion8.3.4. Discussion    

 

      The above analysis illustrates the use of a simple monopole probe resonator based sensor 

to extract the salinity content of soil. The proposed sensor has the ability to provide distinct 

types of response for soil moisture (at non-saline state) and soil salinity variations. A 

comprehensive analysis on salinity content extraction is carried out here and the sensor 

responses are recorded at different time gaps during the experimental process. As a common 

trend, it is observed that the results are not completely distinctive and the molarity representing 

curves overlap each other for the first hour after adding a new salinity content. However, as 

time progresses, the salinity levels become more saturated with differentiable amplitude gaps. 

Hence, at two hours into the new salinity content addition, a set of calibration curves for 

different soil moisture contents can be extracted. These calibration curves of the sensor are 

used to detect the specific salinity content of any unknown soil.  Such curves provide a solid 

basis to the sensing scheme as well the commercialisation aspect of the proposed sensor.  

 

 

 

 

 

 

 

 

 

 

 

 

 



300 

 

8.4. IDC Resonator Based Soil Moisture Sensors8.4. IDC Resonator Based Soil Moisture Sensors8.4. IDC Resonator Based Soil Moisture Sensors8.4. IDC Resonator Based Soil Moisture Sensors    
 

     The following analysis represents the design and sensing mechanism for a couple of soil 

moisture sensors based on the loosely coupled and tightly coupled IDC resonators depicted in 

chapter 4. The sensing technique for both the sensors are same, however, based on the IDC 

structure, a difference in the sensing performance is observed. The analysis also covers an 

illustration on the interrogation distance of both the sensors. For the moisture sensing analysis, 

the electromagnetic solver CST microwave studio is used to create a soil model for simulation. 

In this case, the pure sandy soil is considered and its characteristics with dry and moist 

condition are given in Table 8-4 [217].  

8.4.1. 8.4.1. 8.4.1. 8.4.1. Soil Moisture SensingSoil Moisture SensingSoil Moisture SensingSoil Moisture Sensing    with Loosely Coupled IDC Resonator with Loosely Coupled IDC Resonator with Loosely Coupled IDC Resonator with Loosely Coupled IDC Resonator     
 

     This section illustrates the design optimization and sensing scheme of the loosely coupled 

IDC resonator based sensor. The formation of IDC arms based resonator and its optimization 

is depicted in chapter 4. However, exposure to soil environment and the requirement of ID 

incorporation necessitates further modification of the design.  

8.4.1.1. Design Optimization 8.4.1.1. Design Optimization 8.4.1.1. Design Optimization 8.4.1.1. Design Optimization     
 

     The sensing analysis starts with the optimized loosely coupled IDC resonator (shown in 

Figure 8-59 (a)) illustrated in section 4.4.3.1. The resonator is designed on Taconic TLX-8 

substrate with 0.127 mm thickness. This resonator incorporates a smart material for enabling 

the precise detection of soil moisture variation. Figure 8-59 (b) shows the sensing resonator 

covered with a thin film of smart material called Polyether sulfone (PES) having dielectric 

constant, εr = 3.5 and loss tangent, tan δ 0.001. Figure 8-60 shows the effect of permittivity 

variation of PES on the sensing resonator. When the moisture level of soil lying on top of PES 

varies, the dielectric constant of the smart material changes. 

Table 8-4. Soil parameter variation at 10 GHz. 

Soil Condition Permittivity (εr) tan δ 
Dry Soil 2.53 0.0036 

Wet soil with 2.18% water 2.5 0.065 

Wet soil with 3.88% water 3.6 0.12 

Wet soil with 18.8% water 13 0.29 
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                                (a) Resonator.                                           (b) Smart material coated resonator. 

Figure 8-59. Sensor with smart material. 

 

Figure 8-60. Smart material Polyether sulfone (PES) permittivity variation. 

       To emulate such a scenario, the PES dielectric constant is varied from 3 to 4 which results 

in a frequency shift in the RCS response. It can be observed that the relative permittivity 

decreases with increasing frequency.  When an electric field is applied on a dielectric material, 

it becomes polarised. If the frequency increases, the electric field switches direction with an 

increased rate with which the orientational polarisation fails to keep up. Due to the lack of pace 

in charge movement, the ionic and electronic polarisation mechanisms also fall behind with the 

increased rate of alternating electric field. As each of the polarisation mechanisms stops 

contributing, the  net polarisation of the material gets reduced which results in a decrement in 

its dielectric constant or relative permittivity [224].  

      Figure 8-61 shows the side view of IDC resonator with PES as superstrate having soil on 

top. It can be seen from Figure 8-62 that the RCS response of the sensor exhibits a frequency 

shift at the presence of smart material and dry soil in comparison to that of the resonator only 

condition.  
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     Figure 8-63 shows the RCS response of sensing resonator with PES (as superstrate) under 

different soil types. The RCS of dry soil has quite a sharp frequency signature at around 3.35 

GHz with a high quality factor. However, as the moisture level increases,the quality factor 

tends to decrease which results in a decrement in RCS depth and increment of bandwidth along 

with a slight shift in resonance.  As the water content of soil reaches at a very high level 

(18.8%), the RCS shows a highly wideband response with almost a flat signature at the specific 

resonance frequency of the corresponding dry soil response. 

                

Figure 8-61. Resonator with smart material having soil on top. 

 

Figure 8-62. Comparison of sensor response at presence and absence of smart material and dry 

soil. 

 

Figure 8-63. RCS response of IDC resonating sensor under different soil types (resonator with 

smart material as superstrate).      
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       Figure 8-64 shows a reduced size of the resonator in order to accommodate the sensor and 

ID generating bits in the UWB band of 2-7 GHz. Figure 8-65 shows the RCS response of this 

resonator with smart material PES as superstrate. It can be seen that since the structure of the 

resonator has been reduced, the resonance frequency of the resonator with PES has been shifted 

to a higher frequency (5.6 GHz) compared to the case of larger resonator (3.8 GHz) depicted 

in Figure 8-62. 

       Figure 8-66 shows the sensing resonator with the ID generating bits having a horizontal 

and vertical gap of 1 mm and 0.8 mm respectively. The rcs reponse depicted in Figure 8-67 (b) 

shows that the tag-sensor exhibits 3 Identification bits in the 3-5.5 GHz bandwidth and a 

sensing bit at 6 GHz. However, when the sensing resonator comes in contact with soil (shown 

in Figure 8-67 (a)), the sensing bit suffers a shift along with the ID bit which is adjacent to it. 

This implies that the design is not robust since in an ideal case, the presence of soil should not 

effect the ID generating bits. Hence the design approach requires to be changed.   

           
                                       (a)                                                                                            (b) 

Figure 8-64. (a) Resonator only with reduced dimension.  (b) Resonator with PES on top. 

 
Figure 8-65. RCS response of resonator with reduced dimension (with smart material PES).      
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Figure 8-66. (a) Sensing sesonator having less distance with ID generators. (b) Sensor with smart 

material and ID. 

    

Figure 8-67. (a) Soil covering the sensing resonator only (b) RCS eesponse comparison of sensing 

eesonator having less distance with ID generators (at the presence and absence of soil). 

            Figure 8-68 shows the modified design approach where the gap (horizontal and vertical) 

between the sensing resonator and the ID generators are increased to 2.65 mm. Figure 8-69 

shows the rcs comparison of modified tag-sensor under different soil moisture types. In this 

case, it can be observed that the sensing resonator and its adjacent ID generating bit does not 

shift at lower moisture levels. However, their quality factor gets deviated which results in a 

reduction in the RCS depth of both the sensing resonator and adjacent ID. As the moisture level 

increases, both the responses tends to merge which is undesirable. 

          
(a)                                                                                             (b) 

Figure 8-68. Sensing resonator having increased distance with ID generators: (a) tag sensor only  

(b) tag-sensor with smart material. 



305 

 

To get rid of the above mentioned issue, a horizontal connection is provided between IDC 

resonator and its adjacent box in both sides as shown in Figure 8-70 (a). In addition, an extra 

surrounding box is added to the sensing resonator to provide a clear distinction with the ID 

generators. It can be noticed from Figure 8-70 (b) that the thin film of smart material PES only 

covers upto the first surronding box of the sensing resonator though the newly added 2nd box 

also remains as a part of it. Figure 8-71 shows the RCS response of the newly optmized tag-

sensor under different soil moisture types. It can be observed that the tag-sensor now provides 

3 distinguishable ID bits and a clearly distinctive sensing response for different soil water levels 

in terms of quality factor. This is to be clearly noted that the sensing resonator has 4 sourrouding 

boxes, however, its adjacent box is functioning  only as a barrier between it and the three (bits) 

ID generators. This barrier works pretty well upto a certain moisture level but as the soil water 

level becomes very high (18.8%), the quality factor of the  adjacent ID bit to the sensor is 

hampered as it exhibits a wide bandwidth with a very low RCS depth as depicted in Figure 8-71.  

 
Figure 8-69. RCS response comparison of sensing resonator having increased distance with ID 

generators (under different soil moisture conditions). 

                
(a)                                                                                  (b) 

Figure 8-70. Optmization-added surronding box and connection between IDC resonator with its 

adjacent box : (a) Tag sensor only (b) Tag-sensor with smart material. 



306 

 

 
Figure 8-71. RCS response of tag-sensor with added surronding box and connected IDC resonator 

to its adjacent box. 

8.4.1.2. Simulated Results Analysis of Optimize8.4.1.2. Simulated Results Analysis of Optimize8.4.1.2. Simulated Results Analysis of Optimize8.4.1.2. Simulated Results Analysis of Optimized Loosely Coupled IDC Tagd Loosely Coupled IDC Tagd Loosely Coupled IDC Tagd Loosely Coupled IDC Tag----SensorSensorSensorSensor    

 

     To overcome this quality factor issue at the higher mositure levels, a further optmization is 

performed on the designed tag-sensor. In this case, the 2nd surrouding box of the sensing 

resonator is also provided with a horizontal connection to the 1st surrouding box in both the 

sides as shown in Figure 8-72. This indicates a complete physical connection in the entire 

sensing resonator (IDC resonator and its two surrounding boxes) structure. To ensure that the 

soil does not touch the ID generators, a plastic cover or shielding is provided on top of them. 

The cover is designed in such a way that the soil would be able to come in contact with the 

PES thin film working as a superstrate for the sensing resonator as shown in Figure 8-73. The 

low cost 3D printed plastic shielding also protect the tag-sensor from external contamination.   

     
(a)                                                                                                (b) 

Figure 8-72. Finally optimized sensor(a) Tag sensor only (b) Tag-sensor with smart material. 

            
Figure 8-73. Expanded views of the complete simulation setting depicting the tag-sensor with the 

plastic cover and soil. 
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    It can be observed from Figure 8-74 that the RCS response of the tag-sensor shows quite 

clearly distinguishable ID signatures with high quality factor even at high soil moisture level. 

The response of the adjacent ID bit to the sensor provides an RCS depth of at least 18 dB which 

can be easily detectable. At such a highly moist condition, the frequency of the ID generating 

bits slightly shifts from their original resonances, however, the maximum amount of shift is 

only about 80 MHz which can be adjusted with manual offset calculation. 

     Due to the availability issues of material, the proposed sensor is designed on Taconic TLX-

8 substrate with the thickness of 0.5 mm, instead of 0.127 mm. The simulated RCS response 

for the revised thickness depicted in Figure 8-75 shows a similar frequency signature to that of 

the Taconic TLX-8 with 0.127 mm thickness. The only difference lies in the trivial resonance 

shift for each of the ID and sensing bits towards lower frequency. This shift is attributed to the 

thickness of the substrate.  

 
Figure 8-74. RCS response of finally optimized sensor. 

   

 
Figure 8-75. RCS response of finally optimized sensor on Taconic TLX-8 with 0.5 mm thickness. 

 



308 

 

8.4.1.3. Measured Results Analysis8.4.1.3. Measured Results Analysis8.4.1.3. Measured Results Analysis8.4.1.3. Measured Results Analysis    
 

    Figure 8-76 shows the fabricated loosely coupled IDC based tag sensor on Taconic TLX-8 

with 0.5 mm thickness whereas Figure 8-77 depicts the soil moisture measurement setup using 

this sensor. The wireless interrogation of the sensor in different soil environments is carried 

out using a Vector Network Analyzer (VNA) and two UWB antennas. The antennas are kept 

3 cm apart from the plastic-housing covered sensor to extract its transmission coefficient. A 

comparison of the tag-sensor responses for presence and absence of soil is depicted in 

Figure 8-78. It can be observed that for both the conditions, the ID generating bits remain pretty 

much unchanged in terms of resonance frequency whereas the sensing bit encounters a shift 

towards lower frequency when exposed to dry soil. 

 
Figure 8-76. Fabricated loosely coupled IDC resonator. 

                                         
              (a) Experimental setup                                      (b) Zoomed view of wireless interrogation. 

Figure 8-77. Soil Moisture measurement using loosely coupled IDC based tag-sensor. 

 
Figure 8-78. Comparison of loosely coupled IDC tag-sensor responses for presence and absence of 

soil. 
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      In order to analyse the effect of different soil moisture levels on tag-sensor, the sensing 

resonator is exposed to soil with a various range of volumetric moisture contents. These values 

of volumetric moisture contents for the used soil water levels (in experiment) are theoretically 

calculated by using the following formula [220]:  

                                Volumetric Moisture Content, mª = {Ú

{Û
×

ρÜ
ρÝ

                                    (8-4) 
 

       It is the same formula which is used for TDR based soil moisture sensor analysis depicted 

in chapter 7 where, Wd and Ww are the weights of dry soil and water in the samples. In this 

case, ρb and ρw represent the soil bulk density and density of water respectively. For the 

moisture sensing analysis, the weight of the dry soil sample used in the experiment is measured 

as 73.65 g. A tiny cup with a volume of 45 cm3 is used as the container which provides a soil 

bulk density value of 1.636 g/cm3. The density of water has a constant value of 1 g/cm3 and 

hence the corresponding weight of added water levels depicted in Table 8-5 are the same as the 

amount of water. Table 8-5 also shows the corresponding volumetric moisture contents of 

added water levels.  

      Figure 8-79 shows the measured transmission coefficient response of the sensor at different 

soil moisture contents. It can be observed that as the volumetric moisture content increases, the 

resonance frequency of the sensing bit keeps shifting slightly towards lower frequencies 

although the variation is quite insignificant. The increment in moisture level incurs a quality 

factor deviation and therefore, the amplitude depth of sensing resonance tends to decrease.  

Table 8-5. Weight and corresponding volumetric moisture contents of added water levels. 

Used Water 

Level (ml) 

Weight of Water 

only, Ww (g) 

Volumetric Moisture 

Content, mv 

4 4  0.088 

8 8 0.17 

10 10 0.22 

12 12 0.26 

14 14 0.31 

16 16 0.35 

18 18 0.4 



310 

 

 
Figure 8-79. Measured loosely coupled IDC tag-sensor response at different soil moisture levels. 

       
        Figure 8-80 shows the sensitivity curves extracted from the measured sensing bit response 

of designed tag-sensor. In this case, the resonance amplitude depth of all the sensing responses 

are calculated in terms of a reference amplitude point of -16.5 dB. It can be observed that as 

the moisture content increases from 0 to 0.22, the resonance depth decreases slightly from a 

value of about 5.5 dB to 4.5 dB. As the moisture content reaches to 0.31, resonance depth 

encounters a discrepancy from its decreasing trend and instead it reaches a value of 4.9 dB. 

However, as the soil water level increases further, a sharp reduction in depth amplitude is 

observed as the sensing response becomes almost flat for the highest moisture content of 0.4. 

This irregular behaviour of the sensing responses makes it difficult to produce a calibration 

curve for the sensor. It can also be observed that the adjacent ID bit to the sensing response 

reduces in amplitude with increasing moisture content which is unacceptable. The resonance 

shift of the sensing bit is also very much insignificant with almost a flat line at around 4.2 GHz 

(shown in Figure 8-80) and hence the tag-sensor becomes unsuitable for commercialisation 

purposes.  

 
Figure 8-80. Sensitivity curves for loosely coupled IDC based sensor. 
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8.4.1.4. Effect of Increased Soil Depth on Loosely Coupled IDC Sensor8.4.1.4. Effect of Increased Soil Depth on Loosely Coupled IDC Sensor8.4.1.4. Effect of Increased Soil Depth on Loosely Coupled IDC Sensor8.4.1.4. Effect of Increased Soil Depth on Loosely Coupled IDC Sensor    

 

       Figure 8-81 shows the loosely coupled IDC sensing resonator covered under soil. The 

Plastic coating protects the ID generators from the contact of soil. In this case, the sensing 

resonator is placed under an increased soil depth level to observe if the resonator can handle 

an enhanced soil surface depth or interrogation distance. Figure 8-82 depicts the experimental 

setup for the above mentioned analysis. In this case, the sensor is integrated with a long plastic 

cover which allows a soil layer of 5 cm over the sensing resonator. While determining the 

transmission coefficient, the interrogating antenna is kept 3 cm apart from the top soil surface 

which indicates an interrogation distance of 8 cm. The second antenna is kept under the 

supporting frame which is away from the sensor by another 3 cm.   

 

Figure 8-81. Loosely coupled sensing resonator under increased soil depth. 

                           
          (a) Experimental setup.                                    (b) Zoomed view of wireless interrogation. 

   Figure 8-82. Soil moisture measurement using loosely coupled IDC based tag-sensor under 

increased soil depth. 
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      It can be observed that when the sensor lies 5 cm under soil, the sensing and ID responses 

can be easily distinguished and tracked even at a high volumetric moisture level of upto 0.31 

(depicted in Figure 8-83). It is noteworthy that, at such moisture levels, the tag sensor performs 

a little better than the low soil depth condition depicted in Figure 8-79. In this case, the ID 

responses do not exhibit any significant amplitude or frequency deviation while the Q-factor 

of sensing bit reduces with every moisture level increment. However, for low moisture contents 

of 0.088 and 0.17, the variation in q factor or amplitude depth is so small that it becomes a bit 

difficult to distinguish their sensing responses. When the moisture content reaches as high as 

0.35, the quality factor gets so poor that the sensing and ID responses become absolutely 

undistinguishable. Therefore, it can be said that, when integrated with a long plastic cover, the 

loosely coupled IDC sensor performs slightly better to distinguish between different soil 

moisture levels within a certain range. However, as the sensor fails to provide absolutely 

distinct sensing responses, in terms of setting up a calibration curve for determining unknown 

moisture levels, a different sensing approach appears to be essential.       

 
Figure 8-83. Measured loosely coupled tag-sensor response for increased soil depth. 
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8888.4.2. Soil Moisture Sensing with T.4.2. Soil Moisture Sensing with T.4.2. Soil Moisture Sensing with T.4.2. Soil Moisture Sensing with Tightly Coupled ightly Coupled ightly Coupled ightly Coupled IDC ResonatorIDC ResonatorIDC ResonatorIDC Resonator    

 

     This section of the thesis provides a detailed analysis on the design optimization of tightly 

coupled IDC resonator based soil moisture sensor along with its sensing performance. As the 

loosely coupled IDC based sensor is not quite up to the mark in distinguishing different soil 

moisture contents, it becomes quite essential to come up with a potentially better solution. This 

prompts the investigation of tightly coupled IDC based sensor. 

8.4.2.1. Design Optimization 8.4.2.1. Design Optimization 8.4.2.1. Design Optimization 8.4.2.1. Design Optimization     

 

     Figure 8-84 shows the optimized tightly coupled IDC resonator based sensor depicted in 

chapter 4. The following analysis illustrates the integration of ID generating structure into the 

resonator and the required further optmization process for making it suitable for soil sensing 

application.  

      As illustrated earlier, the incorporation of smart material as a superstrate on the resonator 

enables a particular physical parameter sensing and enhances the detection accuracy and 

precision. Figure 8-85 shows the RCS response of the designed resonator which depicts a 

frequency shift at the presence of smart material in comparison to that of the resonator only 

condition.  

 
Figure 8-84. Proposed tightly coupled IDC resonator based sensor. 

 
Figure 8-85. Comparison of sensor response at presence and absence of smart material. 



314 

 

             
(a)                                                                                                (b) 

Figure 8-86. (a) Sensor with smart material as superstrate.   (b) Smart material polyether sulfone 

(PES) permittivity variation. 

    Figure 8-86 (a) shows the sensing resonator covered with moisture sensitive material 

Polyethersulfone (PES) having dielectric constant, εr = 3.5 and loss tangent, tan δ 0.001 which 

is used for the loosely coupled IDC case as well. Figure 8-86 (b) depicts the effect of 

permittivity variation of superstrate PES on the sensing resonator. When the moisture level of 

soil lying on top of PES varies, the dielectric constant of the smart material changes. To emulate 

this scenario, the PES dielectric constant is varied from 3 to 4 which results in a frequency shift 

in the RCS response.   

      Figure 8-87 illustrates the RCS response of sensing IDC resonator with PES superstrate, 

under different soil moisture types. It can be seen that the sensor provides a distinguishable 

RCS signature for different soil moisture levels. The RCS of dry soil has quite a sharp 

frequency signature at around 5.13 GHz with a high quality factor. However, with the 

increment of soil water level, the quality factor is greatly decreased which results in a 

deterioration in RCS depth and increment in RCS bandwidth. At higher moisture level such as 

3.88%, the RCS response exhibits a wideband resonance at around 4.95 GHz with almost a flat 

signature at the specific resonance frequency of corresponding dry soil response. At the 

saturated moisture level (18.8 %), the RCS is found to be completely flat which also provides 

a distinctive signature for that particular condition. 
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Figure 8-87. RCS response of IDC resonating sensor under different soil types (resonator with 

smart material as superstrate).    
    

           
(a)                                                                                             (b) 

Figure 8-88. (a) Connected IDC resonator with surounding box. (b) RCS comparison of distance 

variation between two surrounding boxes. 
 

    Figure 8-88 (a) shows the vertcal IDC resonator connected to its surrounding box which 

constitutes the sensing resonator. It also has a outer box which represents the ID generating bit. 

To optimize the distance between the sensing and ID generating resonator, a parametric 

analysis is performed on the structure. It can be seen from Figure 8-88 (b) that the minimum 

distance of 1 mm between the two surrounding boxes provides a better RCS response of the 

structure. In this case, the quality factor of the sensing resonator increases with a higher RCS 

depth compared to that of the 4 and 7 mm distances.  The ID generating box structure provides 

a response consisting of a peak followed by null. 

Figure 8-89 (a) shows the sensing resonator with 3 outer boxes that generate different ID bits. 

Figure 8-89 (b) exhibits the comparison of RCS response for different number of ID generating 

outer boxes which illustrates the sensing response (at around 7 GHz) along with different ID 

bits owing to the presence of such boxes. 
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(a)                                                                                             (b) 

Figure 8-89. (a) Sensing resonator with 3 outer boxes.    (b) Comparison between different number 

of ID generating outer boxes. 

        
     Figure 8-90 (a) shows the tag-sensor with the smart material overlayed on the sensing part 

as a superstrate. It can be observed from Figure 8-90 (b) that the presence of smart material 

shifts the sensor response closer to the response of 1st ID generating box which is adjacent to 

the sensing resonator.  

     Figure 8-91 shows the scenario where the sensing resonator part of the tag sensor is covered 

by soil. A soil brick of 0.4 mm thickness is used here for the simulation. It is evident from 

Figure 8-92 that the quality factor of the sensing response deteriorates with increased moisture 

levels. The response of the ID generator which is adjacent to the sensing part is slightly affected 

by the high soil water levels. The resonance null of this particular bit exhibits a little reduction 

in quality factor and resonance frequency variation at highly moist conditions. However, the 

peaks of all the different ID bits remain unperturbed by the moisture variation which allows it 

to distinguish the different identification bits separately. 

                
(a)                                                                                             (b) 

Figure 8-90. (a) Tag-sensor with smart material. (b) Comparison of tag-sensor response at Presence 

and absence of smart material. 
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                   (a) Top View                                                                            (b) Side View 

Figure 8-91. Soil covering the sensing resonator only. 

 

Figure 8-92. RCS response comparison of different soil moisture levels for soil covering sensing 

resonator only. 

     If the entire tag-sensor is covered with soil (shown in Figure 8-93 (a)), the RCS responses 

of the ID generating bits are also affected along with the sensing response. Figure 8-93 (b) 

shows that the quality factor of ID responses is greatly reduced with moisture variation and the 

resonance frequency of the respective resonators are completely shifted at highly moist 

conditions. This makes it really difficult to distinguish between the different identification bits. 

In order to protect the ID bits from the effect of soil moisture levels, a measure has to be taken 

so that the soil only touches the sensing resonator.    

          

(a)                                                                                             (b) 

Figure 8-93. (a) Soil covering sensor and ID.    (b) RCS response comparison of different soil 

moisture levels for soil covering the total tag-sensor. 
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       To protect ID generating boxes from touching soil, a plastic cover is considered during the 

simulation (Figure 8-94). A soil brick of 5 mm is taken into account in this case, to emulate the 

scenario of detecting moisture content at 5 mm depth from the top soil surface. It can be 

observed from Figure 8-95 that though the plastic cover is used, due to the increased level of 

soil, the sensing response gets very close to the null of adjacent ID response even for dry soil. 

As the moisture level becomes high, both these responses gets merged though the ID can be 

distnguished from the peak of the corresponding ID bits. The different moisture levels can be 

detected from the sensing response which varies due to quality factor deterioration. A further 

optimization needs to be carried out to differentiate the sensing reponse from the null of the 

adjacent ID bit.    

      To deal with the previously addressed issue, an extra surrounding box is added to the 

sensing resonator to provide a clear distinction with the ID generators. It can be noticed from 

Figure 8-96 (b) that the thin film of smart material PES only covers upto the first surronding 

box of the sensing resonator though the newly added 2nd box also remains as a part of it. 

            
                   (a) Without soil.                                                                      (b) With soil. 

Figure 8-94. Plastic cover to protect ID generators from soil. 

 

Figure 8-95. RCS Response Comparison of Tag-Sensor With Plastic Coating at Different Soil 

Moisture Levels 
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      Hence, it is to be noted that the sensing resonator has 4 sourrouding boxes, however, the 

newly added adjacent box is functioning only as a barrier between the sensing resonator and 

the three (bits) ID generators. From Figure 8-97, It can be observed that the tag-sensor now 

provides 3 distinguishable ID bits with corresponding peaks and nulls and a sensing response. 

However, according to the initial optimized dimensions depicted in Figure 8-96 (a), the sensing 

response still exhibits two different nulls at two different frequencies. This occurs due to the 

newly introduced adjacent box to the sensing part. In order to reduce the sensing response to a 

single robust null at a specific frequency, a parametric analysis on the surrouding box of the 

IDC resonator is carried out. It can be seen that if the length and width of the IDC surrounding 

boxes are kept as 16.4 mm and 13.6 mm, the sensing resonator provides a clearly distinctive 

single resonating null at 5.2 GHz along with 3 different IDs.    

        

(a)                                                                             (b) 

Figure 8-96. Initially optimized design (a) dimension With length = 13.8 and Width = 11 mm. (b) 

Tag-sensor with PES thin film as superstrate. 

 

Figure 8-97. Parametric analysis on IDC surrounding box to optimize the sensing response. 
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8.4.2.2. Simulated Results Analysis of 8.4.2.2. Simulated Results Analysis of 8.4.2.2. Simulated Results Analysis of 8.4.2.2. Simulated Results Analysis of Optimized Tightly Coupled IDCOptimized Tightly Coupled IDCOptimized Tightly Coupled IDCOptimized Tightly Coupled IDC    TagTagTagTag----SensorSensorSensorSensor    
 

  

        Figure 8-98 (a) shows the finally optimized tag-sensor with all its dimensions. It can be 

noticed that the distance between the IDC surrounding boxes of sensing resonator is 0.8 mm. 

The gap between the sensing resonator and ID generators are set as 1 mm, however, the ID 

generating boxes have an optmized gap of 0.8 mm in between. Figure 8-98 (b) shows the tag-

sensor with smart material PES as superstrate, surrounded by the protective barrier along with 

3 ID generators.      

        To ensure that the soil does not touch the ID generators, a plastic cover is provided on top 

of them. Similar to the case of loosely coupled IDC, the designed cover lets the soil come in 

contact to the sensing resonator via PES thin film superstrate. Figure 8-99 shows the expanded 

view of the tag-sensor depicting the plastic cover and soil.   

             

                                 (a)                                                                                          (b) 

Figure 8-98. Finally optimized sensor with ID. (a) Tag-sensor only. (b) Tag-aensor with smart 

material. 
 

           

Figure 8-99. Expanded views of the complete simulation setting depicting the tag-sensor with the 

plastic cover and soil. 
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        It can be observed from Figure 8-100 that the RCS response of the tag-sensor shows quite 

clearly distinguishable ID signatures with stable peaks and nulls even at high soil moisture 

levels. At the most saturated water level (18.8 %), the quality factor of the adjacent ID bit to 

the sensor slightly decreases to exhibit a low RCS depth, however it does not show any 

resonance shift. In this case, the RCS depth is found to be 13 dB which can be easily detectable. 

Alike the cases depicted in Figure 8-95, the sensing resonator provides a distinctive signature 

for all the different soil moisture levels in terms of quality factor, Q. The dry soil offers a sharp 

resonance signature at 5.2 GHz with a high Q, however, as the moisture level increases, Q is 

decreased and hence the sharpness of the corresponding resonances also declines. At the 

saturated water level, the sensing resonator provides almost a flat RCS response.   

      The RCS response of Tag-sensor on TLX-8 with 0.5 mm thickness depicted in Figure 8-101 

shows a similar frequency signature to that of the TLX-8 with 0.127 mm thickness. The only 

deviation lies in the resonance shift towards lower frequency for each of the ID and sensing 

resonators. This shift is instigated by the increased thickness of the substrate. The RCS 

signature of sensor with 0.5 mm thickenss provides a marginally better response in comparison, 

since in this case the quality factor of the adjacent ID bit to the sensor does not vary much even 

at highly moist condition. At the highly saturated water level of 18.8%, the frequency of the 

ID generating bits slightly deviates from their original resonances, however, the maximum 

amount of shift is only about 70 MHz which is easily adjustable with manual offset calculation. 

 

Figure 8-100. RCS response of finally optimized sensor. 
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Figure 8-101. RCS response of finally optimized sensor on Taconic TLX-8 with 0.5 mm thickness.         

8.4.2.38.4.2.38.4.2.38.4.2.3. Measured Results Analysis. Measured Results Analysis. Measured Results Analysis. Measured Results Analysis    

 

      Figure 8-102 portrays the fabricated tightly coupled IDC tag-sensor on Taconic TLX-8 

substrate with 0.5 mm thickness. This fabricated version uses immersion silver surface finish 

technique to avoid corrosion, rust or any other contamination on the device. The soil moisture 

measurement setup using the fabricated sensor is represented in Figure 8-103. Here, the plastic 

coated tag-sensor is interrogated with two UWB antennas, each of which are kept 3 cm away 

from the sensor to extract the transmission coefficient. 

 
Figure 8-102. Fabricated tightly coupled IDC resonator based tag-sensor. 

                                  
        (a) Experimental setup.                                      (b) Zoomed view of wireless interrogation.  

Figure 8-103. Soil moisture measurement using tightly coupled IDC based tag-sensor. 
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     Figure 8-104 compares the frequency response of devised tag-sensor in presence of soil 

environment with its free space counterpart. It is evident that when exposed to soil, the sensing 

bit resonance encounters a shift towards lower frequency by about 100 MHz. The presence of 

soil does not affect the ID generating bits, apart from a mere amplitude deviation in the ID 

adjacent to the sensing bit caused by the resonance shift.  

     Figure 8-105 shows the frequency response of the tightly coupled IDC sensor for different 

soil moisture levels. This sensor provides a much robust performance compared to its loosely 

coupled IDC counterpart. In this case, each of the different soil moisture content instigates a 

distinct amplitude level in the sensing bit response. As the volumetric moisture content of soil 

increases, the quality factor decreases and therefore, the resonance amplitude depth 

deteriorates. For a reference amplitude point of -21.5 dB, the resonance depth of dry soil is 

calculated as about 11 dB which reduces to a mere 1 dB for the highly saturated volumetric 

moisture content of 0.4. Although not too substantial, the resonance of the sensing bit also 

shifts towards lower frequency with increasing moisture levels. The variation of soil moisture 

contents does not have any significant impact on ID bits and therefore, their responses remain 

unchanged in terms of frequency or amplitude. As depicted in Figure 8-105, the ID response 

for the highest moisture content (0.4) is slightly deviated from others, however, it still provides 

distinct notches at the specific resonances (with a mere frequency offset of 50 MHz for the ID 

adjacent to sensing bit), which allows the precise detection of all the ID generators. 

 
Figure 8-104. Comparison of tightly coupled IDC tag-sensor responses for presence and absence of 

soil. 



324 

 

      Figure 8-106 illustrates a sensitivity analysis for the designed tag-sensor. It shows a linear 

decrement of resonance amplitude depth approximately from 11 to 1 dB with increasing 

volumetric moisture content of 0 to 0.4. It does not exhibit any inconsistency or fluctuation in 

resonance depth, for any of the moisture levels. A corresponding amplitude level gap of at least 

0.8 dB for different moisture levels allows this sensitivity graph to be used as a standardized 

calibration curve of the sensor. This means, one can determine an unknown soil moisture level 

by looking at this curve. When exposed to soil, the sensor would produce a certain resonance 

amplitude depth based on its moisture level. By comparing the obtained resonance depth with 

the sensor’s calibration curve, the actual volumetric moisture content of the specified soil can 

be acquired easily. Though trivial, the frequency shift of sensing bit can also provide an insight 

into the level of moisture. The ID information allows the detection of multiple sensors deployed 

in a field and it helps to identify the response of sensors placed in different locations.  

 
Figure 8-105. Measured tightly coupled IDC tag-sensor response at different soil moisture levels. 

 

 
Figure 8-106. Sensitivity curves for tightly coupled IDC based sensor. 
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8.4.2.4. 8.4.2.4. 8.4.2.4. 8.4.2.4. Effect of Increased Soil Effect of Increased Soil Effect of Increased Soil Effect of Increased Soil Depth on TightlyDepth on TightlyDepth on TightlyDepth on Tightly    CoupledCoupledCoupledCoupled    IDCIDCIDCIDC    SensorSensorSensorSensor    

 

     Figure 8-107 shows the tightly coupled IDC based tag-sensor under increased soil depth. 

For experimental analysis, the sensor is integrated with a 5 cm long plastic housing similar to 

the case of loosely coupled IDC sensor depicted in Figure 8-82. The plastic cover protects the 

ID generating bits from soil while allowing the same to come in contact with the sensing 

resonator via PES film. Two UWB antennas, kept 3 cm away from the sensor’s top and bottom 

portions are used to extract the transmission coefficient of the sensor in soil enviroment. This 

configuration eventually creates a gap of 8 cm (including 5 cm soil depth) in between the sensor 

and the top interrogating antenna. Figure 8-108 illustrates the response of tag-sensor under the 

increased soil depth condition. It is evident that the tightly coupled IDC tag-sensor can 

precisely distinguish different soil moisture levels even when exposed to an enhanced soil 

depth level.  

 
Figure 8-107. Tightly coupled sensing resonator under increased soil depth. 

 
Figure 8-108. Measured tightly coupled tag-sensor response for increased soil depth. 
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      As the sensor is placed 5 cm under the top soil surface, it allows a precise detection of the 

volumetric moisture content upto 0.31. Here, the sensing bit exhibits a consistent resonance 

depth decrement with increasing moisture levels which is quite similar to the case of low soil 

depth. At the dry soil condition, the Q-factor of sensing bit remains pretty high which instigates 

an increased resonance depth. As the soil water level increases, it reduces the q factor and 

therefore a reduction in amplitude depth occurs along with a resonance shift towards lower 

frequency. In this case, each of the soil water level originates a distinctive resonance amplitude 

depth for the volumetric moisture content of upto 0.31. For this range, the ID generators also 

provide absolutely differentiable resonace notches at their specified frequencies. Since the ID 

bits does not exhibit any frequency shift, they can be easily separable from the sensing bit. As 

the moisture content reaches a value of 0.35, the sensing and ID bits merge together to cease 

the operability of the tag-sensor. Hence, it is evident that, when subjected to an enhanced soil 

depth, the operable range of tightly coupled IDC based sensor becomes the same as that of the 

loosely coupled IDC. However, the tightly coupled IDC performs way better in terms of 

sensing, as it can accurately detect all the moisture contents in the operating range. As the 

volumetric moisture content of 0.35 refers to quite a muddy soil condition in practice, it can be 

said that the designed sensor is efficient enough to precisely distinguish quite a high moisture 

level range even when it is placed at a depth of 5 cm from the top soil surface. 

8.4.4. Discussion8.4.4. Discussion8.4.4. Discussion8.4.4. Discussion    

 
       The above discussion illustrates a detailed and step by step analysis on the design 

optimization of a loosely coupled and a tightly coupled Interdigital Capacitor (IDC) based tag-

sensor. These devices are used to detect moisture variations in soil and they are also capable of 

detecting the same in biomaterials such as leaves, dry foods and seeds. The analysis starts with 

all the optimization steps towards the design of a robust tag–sensor that provides the sensing 

respose along with identification data. The design also introduces a protective shielding for the 

ID generators in order to protect them from the direct contact of soil.  
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      The proposed tag-sensors are designed on Taconic TLX-8 substrate material. The 

experimental analysis on both the sensors suggests that the tightly coupled IDC sensor is a 

better choice among the two for determining the volumetric moisture contents of soil. 

Increment in moisture induces a resonance amplitude depth reduction along with a frequency 

shift for the designed sensors. This phenomenon is exploited to generate a calibration curve 

that paves the way for potential commercialisation of the sensor. In order to determine the 

effect of an enhanced depth from top soil surface, a further analysis is carried out on the 

designed tag-sensors by placing them at a depth of 5 cm under the soil. The obtained result 

shows the robustness of the tightly coupled IDC based sensor as it is capable of providing 

sensing response even at the increased soil depth. The designed tag-sensors can provide their 

individual identity information owing to the integrated ID bits. This allows the users to obtain 

the location information a particular sensor when it is deployed in a field. In conclusion, it can 

be said that the proposed tightly coupled IDC based tag-sensor has a tremendous potential for 

commercialisation in terms of soil moisture sensing applications in precision agriculture.  
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8.5. IDC Resonator Based Leaf Wetness Detector8.5. IDC Resonator Based Leaf Wetness Detector8.5. IDC Resonator Based Leaf Wetness Detector8.5. IDC Resonator Based Leaf Wetness Detector    

 

      In this section of the thesis, an extremely low cost non-invasive plant health monitoring 

device is proposed. This device is capable of providing information about the condition of a 

specific plant by measuring its leaf wetness level. In this regard, it is mention worthy that the 

size, shape, weight, dielectric constant and other contributing factors that help determining the 

condition of a leaf are quite diverse for different types of plants. The designed leaf wetness 

detector is dependent on the dielectric constant and quality factor of the leaf for its operation. 

Therefore, for monitoring a specific type of plant leaves, rather than using a generalised 

detection scheme, the sensor needs to be a calibrated on a case by case basis.   

8.5.1. Correlation of Wetness Variation with Leaf Microwave Properties     8.5.1. Correlation of Wetness Variation with Leaf Microwave Properties     8.5.1. Correlation of Wetness Variation with Leaf Microwave Properties     8.5.1. Correlation of Wetness Variation with Leaf Microwave Properties         

 

     The microwave properties of plant tissue such as leaves has a strong dependence on its 

wetness factor. The amount of stored water in a plant is an indicator of its health condition or 

freshness [66]. The dielectric permittivity of water at a given microwave frequency, f and 

temperature is specified by–  

                                                   ɛ½C = ´½C
µ + ¶ ½́C

µµ 					                                               (8-4) 

Where the real and imaginary parts of free water permittivity 	ε½C	can be described using the 

Debye equation as follows:  

                                                 ½́Cµ =	 εCÁ +	 yÂkqyÂÃGJ()ÄÂ)M                                                    (8-5) 

                                           ½́Cµµ =	 (�Âkq�ÂÃ))ÄÂGJ()ÄÂ)M + Å+ÆÆ)�k 	                                           (8-6)   

        
 Here, ε� is the permittivity of free space equal to 8.854 x 10-12 Fm-1,	εC�	is the static dielectric 

constant of water and	εCÁ = 4.9 is the high frequency limit of Ø½Cµ , Þ = 2π< is the angular 

frequency and ÉC is the relaxation time of water. The effective conductivity, Ê1½½ is the ionic 

conductivity due to dissolved salt or other ions in water [66]. The given equations bestow the 

fact that both the real and imaginary parts of water dielectric permittivity are dependent on 
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microwave frequency. As the plant leaves contain a certain water content, their dielectric 

parameters will also be a function of water dielectric permittivity at such frequencies. Since 

the dissipation factor or loss tangent is directly dependent on the ratio of real and imaginary 

dielectric constants, therefore, variation in leaf water content will incur a change in the loss 

tangent. This alteration in loss tangent effects the signal transmission, a low dissipation factor 

reduces energy loss in the signal and therefore allows more power to be transmitted whereas it 

tends to block signal transmission with increasing loss tangent.     

8.5.2. Material Specification and Designed Sensor      8.5.2. Material Specification and Designed Sensor      8.5.2. Material Specification and Designed Sensor      8.5.2. Material Specification and Designed Sensor          

 

      Figure 8-109 shows the proposed leaf wetness sensor with all its dimensions. The loosely 

coupled IDC resonator depicted in section 8.4.1 is utilised here to construct the device. 

However, as illustrated in Table 4-3, the sensor is designed on an inexpensive paper substrate 

having dielectric constant, εr=2.31 and loss tangent, tan δ =0.004. The thickness of the used 

substrate is 0.235 mm while the conductive ink for printing the IDC structure has a thickness 

of only 450 nm. The conductivity of this ink is 6.2 ×105 S/m which is substantially smaller than 

that of copper material used to fabricate the Taconic TLX-8 based IDC resonators depicted in 

earlier sections. The designed paper based sensing device is printed by using the commercial 

SATO thermal printer. 

                      

                         (a) CST design model.                                                (b) Printed sensing device. 

Figure 8-109. Proposed leaf wetness detector. 
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         Figure 8-110. Measured frequency response of printed leaf wetness detector. 

      Figure 8-110 depicts the measured transmission coefficient of the printed paper based leaf 

wetness detector in free space. It can be observed that the sensor exhibits a resonance notch at 

around 4.8 GHz with an amplitude depth of about 8 dB.   

8.5.3. Exper8.5.3. Exper8.5.3. Exper8.5.3. Experimental Analysis on Designed Leaf Wetness Detectorimental Analysis on Designed Leaf Wetness Detectorimental Analysis on Designed Leaf Wetness Detectorimental Analysis on Designed Leaf Wetness Detector    

 

     When overlayed on leaves, the frequency response of the sensor encounters a deviation from 

its free space counterpart. These responses vary according to the characteristics of the specified 

leaves. Figure 8-111 portrays the wireless measurement setup of the sensor where it is attached 

to a leaf detached from the plant. The leaf under test is placed in between two UWB antennas 

(having an operating bandwidth of 2-11 GHz) to extract its corresponding transmission 

coefficient. The moisture content or wetness of the leaf is varied by drying it up with a certain 

controlled temperature using an oven. In this case, the frequency response extraction starts with 

the fresh leaf which is considered to have 100% (w/w) water content. As the leaf is dried up, 

its weight percentage starts to get reduced.  

     

           (a) Experimental setup.                                      (b) Zoomed view of wireless interrogation. 

Figure 8-111. Leaf wetness measurement using paper based detector. 
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     For each of the wetness stages (starting from fresh to completely dry) during experiment, 

the weight of the leaf is measured by using a high precision low weight measuring scale. In 

order to maintain a consistency in the wetness reduction, the weight percentages of all the 

leaves under test are decreased by a step of 10% from their respective initial values. It is 

observed that the leaves generally attain their saturation (in terms of dryness) at 60% 

weightage. A further exposure to temperature increment causes the leaves to become 

fragmented and therefore, they start to produce ambiguous responses. 

      In the depicted analysis, leaves from three different plant types are used to illustrate the 

sensing capability of the designed leaf wetness detector. In this case, camellia, blueberry and 

passionfruit leaves are selected due to their different size and morphology. For each of the plant 

types, three different leaf samples are investigated to observe if they provide any consistent 

distinctive response for different wetness levels.          

8.5.3.1. 8.5.3.1. 8.5.3.1. 8.5.3.1. Camellia LeafCamellia LeafCamellia LeafCamellia Leaf    
 

      The wetness measurement analysis starts with camellia leaves. Figure 8-111 specifically 

shows the wetness measurement setup for this type of leaves. As mentioned earlier, the study 

involves three different leaf samples whose moisture contents are lessened by exposing them 

in controlled temperature increment. As water level reduces, the weight of the leaves decreases. 

Table 8-6 depicts the weight percentage variation of the camellia leaf samples used in the 

experiment. For fresh samples, the weight percentage is 100% with their corresponding weight 

in grams. It is evident that for each of the samples, a reduction in weight occurs as they get 

drier. 

Table 8-6. Weight variation of camellia leaves with change in wetness. 

Weight 

Percentage (%) 

Weight of Leaf-1 

(g) 

Weight of Leaf -2 

(g) 

Weight of Leaf -3 

(g) 

100 1.07 0.96 1.06 

90 0.963 0.864 0.954 

80 0.856 0.768 0.848 

70 0.75 0.672 0.742 

60 0.642 0.576 0.636 
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(a) Leaf-1 
 

 
 

 

(b) Leaf-2 
 

 
 

 

(c) Leaf-3 
 

 

Figure 8-112. Frequency response of designed sensor for wetness variation in camellia leaves. 

 
Figure 8-113. Sensitivity curve for different camellia leaf samples at center of sensing frequency 

zone. 
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    Figure 8-112 shows the transmission coefficient of the leaf wetness detector for each of the 

camellia leaf samples at different moisture levels. It can be observed that for all the leaves, the 

signal corresponding to the fresh weight percentage (highest wetness level) has the lowest 

amplitude level. As the leaves are dried up, their weight percentages keep getting reduced and 

the resulting signal amplitude levels are increased. Eventually the signal corresponding to the 

completely dry condition exhibits the highest amplitude level in the specified frequency zone. 

The reason for such consistency in the amplitude variation lies in the fact that the wetness 

reduction causes the signal transmission to get better. As the leaves become drier, their 

transmitted power level increases. Water has a high dissipation factor (0.157 at 3GHz) at 

microwave frequencies [225]. Therefore, higher moisture contents instigate an increased 

energy loss in the signal which forces to have a reduced transmitted power. Drying up the 

leaves decreases the water content which eventually helps to raise the power level.           

      It can be seen that each of the camellia leaf has the same sensing frequency zone from 3-

3.3 GHz. The transmitted power for each leaf moisture content exhibits a distinct amplitude 

level in the entire specified frequency band. This distinction in amplitude allows the sensor to 

extract the wetness level of the leaf. Figure 8-113 shows the sensitivity or calibration curve for 

camellia leaves at 3.15 GHz. This frequency is chosen as it is the center frequency of the 

sensing zone although one could choose any point in the specified frequency band for forming 

a calibration curve. To form the curve, the average of amplitude levels for all the leaf samples 

at a certain weight percentage is calculated. The camellia leaf samples do not vary much in 

terms of size, shape and initial weight; therefore, the amplitude levels of different leaf samples 

corresponding to a single weight percentage remain quite close to each other. At fresh 

condition, these values almost overlap while a bit of amplitude scattering is observed as the 

samples get drier. The depicted calibration curve (extracted from average values) exhibits an 

amplitude level gap of at least 0.25 dB (approximately) in between different leaf moisture 

contents. This curve can be used to detect the wetness level of any camellia plant. If the 
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transmitted power amplitude level of the sensor is obtained for a random camellia leaf, it can 

be compared against the calibration curve which would provide the corresponding weight 

percentage to indicate the freshness (wetness) level of the leaf.     

8.5.3.2. Blueberry Leaf8.5.3.2. Blueberry Leaf8.5.3.2. Blueberry Leaf8.5.3.2. Blueberry Leaf    

 

       The blueberry leaf samples used for wetness analysis significantly differ from each other 

in terms of weight. Figure 8-114 shows a sample image of the blueberry leaf. The weight of 

different leaf samples at various wetness conditions are depicted in Table 8-7. It can be seen 

that the initial weight of the samples (at fresh condition) represent a gap of at least 0.28 grams. 

The measurement process of these leaf samples are the same as that of the technique depicted 

in the case of camellia leaf (Figure 8-111). Here, the sensor overlayed samples are interrogated 

by two UWB antennas from a distance of 3 cm. It can be observed that the blueberry samples 

exhibit a similar response to that of the camellia as well. Figure 8-115 shows the transmitted 

power amplitude variation of the specified blueberry leaf samples at different wetness levels. 

Here, all the samples have a sensing frequency zone of 3-3.3 GHz at which the transmitted 

power exhibits a distinct amplitude level for each of the corresponding leaf moisture content 

or weight percentage. 

 

Figure 8-114. Blueberry leaf. 

Table 8-7. Weight variation of blueberry leaves with change in wetness. 

Weight Percentage 

(%) 

Weight of Leaf-1 

(g) 

Weight of Leaf -2 

(g) 

Weight of Leaf -3 

(g) 

100 1.26 0.93 0.65 

90 1.134 0.837 0585 

80 1.008 0.744 0.52 

70 0.882 0.651 0.455 

60 0.756 0.558 0.39 
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            (a) Leaf-1 

 

 

          (b) Leaf-2 
 

 

 

           (c) Leaf-3 
 

 

Figure 8-115. Frequency response of designed sensor for wetness variation in blueberry leaves. 

 

Figure 8-116. Sensitivity curve for different blueberry leaf samples at center of sensing frequency 

zone. 
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     As depicted in the case of camellia leaf samples, the transmitted power level for blueberry 

also increases with decreased leaf wetness contents. Reduction in amount of stored water 

reduces the signal energy loss for these leaf samples as well. Figure 8-116 portrays the 

sensitivity or calibration curve for blueberry leaf, extracted from the average amplitude of three 

given samples. The power amplitude levels of the samples for a certain weight percentage 

illustrate an opposite trend compared to that of the camellia leaves. In this case, the amplitude 

levels of different samples are more scattered in fresh conditions which tend to become 

converged as the leaves are dried up. This phenomenon completely contrasts to that of camellia 

leaves where the power amplitude of samples start to diverge with wetness reduction. Since 

the averaged calibration curve has a minimum amplitude level gap of about 0.3 dB, it can be 

used to detect the wetness level of an unknown blueberry leaf sample. However, as it is seen, 

the blueberry leaves have a diverse weight range in general. Hence, for a more precise detection 

of wetness level, the weight of the unknown sample can be measured beforehand to calibrate 

it against the reference leaf (used in the experiment) with similar weightage.  

8.5.8.5.8.5.8.5.3.3. Passionfruit Leaf3.3. Passionfruit Leaf3.3. Passionfruit Leaf3.3. Passionfruit Leaf    

 

 

Figure 8-117. Passionfruit leaves. 

Table 8-8. Weight variation of passionfruit leaves with change in wetness. 

Weight Percentage 

(%) 

Weight of Leaf-1 

(g) 

Weight of Leaf -2 

(g) 

Weight of Leaf -3 

(g) 

100 1.78 1.87 0.53 

90 1.602 1.683 0.477 

80 1.424 1.496 0.424 

70 1.246 1.309 0.371 

60 1.068 1.122 0.318 
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         (a) Leaf-1 
 

 

 

     (b) Leaf-2 
 

 

 

   (c) Leaf-3 
 

 

Figure 8-118. Frequency response of designed sensor for wetness variation in passionfruit leaves. 

 

Figure 8-119. Sensitivity curves for different passionfruit leaves at center of their respective 

sensing frequency zone. 
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     Figure 8-117 shows the sample image of the passionfruit leaves used in the experiment. 

This type of leaves has a wide variety in their shape, size and weight. Some of them consists 

of three different lobes while others have only one. The juvenile leaves are quite light in weight 

when adult ones are comparatively thick and heavier. Table 8-8 represents the weight variation 

of passionfruit leaf samples used in the wetness measurement experiment. Here, leaf 1 and 2 

are adult leaves having one and three lobes respectively whereas leaf 3 is a small sized juvenile 

leaf with three lobes.  When the leaf wetness detector is overlayed on these leaves, the obtained 

responses exhibit a similar characteristics in terms of signal amplitude. As shown in 

Figure 8-118, for each of these leaves, the transmitted power amplitude level increases with 

weight percentage reduction. The weight reduction indicates a drop in the amount of stored 

water in leaves. Hence it can be said that the signal transmission gets better with leaf moisture 

reduction. This sensing feature is absolutely similar to the cases of other leaves used in the 

wetness measurement experiment. As observed in the earlier sections, the signal transmission 

power level improves with wetness reduction in camellia and blueberry leaves as well.    

      In the case of passionfruit leaves, however, the sensing frequency zones are not same for 

all the leaves under consideration. Variation in shape and size of the leaf samples imposes a 

change in their dielectric permittivity values which in turn changes the sensitive frequency 

band of the respective samples. For the single lobe adult leaf, the sensing zone is found at 3.6-

4 GHz whereas the adult leaf with three lobes is sensitive at 4.26-4.46 GHz band. The juvenile 

leaf with three lobes exhibits its sensing zone at a higher frequency band starting from 4.6-5 

GHz. Figure 8-119 shows the sensitivity curves of these leaf samples at the center of their 

respective sensing frequency band. A closer look at the curves depict a minimum amplitude 

level gap of 0.2 dB in between different weight percentages. Hence, these curves can be used 

to obtain the wetness level of a random passionfruit leaf. When wirelessly interrogated, the 

overlayed sensor on this leaf under test provides a certain amplitude level. This amplitude is 

compared against one of the calibration curves to find the corresponding weight percentage or 
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wetness level. The required calibration curve against which this comparison is made can be 

determined based on the leaf’s visual shape, age and number of lobes.  

8.5.4. Discussion8.5.4. Discussion8.5.4. Discussion8.5.4. Discussion    

 

      The above analysis exemplifies the design of an extremely low cost paper based leaf 

wetness detecting sensor.  The designed sensor is simply overlayed on different leaf samples 

to extract their moisture contents. The experimental analysis utilises leaves from three different 

plant types, namely- camellia, blueberry and passionfruit. The sensor response for each of the 

leaf types demonstrate a common characteristics where the transmitted power amplitude level 

gets increased with reduced leaf wetness contents. This indicates an improvement in signal 

transmission as the leaf samples get drier. Each leaf samples provides a distinctive amplitude 

level for a certain wetness content. This allows a calibration curve to be generated from the 

sensor response which helps determining an unknown wetness content in a corresponding leaf 

type. In this case, it is worthwhile to mention that the designed sensor is not a general purpose 

leaf wetness detector. In order to detect the wetness variation in a particular plant, the sensor 

needs to be calibrated beforehand so that it can provide a standardized reference for the specific 

plant type. The requirement of such plant specific standardization somewhat limits the 

application areas of this sensor. It cannot provide wetness information on a random plant in a 

field without prior calibration. Small gardens, nurseries or greenhouses generally deal with a 

limited number of trees or plant types. Therefore, they allow a calibration of the sensor for each 

types of plants present in the specified area and as a result, the leaf wetness level for these 

plants can be determined on a regular basis. Hence, it can be inferred that the designed leaf 

wetness detector is a very good choice for plant health monitoring in any small scale gardening 

applications. 
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8.6. BST Smart Mat8.6. BST Smart Mat8.6. BST Smart Mat8.6. BST Smart Material Based Temperature Sensorerial Based Temperature Sensorerial Based Temperature Sensorerial Based Temperature Sensor    

 

       A smart material based temperature sensor is described in this section of the thesis. The 

proposed sensor uses the temperature sensitive smart material Barium Strontium Titanate 

(BST) depicted in chapter 5. The intrinsic properties of BST material can be tweaked to tune 

its operating temperature range for different applications. In this particular case, the sensor is 

mainly designed to deal with the perishable food items for retail and supply chain industry. The 

perishable food products require precise temperature control for storage and transportation. A 

lot of such products like fruits and vegetables or fish and meat need to be stored or transported 

under 00C or even less [204, 205, 226]. Therefore, the BST film is formulated with a 50:50 

mixture of Barium Titanate (BaTiO3) and Strontium Titanate (SrTiO3) as illustrated in chapter 

5. This composition of the smart material provides a Curie temperature of about -350 C which 

makes it useable at such a low temperature and above. Hence, the sensor made with BST 

material can be used to detect the difference between temperature below 00C or less with higher 

temperature ranges. The designed sensor also has the ability to provide real time temperature 

value of the item which it is tagged with. This is a great advantage, as a number of applications 

require instantaneous thermal condition of an environment. The integrated ID generators in the 

sensor provides an added feature of identification to the sensing device. This allows the 

detection of a particular location or item where the sensor is actually tagged in.  

8.6.1. Design and Simulated Results Analysis 8.6.1. Design and Simulated Results Analysis 8.6.1. Design and Simulated Results Analysis 8.6.1. Design and Simulated Results Analysis     

 
Figure 8-120 shows the proposed BST based tag-sensor. The device consists of a tightly 

coupled interdigital capacitor (IDC) based resonator as the sensing element which is 

surrounded by the box shaped ID generators as depicted in Figure 8-120 (a). It is quite evident 

that the proposed tag-sensor is actually the same as that of the one used in designing the IDC 

resonator based soil moisture sensor shown in section 8.4.2. Here, the designed tightly coupled 

IDC resonator is connected with an outer box to form the sensing component. This component 

also has a non-connected surrounding box which acts as a part of the entire sensing resonator.       



341 

 

The function of this box is to separate the IDC resonator from the ID generators. The three 

outer most rectangular shaped boxes provide identification bits to provide the feature of item 

tagging. Figure 8-121 portrays the simulated frequency response of the designed tag sensor. It 

can be seen that the sensing resonator has a single bit response at 4.7 GHz whereas the three 

ID generators generate their corresponding frequency signatures at a comparatively lower 

frequency band of 2.5-3.8 GHz.   

      In order to provide temperature sensing ability, the inner part of the sensing resonator of 

designed tag-sensor is coated or integrated with the temperature sensitive smart material BST 

as shown in Figure 8-120 (b). Variation in temperature imposes a change in the relative 

permittivity of BST ceramic. This change in permittivity incurs a resonance shift of the sensing 

resonator as depicted in Figure 8-122. The relative permittivity of BST0.5 (50:50 mixture of 

Barium Titanate and Strontium Titanate) found in literature is 300 (at room temperature) which 

is quite close to the value obtained (290) from the characterization of formulated BST thick 

film illustrated in chapter 5 [207]. 

                     

  (a) Designed resonator with ID generators.                                  (b) BST coated resonator. 

                     Figure 8-120. Proposed smart material based temperature sensing tag. 

 
Figure 8-121. Frequency response of designed resonator with ID generation circuit. 
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Figure 8-122. Tag-sensor response for permittivity variation of integrated BST material. 

Therefore, in order to emulate the temperature variation, in this analysis, a simulation is carried 

out to observe the effect of BST permittivity change from 200 to 400. As the BST film is 

overlayed on the sensing resonator, permittivity variation inflicts the resonance shift only on 

its corresponding resonance. The responses of ID generators remain absolutely unchanged 

since they remain unexposed to the BST film.    

8.6.2. Experimental Results Analysis8.6.2. Experimental Results Analysis8.6.2. Experimental Results Analysis8.6.2. Experimental Results Analysis    

 

      This section of the analysis illustrate the fabricated tag-sensor along with integrated BST 

ceramic film. The BST film is formulated from raw barium titanate (BaTiO3) and strontium 

titanate (SrTiO3) powder as delineated in chapter 5. Figure 8-123 shows the tag-sensor coated 

with the formulated BST film. In this case, the film overlays only on the inner part of the 

sensing resonator. The length and width of this film are 12.3 mm and 10.2 mm respectively 

along with a thickness of 0.6 mm. It can be observed that the film covers the entire IDC 

resonator while the ID generators do not come into its contact at all.  

                                   

     (a) Fabricated resonator with ID generators.                        (b) BST film coated tag-sensor. 

Figure 8-123. Fabricated BST smart material based temperature sensing tag.        
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      Figure 8-124 exhibits the experimental setup for temperature measurement using the 

proposed temperature sensitive smart material based sensor. Here, the BST integrated tag-

sensor is wirelessly interrogated to extract its transmission coefficient response. For the 

interrogation process, the tag-sensor is attached to a customised jig and placed in between two 

UWB antennas, each of which are kept 3 cm away from the tag. Both these antennas are 

designed to operate in the 2-11 GHz which are simply a slight modified version of the SWB 

antennas illustrated in chapter 3. In order to extract an accurate response through calibration, 

the transmission coefficient of the jig at the absence of tag-sensor is measured initially. This 

response is then used as a reference to extract the actual tag-sensor response at different thermal 

conditions. A digital hot airgun is used here to vary the temperature of the BST film coated 

tag-sensor. It can be observed from Figure 8-124 (b) that the nozzle of the airgun is set to point 

towards the tag-sensor so that the temperature controlled air can be blown directly onto it. A 

portable non-contact laser gun based digital infrared thermometer is used here to measure the 

actual temperature on the surface of tag-sensor and BST film. 

                                    

                         (a) Experimental setup.                                     (b) Zoomed view of wireless interrogation. 

Figure 8-124. Temperature measurement using BST based tag-sensor. 

 

Figure 8-125. Measured frequency response of rag-Sensor at different temperature. 
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    Figure 8-125 depicts the measured transmission coefficient of tag-sensor at different thermal 

environments above room temperature. It can be observed that the temperature variation does 

not have any impact on the ID generators and therefore, the corresponding resonance bits at 

2.4-3.4 GHz remain unchanged in terms of frequency. Figure 8-126 illustrates the zoomed 

version of the sensing resonator response only. Increment in temperature results in an increase 

of the BST film permittivity. Therefore, to comply with the simulation results, sensor response 

experiences a shift towards lower frequencies as the temperature of the device increases. From 

the discussion depicted in the section 8.4.1, it is apparent that a dielectric material becomes 

polarised with an applied electric field [224]. Typically, as the temperature increases, the 

orientational polarisation decreases which results in a reduction in dielectric constant [227]. 

However, for a ferroelectric material such as BST, generally a reverse phenomenon is 

observed. Here, the dielectric constant increases with temperature rise. Due to the presence of 

spontaneous polarisation is ferroelectrics [200, 228], at normal temperature, even at the absence 

of an electric field, the permanent dipoles in the molecules already remain aligned with each 

other. When an electric field is applied, these dipoles tend not to disrupt their initial alignment 

and hence they oppose to align with the field direction unless the applied field is extremely 

strong. Hence, the permanent dipoles cannot inflict any impact on the orientational polarisation 

[229, 230]. As the temperature increases, the ferroelectric alignment gets disturbed which 

facilitates the movement of molecular dipoles. These free molecules can reorient themselves 

according to the applied electric field which contribute to the augmentation of orientational 

polarisation which in turn increase the dielectric constant [227, 229, 231].  

 
Figure 8-126. Zoomed view of sensing resonator response only. 
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     Keeping the above mentioned analysis in mind, one may raise questions regarding its 

validity as even though the BST material used for this sensing application is ferroelectric in 

general; setting its Curie temperature, Tc at -350 Celsius (by a 50:50 mixture of Barium Titanate 

and Strontium Titanate), forces it to operate in the para-electric state. The concept of Curie 

temperature and the phase transition from ferroelectric to para-electric at that very temperature 

is actually theoretical and it can occur only in perfect crystals. For perfect single crystals with 

no electric field and strains, at Curie temperature, the disappearance of spontaneous 

polarisation occurs and hence a smooth transition (known as 2nd order transition) from 

ferroelectric to para-electric states takes place. The maximum value of the dielectric 

permittivity also appear at this phase transition temperature, Tc [203].  

     In case of real ferroelectric crystals and bulk ceramics, Curie temperature is not the phase 

transition temperature, it is rather a quantitative characteristic of the material. The phase 

transition in this case is characterized by the presence of internal and external electric fields 

along with mechanical strain. In the presence of either of these fields, with increasing 

temperature, the spontaneous polarization disappears abruptly at a value lower than Curie 

temperature. This abrupt disappearance results in a discontinuity in ferroelectric phase 

variation known as 1st order phase transition. This eventually displaces the phase transition 

temperature to a lower temperature, Tc
′ compared to the theoretically calculated actual Curie 

temperature, Tc. For bulk samples like the one used in this temperature sensing application, 

built in electric field and mechanical strains are generated by defects, structural damage and 

non-homogeneities. The parameter ξs depicted in chapter 5 is considered as a measure of the 

extent of defects and non-homogeneity of the samples. Such samples provide a non-zero 

polarisation even at the absence of an external biasing field which is termed as residual or 

remnant polarisation. This type of polarisation in the para-electric state generates a residual 

ferroelectricity- a persistent ferroelectric behaviour even above the phase transition 

temperature, Tc′ which stimulates a diffused phase transition rather than a sharp one [200, 232].  
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      The built in field and strains instigate the appearance of maximum dielectric permittivity 

to displace to a temperature, Tm which is much higher than the Curie temperature, Tc as shown 

in Figure 8-127. The extent of this displacement depends on the material quality parameter ξs. 

The more defective the material, the higher is the value of ξs and hence the larger is the gap 

between Tc and Tm [203]. Therefore, for the real bulk BST sample having 0.6 mm thickness 

and high grain size, if Tc′ is the actual phase transition temperature, Tm is the temperature 

corresponding to the maximum dielectric constant and Tc is the theoretical Curie temperature 

of the perfect crystal, the following inequalities can be written [203]: 

                                                     Tc
′ < Tc < Tm                                                          (8-7) [203] 

      The above mentioned analysis eventually explains the behaviour of the designed sensor. 

The ferroelectric diffused phase transition occurs at a lower temperature than -350 C (Curie 

temperature). However, due to the presence of residual ferroelectricity even at the para-electric 

state, the dielectric constant keeps increasing with increased temperature. As the material is 

defective with high structural damage and mechanical strains, it has a large ξs, which sets the 

maximum dielectric constant to an extremely high temperature value beyond the experimental 

range of this sensor. Hence, the sensor exhibits a consistent increment of permittivity with 

temperature rise with no dielectric anomaly in the entire sensing zone. 

 
Figure 8-127. Effect of temperature on real bulk ferroelectric materials.  
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   Figure 8-128 exhibits the sensitivity curve for the designed BST material based temperature 

sensor. As mentioned above, the dielectric constant variation due to temperature incurs a 

consistent resonance shift towards lower frequencies. The temperature sensing experiment 

depicts a total variation of 175 MHz (3.725-3.55 GHz) for the entire temperature range of 1550 

Celsius (250-1800C). This provides an average sensitivity of about 1.13 MHz/0C although it 

varies in between lower and higher temperature ranges. 

     Figure 8-129 illustrates the fact that the designed sensor works as a real time temperature 

sensor. It is observed during the experiment that the sensor responds almost immediately to 

any temperature variation.  As the hot air gun is removed at the end of experiment, the sensor 

is cooled down and its response follows the same frequency resonance path in a reverse manner. 

It can be seen that as soon as the sensor is cooled back to room temperature, it exhibits almost 

the same resonance point to that of the actual room temperature response at the beginning of 

experiment.        

 

Figure 8-128. Sensitivity curve of BST based temperature sensor. 

 

Figure 8-129. Frequency response comparison of tag-sensor at the start and end of temperature 

sensing experiment.  
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    Figure 8-130 exhibits the most important phenomenon of the proposed sensor. In this case, 

the BST integrated sensor is placed into a chiller overnight in order to decrease its temperature 

to below 00C. Here, the lowest achievable temperature, measured using the infrared 

thermometer was -100C. The response of the sensing device is measured immediately after 

bringing into the experimental setup from the chiller. With time progression, the device reaches 

back to room temperature. A comparative analysis of the cold device response to that of the 

room temperature depicts that even though the ID responses remain identical in terms of 

resonance variation, a clear distinction in the sensing resonator response is observed. The 

resonance of the cold sensor (3.752 GHz) shifts to a higher frequency value by 27 MHz 

compared to its room temperature counterpart (3.725 GHz). Considering the temperature 

change of 350C from cold to room temperature, this resonance variation provides a sensitivity 

of 0.77 MHz/0C. This sensitivity is comparatively lower than that of above room temperature, 

however, a frequency variation in such scale is very much detectable. The resonance shift of 

the cold sensor to higher frequencies indicates a decreased permittivity of BST which complies 

with the theory of BST permittivity variation with temperature, illustrated above. This 

consistent permittivity variation of BST even below 00C is achieved by setting its theoretical 

Curie temperature at -350C. It is expected that the designed sensor would behave in a similar 

manner even below -100C (at least up to-350C), however, due to resource limitation, 

temperature could not be lowered further. Also, for monitoring perishable products in retail 

and supply chain, the achieved experimental temperature range is quite sufficient [204, 205, 

226].  

 
Figure 8-130. Tag-sensor comparison for cold and room temperature. 
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8.6.3. Discussion8.6.3. Discussion8.6.3. Discussion8.6.3. Discussion    

 
     An inexpensive temperature sensor based on ferroelectric smart material BST is portrayed 

in the above analysis. The smart material is formulated from the raw elements which is then 

integrated into the designed microwave based resonator. The experimental analysis illustrates 

that the sensor can be utilised as a real time temperature monitoring device. Most importantly, 

it has the ability to monitor the temperature of perishable products as it is designed to operate 

in the lower temperature range below 00C. The sensor can be set to indicate any deviation from 

the product’s desired temperature range. The identification ability in the sensing device 

provides an added benefit of item tagging. Thus the proposed device facilitates an ID-enabled 

passive and low cost temperature monitoring solution to the retail and supply chain industry.  
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8.7. Thermal Expansion Based Temperature Sensor8.7. Thermal Expansion Based Temperature Sensor8.7. Thermal Expansion Based Temperature Sensor8.7. Thermal Expansion Based Temperature Sensor    

 
      This section of the thesis illustrates another temperature sensor based on thermal expansion 

of different metals. Here, the flying bird dipole (FBD) resonator depicted in chapter 4 is used 

for realising the sensing phenomenon. The proposed resonator is designed by joining two 

metallic arms made out of 0.508 mm thick zinc and copper plates as shown in Figure 8-131 

(a). At room temperature (200 C), the thermal expansion co-efficient of pure copper and zinc 

are 16.65 × 10–6/K and 30.2 ×10–6/K, respectively [233]. Since the two metallic arms forming 

the resonator have two different thermal expansion co-efficient, exposure to temperature 

prompts them to behave differently from each other. Figure 8-131 (b) shows the simulated 

shape variation of the specified metallic arms due to increased temperature. In this case, the 

designed resonator is simulated under different thermal environments using the combination 

of thermal and mechanical solver in CST Mphysics Studio. It can be seen that, as temperature 

increases, the zinc based arm exhibits greater expansion than that of copper. Here, the shaded 

portion caters for the original shape while the solid part shows the deformed version. It should 

be noted that, the simulated deformation plot is scaled up here by an order of about 50 times to 

provide an approximate visual perception of structural change.  

 

  (a) 

 

      (b) 

Figure 8-131. Proposed sensing resonator and its deformation due to temperature variation. 
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The proposed sensor has the ability to work both as a chipped and chipless RFID based 

temperature monitor. Here, the performance of the sensor in both domains is illustrated in 

details and a comparative analysis is provided.  

8.7.1. Performance of FBD Resonator as a 8.7.1. Performance of FBD Resonator as a 8.7.1. Performance of FBD Resonator as a 8.7.1. Performance of FBD Resonator as a ChipChipChipChip    Based UHF RFID Temperature Sensor Based UHF RFID Temperature Sensor Based UHF RFID Temperature Sensor Based UHF RFID Temperature Sensor     

 
     In order to use the designed resonator as a chip based UHF RFID sensor, its impedance is 

matched to the commercial UHF RFID IC impedance of 18-j164 ohms at 915 MHz. As 

mentioned in section 4.6, the inductive loop of the resonator is tweaked to obtain this matching. 

8.7.1.8.7.1.8.7.1.8.7.1.1. Simulated Results Analysis of Chipped Sensor        1. Simulated Results Analysis of Chipped Sensor        1. Simulated Results Analysis of Chipped Sensor        1. Simulated Results Analysis of Chipped Sensor            

     
      The simulated results shown in Figure 8-132 (a) depict that the impedance of the resonator 

is set as 18+j165.17 ohms which eventually enable this matching to ensure the maximum power 

transfer. Figure 8-132 (b) and (c) show the reflection coefficient amplitude (in linear scale) and 

phase of the resonator respectively. At normal temperature, the linear amplitude of the 

simulated reflection coefficient at 915 MHz is obtained as 0.94189 whereas its phase is found 

to be 33.34 degrees. Variation in temperature incurs a change in these parameters. 

                        

    (a) Impedance of resonator.                                       (b) Reflection coeffecient amplitude. 

 

(c) Reflection coeffecient phase.  

Figure 8-132. FBD resonator response at room temperature. 
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                        (a) Amplitude variation.                                                      (b) Phase variation. 

Figure 8-133. S-parameter variation due to temperature change. 

Table 8-9. Sensor response for different temperature at 915 MHz. 

Temperature 

(K) 

 

Impedance 
S-parameter 

Amplitude (Linear) 

S-parameter 

Phase (Degrees) 

273 17.83 + j 167.9 0.94408 32.84 

323 17.71 + j 167.9 0.94443 32.844 

373 17.59 + j 167.9 0.94479 32.848 

423 17.48 + j 167.9 0.94514 32.852 

473 17.36 + j 167.9 0.9455 32.856 

523 17.24 + j 167.9 0.94585 32.86 

573 17.12 + j 167.9 0.94621 32.864 

 

     The shape deformation of FBD resonator due to temperature increment changes its overall 

impedance. This results in a disruption in the matching condition and eventually alters the s-

parameter amplitude and phase in the UHF band as depicted in Figure 8-133. Table 8-9 shows 

the different impedance, reflection coefficient amplitude and phase values for a varied range 

of temperature starting from 273 K to 573 K at 915 MHz. As the temperature increases, the 

real part of the impedance reduces while the imaginary part remains constant. Such increment 

in temperature incurs an increase in the reflection co-efficient amplitude and phase.  

8.7.1.2. Experimental Set8.7.1.2. Experimental Set8.7.1.2. Experimental Set8.7.1.2. Experimental Set----up andup andup andup and    Measured Results Analysis of Chipped SensorMeasured Results Analysis of Chipped SensorMeasured Results Analysis of Chipped SensorMeasured Results Analysis of Chipped Sensor    

 

     Figure 8-134 shows the experimental setup for analysing the performance of FBD resonator 

as UHF RFID based sensor. The designed sensor is integrated with a commercial UHF chip 

having 18-j164 ohms impedance by using conductive epoxy. A digital hot airgun is used to 

increase the temperature of the sensor. The reader antenna is placed in line of sight with the 

sensor at a distance of 60 cm apart from each other. The UHF RFID reader is connected to a 

computer to extract the received signal strength of the sensor at different temperature. 
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                (a)  Experimental setup.                                  (b) Zoomed view of wireless interrogation. 

Figure 8-134. Measurement setup for UHF RFID based temperature sensor analysis.     

     Figure 8-135 exhibits the RSSI (received signal strength indicator) power levels of the FBD 

based chipped RFID sensor. In this case, the signal for each of the temperature levels is 

measured for at least 60 seconds. It can be observed that the RSSI level is the highest at room 

temperature (200C) and it tends to reduce as the temperature keeps increasing. The rise in 

temperature enhances the apparent shape of the sensing resonator which adds up to the 

resistivity of the bi-metallic structure. The signal corresponding to the lower temperature levels 

(200C and 500C) tend to overlap each other repeatedly while the high temperature signals 

appear to be more distinct in nature.  

 

Figure 8-135. Received signal strength variation due to temperature. 

 

Figure 8-136. Sensitivity curve of FBD based chipped RFID temperature sensor. 
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      The sensitivity curve of the proposed chip based temperature sensor is portrayed in 

Figure 8-136. Here, the average RSSI amplitude at each temperature levels for the entire time 

duration (60 seconds) are calculated and these average values are plotted against their 

corresponding temperature. It can be seen that at room temperature, the average value of RSSI 

signal is -51.5 dBm which decreases to -52.3 dBm at 500C. As the temperature rises, the gap 

between average RSSI levels increases. At 800C, the average signal strength decreases to -

54.1dBm which represents a gap of 1.8 dBm from its 500C counterpart. When the temperature 

is increased further to 1100C, the gap is increased to 2.2 dBm with the average RSSI of -56.3 

dBm. Although the sensor exhibits such variation of average RSSI amplitude levels, in general 

it provides a sensitivity of 0.053 dBm/0C. 

8.7.2. Performance of FBD Resonator as a 8.7.2. Performance of FBD Resonator as a 8.7.2. Performance of FBD Resonator as a 8.7.2. Performance of FBD Resonator as a ChipChipChipChiplesleslesless RFID Based Temperature Sensor s RFID Based Temperature Sensor s RFID Based Temperature Sensor s RFID Based Temperature Sensor     

 

    The designed sensor exhibits an interesting characteristics as it can be utilised as a chipless 

RFID based temperature monitor. As shown in section 4.6, the FBD resonator resonates at a 

specified frequency (6.83 GHz) of the UWB band. With temperature variation, the signal 

amplitude of the resonator varies and hence it enables temperature sensing in chipless domain. 

8.7.2.1. Simulated Results Analysis of Chipless Sensor        8.7.2.1. Simulated Results Analysis of Chipless Sensor        8.7.2.1. Simulated Results Analysis of Chipless Sensor        8.7.2.1. Simulated Results Analysis of Chipless Sensor            

 
      Figure 8-137 shows the simulated effect of temperature variation on the sensor in chipless 

domain. The simulated version of sensor exhibits its resonance at 6.2 dB at normal temperature 

(as shown in section 4.6), however, change in temperature shows a prominent amplitude 

variation in the frequency band of 5.77-5.93 GHz.    

 

Figure 8-137. Amplitude variation of chipless FBD based sensor due to temperature change. 
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8.7.2.2. Experimental Set8.7.2.2. Experimental Set8.7.2.2. Experimental Set8.7.2.2. Experimental Set----up and Measured Results Aup and Measured Results Aup and Measured Results Aup and Measured Results Analysis of Chiples Sensornalysis of Chiples Sensornalysis of Chiples Sensornalysis of Chiples Sensor    

      

      Figure 8-138 shows the experimental setup for analysing the FBD based sensor in chipless 

domain. Here, the transmission coefficient of the sensor is extracted by using the Agilent 

Vector Network Analyzer (VNA) and two identical UWB antennas that cover a frequency band 

of 2-11 GHz. The proposed sensor is placed on top of a hotplate and it is kept at a distance of 

5 cm from both the antennas as shown. The temperature variation is provided by using the 

adjustable knob in the hotplate.  

       Figure 8-139 portrays the sensor responses at different temperature in chipless domain. It 

can be observed that the sensing frequency zone (6.1-6.75 GHz) of the sensor remains 

marginally offset from the actual resonance (6.83 GHz) which resembles the simulated results. 

This means that the sensor exhibits temperature variation slightly before the resonance notch 

occurs. The measured sensing zone appears to be comparatively higher than that of the 

simulated version. This can be ascribed to the fabrication process of the actual sensor which 

made the overall structure different from the ideal simulated design. Enhancement of sensing 

zone provides the sensor more flexibility. As the sensor does not incorporate any chip, it does 

not necessarily need to be frequency specific. Hence, the broadened sensing zone of 0.65 GHz 

ensures that the sensor response can be extracted at any frequency point of the specified band. 

It can be seen that as the temperature increases, the level of transmission co-efficient amplitude 

is reduced. This means, rise in temperature induces more resistivity in the transmitted signal 

which results in the reduction of the transmitted amplitude. 

          

     (a)  Experimental setup.                                   (b) Zoomed view of wireless interrogation. 

Figure 8-138. Measurement setup for chipless RFID based temperature sensor analysis.  



356 

 

 

Figure 8-139. Transmission co-efficient amplitude variation due to temperature. 

     The above mentioned phenomenon ensures that the sensor eventually works on the similar 

principle to that its chip based version. However, the presence of chip makes the sensor 

vulnerable at higher temperature ranges as most silicon chips cannot withstand a temperature 

more than 1250C. This is where the chipless version comes really handy, since theoretically, it 

can handle a temperature range up to the melting point of the metals involved in the resonator. 

Figure 8-140 shows the sensitivity curve of the chipless version of the sensor. In this case, the 

curve is extracted at the frequency point of 6.54 GHz as it depicts the maximum amplitude 

variation due to temperature. However, as mentioned earlier, in chipless domain, such curves 

can be extracted for any frequency on the specified sensing zone. The depicted plot shows a 

consistent variation of amplitude due to temperature. For the entire temperature range, the 

sensor exhibits a sensitivity of 0.098 dB/0C. On a relative scale, this indicates a higher 

sensitivity than the chipped version of the sensor.  

 

Figure 8-140. Sensitivity curve of chipless RFID based temperature sensor. 
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8.7.3. Discussion8.7.3. Discussion8.7.3. Discussion8.7.3. Discussion    

 
     The above analysis illustrates a temperature sensor based on a flying bird shaped dipole 

resonator. The designed sensor can be operated in both the chipped and chipless domains. The 

sensor is built on a simple and novel concept of joining two different metallic arms having 

different thermal expansion coefficient. Increase in temperature enforces different metallic 

arms to expand in different manner. This incurs a deformation in the sensing structure which 

is signified through the signal amplitude variation in both chip and chipless based versions. It 

can be observed that the chipless version of the sensor is more advantageous over its chipped 

counterpart as it exhibits more sensitivity and temperature tolerance. It also allows the sensor 

to utilise a generous portion of the UWB frequency band for its operation rather than being 

frequency specific. The sensor has a great commercialisation prospects due to its extensive 

operating temperature range.       

8.8. Conclusion8.8. Conclusion8.8. Conclusion8.8. Conclusion    
 
        The current chapter illustrates all the frequency domain based sensors proposed in this 

thesis. The proposed sensors pose as some excellent fit to the actual goal of the thesis. Structural 

health monitoring (SHM) is a key area of IoT. A novel crack sensor termed as smart skin is 

exemplified at the beginning of this chapter. This provides an extremely low cost sensing 

solution to the SHM and hence contributes to its upsurge in IoT applications. The smart skin 

has a unique ability to detect the tiniest of cracks on its surface using its passive RF based 

structure. It can also distinguish the responses between crack and moisture ingress which 

facilitates the precise detection of a perturbed structure by reducing any misleading 

information.    

      The next section describes a monopole probe based salinity sensor that can determine the 

salinity content in soil. This sensor has the ability to provide distinct responses for salinity and 

moisture variation. An extremely simple structure and sensing mechanism along with low cost 

makes the sensor a greatly viable component of precision agriculture.  
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       A frequency domain based concept of soil moisture sensing is illustrated next. Here, two 

different RF resonating structures (loosely coupled and tightly coupled IDC) are integrated 

with a smart material (PES) to provide the moisture sensing. A detailed description of the 

sensor formation along with their performance comparison is delineated here. It is observed 

that the tightly coupled IDC based sensor offers much more robustness in terms of moisture 

detection which stands it out as a great candidate for commercialisation. The proposed sensor 

also offers an added advantage of ID integration. This enables the detection of sensor location 

in a field when deployed in a mass scale. The loosely coupled IDC based resonator designed 

on extremely low cost paper substrate enables the detection of wetness level in biomaterials 

like leaves. The experimental analysis on several leaf samples ensures the suitability of the 

resonator as leaf wetness detector. Due to the plant specific performance variation, the sensor 

appears to be most suited to the small scale precision agriculture based application such as 

plant health monitoring in small gardens, nurseries and greenhouses. 

      The following section portrays a temperature sensor based on the proposed tightly coupled 

IDC resonator. This resonator is integrated with a temperature sensitive smart material BST to 

facilitate a real time temperature sensing scheme. Here, the material characteristics of BST is 

tweaked to make it operable in the lower temperature range below 00C. This enables the sensor 

to monitor the temperature of perishable products like fish, meat, fruits and vegetables. The 

passive, maintenance free, ID supported low cost sensing solution is certainly a tremendous 

addition to the IoT enabled retail and supply chain industry. 

        The final section illustrates another temperature sensor based on different thermal 

expansion coefficient of metals. A flying bird dipole shaped resonator built of a bi-metallic arm 

is used here to realise the sensing phenomenon. Increase in temperature prompts the sensing 

arms to expand in a different proportion which eventually enables the sensing scheme. This 

sensor can be used in both the chipped and chipless domains although it exhibits a better 

performance as a chipless RFID sensor.   
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           The next chapter provides a brief outline of the chipless RFID readers that would enable 

the detection of above mentioned sensors outside lab environments. The reader architecture for 

chipless sensing system is delineated here. Although the practical implementation of a smart 

reader is beyond the scope of this thesis, the chapter provides a sneak peek on its design and 

operation. Finally, an FMCW RADAR based interrogation scheme that facilitates the 

enhancement in reading distance is briefly illustrated hereby.  
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Chapter 9Chapter 9Chapter 9Chapter 9 . Reader for Chipless RFID Sensing System. Reader for Chipless RFID Sensing System. Reader for Chipless RFID Sensing System. Reader for Chipless RFID Sensing System    

9.1. Overview9.1. Overview9.1. Overview9.1. Overview    

      The preceding chapter illustrates all the frequency domain based chipless RFID sensors 

proposed in this thesis. A range of sensors to address the different sectors of IoT is delineated 

here. In order to extract information from such sensors and communicating them to the end-

users, a robust reader or interrogation system is quite essential. The current chapter gives a 

brief overview on the chipless RFID reader architecture and its operation. A FMCW RADAR 

based technique for enhancing the interrogation distance to up to 30 m is also reviewed here.  

9.2. Reader Architecture 9.2. Reader Architecture 9.2. Reader Architecture 9.2. Reader Architecture     

 

       This section describes the overall architecture of a chipless RFID reader system. The reader 

consists of two main components: (i) RF module and (ii) Digital module. Figure 9-1 shows a 

generic block diagram of such a reader. This diagram introduces the typical elements used in 

each of the modules. The following sub-sections illustrate both the reader modules along with 

their sub-components in greater details.  

 

Figure 9-1. Functional block diagram of a chipless RFID reader [30]. 
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9.2.1. RF Module9.2.1. RF Module9.2.1. RF Module9.2.1. RF Module    

 

           The RF module functions as the front end of the reader as it communicates with the tag-

sensor via its transmitter and receiver sections. The transmitter generates the interrogation 

signal and transmits it to the tag-sensor while the receiver receives the backscattered response. 

The encoded information from the tag-sensor is then demodulated before sending it to the 

digital module. The different components that comprises the RF transceiver section include 

voltage control oscillators (VCO), power amplifiers, low noise amplifiers, frequency 

conversion mixers, low pass/ band pass filters and couplers [234].  

      Based on the communication method or interrogation approach, the RF transmitter can be 

designed in two different manners. The first method utilises a frequency domain based reading 

approach where a continuous wave sinusoidal signal is used for interrogation. The second 

method uses a time domain based approach where UWB short pulses spanning only a few 

Nano-seconds are used as transmitting signals. In order to extract data from a tag sensor, the 

interrogation signal often needs to cover all the resonance frequencies. In the frequency domain 

approach, a voltage control oscillator (VCO) is used to generate such a wideband signal by 

tuning it to obtain the desired operating frequency range. For narrow band systems, oscillators 

are simply tuned to a specified single frequency. The output frequency of the VCO is regulated 

by a voltage input through the digital to analog converter (DAC) of digital control board 

depicted in Figure 9-1. The VCO output signal is transmitted through the Tx antenna to 

interrogate the tag-sensor. A power amplifier is often used to amplify this signal in case the 

required power level is not generated by the oscillator. As shown in Figure 9-2, a small portion 

of the VCO output is extracted as a reference signal by using a coupler which is used later in 

the demodulation process [30, 234].  

      The receiver section of the RF module consists of a receiving antenna, low noise amplifier 

(LNA), local oscillator, low pass filter (LPF), mixer and a gain-phase detector (GPD) as shown 

in Figure 9-2. The receiving antenna captures the backscattered signal from tag-sensor.  
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Figure 9-2. Complete architecture of chipless RFID reader [234]. 

      The LNA is used to amplify the received signal as it is quite weak in comparison to the 

interrogating signals. This amplified backscattered signal as well as the reference signal both 

are down converted into an intermediate frequency (IF) by using two separate mixers. The 

down conversion process often generates signals with unwanted frequencies which are filtered 

out by using the LPF. Both the IF signals are then inserted into a GPD which can determine 

the features of backscattered response by comparing the amplitude and phase of transmitted 

(reference) and received signals. The final GPD output is converted from analogue to digital 

data and sent to the digital section for further processing [30, 234]. 

       Time domain based approach enables a high speed reading of chipless tag-sensors by using 

short RF pulses. These pulses occupy a bandwidth of several Giga-hertz (GHz) which 

eventually results in a reduced width of their corresponding time pulses.  The UWB short pulse 

can be generated by using a pulse generator and an up-converter. Here the initial output pulse 

from generator does not lie in the UWB band. Hence, it is up-converted by mixing with a 

continuous UWB signal generated by a local oscillator (LO). The final output of the mixer 

appears to be a short RF pulse. Such a pulse can also be directly generated by using a short 

pulse generator and pulse shaping circuit. The interrogation process of time domain based tag-
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sensors involves the accurate timing information for both the transmitted and backscattered RF 

signal. Hence, the reader needs to adopt time domain-based techniques for decoding which 

may comprise high-speed sampling devices. The digital section extracts the encoded 

information by analysing the sampled signal [234].  

9.2.2. Digital Module9.2.2. Digital Module9.2.2. Digital Module9.2.2. Digital Module    

 

     The Digital module typically comprises of a memory block, a microprocessor, analog-to-

digital converters and a communication port as shown in Figure 9-2. It controls the overall 

operation of the reader by performing the digital signal processing and decoding the received 

data from tag-sensor. In terms of functionality, this module performs three main tasks: (i) 

digital control (ii) signal processing and (iii) middleware implementation [30, 234]. 

        The most significant function of the digital control section is to generate control signals 

for VCO of the RF module. This enables the VCO to produce the intended interrogation signal 

of a specified frequency band. The LO also needs a voltage input for generating an RF signal 

which is eventually used to form the IF signal. The digital control board helps generating this 

voltage input as well. It takes digital input from microcontroller and generates corresponding 

analogue output voltage using digital-to-analogue (DAC) converter. The Signal processing 

section plays the prime role in decoding the information from backscattered signal. It performs 

the sampling and digitization on the amplitude and phase signal obtained from GPD. It also 

implements the signal processing algorithm and de-noising technique to determine the 

embedded identification and sensing information in the received signal. The Middleware 

functions as the controlling hub of the reader. It is used to send and receive instructions from 

the end-user or database. It controls the transmission of interrogation signal as well as the 

reception of demodulated signals from the RF module. The middleware also communicates 

any control and command signals from the user or database to the digital control or signal 

processing units. Similarly, it sends the ID and sensing information to the database for further 

processing [30, 234]. 
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9.3. FMCW Based RADAR Interrogation Technique9.3. FMCW Based RADAR Interrogation Technique9.3. FMCW Based RADAR Interrogation Technique9.3. FMCW Based RADAR Interrogation Technique    

 
        The frequency modulated continuous wave (FMCW) radar interrogation technique 

provides an alternative way of extracting information from sensors. In this case, the different 

sensors are connected to a receiving antenna to form a subsystem which is interrogated by the 

RADAR. This technique enables the distinction of different signals coming from a dense 

distribution of wireless-sensors and hence determine the sensor position in a wireless sensor 

network. The variations of the RF parameters are specified by level change of radar echo level 

or RCS of the backscattered signal. The use of RCS spectrum enables an added advantage of 

having a long interrogation distance and easiness of the transmitting and receiving system as 

all the signal processing is conveyed and performed at the radar level [41, 235]. The RADAR 

sends an FMCW interrogation signal to the antenna loaded by the sensors and measures the 

backscattered Radar Cross Section (RCS), which is then analyzed to extract the presence or 

variation of the input physical parameter (temperature, moisture, salinity). Figure 9-3 (a) 

illustrates the working principle of the radar interrogation technique. 

       Here, a horn antenna is attached to one port of the sensor through a coaxial cable while the 

other ports are terminated by 50 Ω-impedances. An FMCW signal is transmitted to the antenna, 

which is then mixed with the backscattered signal to produce a low-frequency intermediate 

signal known as the beat frequency. The range information is directly related to this beat 

frequency and hence can be used to determine the sensor position [41, 236].  

          

                                              (a)                                                                                     (b) 

Figure 9-3. (a) RADAR interrogation technique.   (b) RCS variation at sensor position [41, 46, 237]. 
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        In remote sensing of passive and chipless sensors in a wireless network, it is important to 

allot a distinctive and controlled spectral signature of RCS to each sensor and the beat 

frequency can serve that purpose. This enables the identification of different sensors in the 

wireless sensor network (WSN). The remote detection of the physical quantity variation is 

achieved by analyzing the RCS variation at a particular frequency since the modification in the 

applied physical value is converted into a change in the backscattered RCS level of the antenna 

loaded by the sensor. The load impedance of the sensor varies with or is controlled by the 

physical parameter variation via an electromagnetic transduction principle and hence the RCS 

level of the antenna loaded by this impedance fluctuates as shown in Figure 9-3 (b) [41, 236].  

       The radar interrogation based remote sensing technique can overcome the limitation on the 

reading distance of the sensors. This technique can offer an interrogation distance of up to 30 

m, provided high gain antennas are used in both reader and sensor side [40]. Here, the sensors 

are connected to different broadband high gain antennas via different coaxial cables with 

various lengths as shown in Figure 9-4 (a). The identification of different sensors is dependent 

on the backscattered signal of each antenna (structural mode) and the delay line of the cables 

(antenna mode). When illuminated by a frequency modulated signal, each receiving antenna 

generates two backscattered signals. The first signal appears as a result of the structural mode 

scattering which only depends on the distance between the antenna and the radar and 

independent of the sensor connected to the antenna while the second is produced due to the 

antenna-mode scattering whose amplitude and phase is dependent on the sensor [41, 210]. 

  
                                       (a)                                                                      (b) 

     Figure 9-4. (a) RADAR interrogation technique.     (b) Frequency spectrum of RADAR [41, 210].  
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       Here, the estimated frequency spectrum of the radar shows five different peaks (Figure 9-4 

(b)), where two of them are structural mode scattered signals from two receiving antennas 

shown in Figure 9-4 (a) and three others are antenna mode scattered signal of the sensor loaded 

transmission delay lines. The relative distance between the frequency signals of structural-

mode scattering and the corresponding antenna-mode scattering is dependent on the length of 

the coaxial cable. The structural mode scattered signal provides information on interrogation 

distance while by analyzing the antenna mode scattering peaks, the sensor position can be 

identified in a wireless sensor network since they are positioned at various locations owing to 

the distinctive delay lines. The same antenna mode peak is also used to measure the physical 

parameter changes by looking at the different backscattered signal levels for a particular 

frequency which are supposed to occur due to the sensor’s EM descriptor variation [41, 210]. 

For the RADAR interrogation technique, no integrated antenna is required for the sensors; 

however, the sensors deployed in the network are needed to be connected to the receiving 

antenna through coaxial cables. 

9.4. Conclusion9.4. Conclusion9.4. Conclusion9.4. Conclusion    
 

      This chapter focuses on the reader or interrogator system for chipless RFID sensing 

devices. Initially, a brief illustration on the conventional reader system and its architecture is 

presented. A typical chipless RFID reader has two main modules. The RF module performs the 

tasks of communicating with tag-sensors by generating the interrogation signals via its 

transmitter section. Based on the tag type and communication method, the transmitter adopts 

either frequency or time domain approaches for signal generation. This module is also 

responsible for receiving the tag-sensor response and its demodulation to extract the encoded 

information. The digital module of the reader helps controlling its entire operation process by 

communicating different information and instructions to and from the database. It also 

performs the signal processing to decode the raw data obtained from RF module. This chapter 

also reviews a non-conventional approach for sensor interrogation by using a FMCW RADAR. 
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This approach enables the determination of a sensor location in a WSN and helps increasing 

the interrogation distance to several meters which depicts quite an improvement over the 

conventional chipless RFID reader systems.   

       The next chapter draws the conclusion of this thesis by highlighting the major 

contributions followed by recommendations on future research direction.    
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Chapter 10Chapter 10Chapter 10Chapter 10 .Conclusion and Future Works.Conclusion and Future Works.Conclusion and Future Works.Conclusion and Future Works    
 

     This chapter provides a summary of research background and objective of the thesis. It 

provides a chapter wise distribution of the undertaken tasks to accomplish the thesis goals. It 

discusses the commercial potentials of the proposed smart devices along with the practical 

implementation challenges. The original contributions from this research followed by 

recommendations on future research directions are also delineated here.         

10.1. Overview10.1. Overview10.1. Overview10.1. Overview    
 

      This thesis has presented a number of chipless RFID based smart sensing and item tagging 

devices for a diverse range of IoT application areas. The pursuit of this research is motivated 

by a comprehensive review on IoT and its industrial deployment as well as the highly potent 

yet less adopted application sectors such as retail and supply chain, precision agriculture and 

structural health monitoring. A thorough analysis on chipless RFID sensors along with state of 

the art in this research field illustrates its tremendous benefits and promises in addressing the 

industry traction issues of the specified IoT areas. These sensors offer unlimited energy 

autonomy and consumes no power due to the absence of any embedded chip or battery. They 

are highly compatible with harsh environments (i.e. high temperature and radiation level) and 

offer a considerably high reading distance owing to the RADAR interrogation based system. 

A wide range of materials can be used to design such sensors which enable them to be planar, 

lightweight and flexible. The printable structures and high frequency designs reduce the size 

and cost of these sensors significantly. The abovementioned IoT application areas get less 

industry adoption mainly due to the highly expensive nature of currently available commercial 

tag-sensors. Considering all the advantages of chipless RFID based technology, several low 

cost sensors and item tagging devices are proposed in this thesis, which are able to boost the 

industry traction of the specified IoT sectors. Additionally, a few antennas which can be 

integrated into the tags and sensors to communicate with readers or can be used as separate 

transceiver components in reader RF module to interrogate the tag-sensor, are also proposed.   
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10.2. Addressing Thesis Objectives10.2. Addressing Thesis Objectives10.2. Addressing Thesis Objectives10.2. Addressing Thesis Objectives    

 

      The main theme of this thesis is to develop inexpensive, compact and printable tag-sensor 

nodes which can be deployed in large scales. The currently available commercial sensors for 

agricultural sector, smart buildings and retail industries are quite expensive and therefore, a 

mass deployment of such sensors is ideally impossible. To address this issue, passive chipless 

sensors are introduced here. An IoT application area wise distribution of the sensors and tags 

that are proposed and implemented to fulfil the main objective of this thesis is illustrated below:  

  1) Precision Agriculture (PA) 

 Time Domain Reflectometry based soil moisture sensor  

 IDC resonator based soil moisture sensors 

 IDC resonator based leaf wetness detector  

 Monopole probe based soil salinity sensor 

  2) Smart Buildings (Structural Health Monitoring (SHM)) 

 SWB technology based high resolution crack sensor  

 Split box resonator based smart skin sensor 

  3) Retail and Supply Chain 

 BST smart material based temperature sensor 

 Thermal expansion based temperature sensor 

 Spiral resonator based chipless RFID tag  

     The following discussion exemplifies how each chapter of the thesis contributed to 

accomplish the specified research aim by providing appropriate evaluative, analytic and 

technical insights. 

    Chapter 1 has laid the foundation of the research activities presented in this thesis. It 

introduces the concept of IoT and illuminates on the endless opportunities and influence IoT 

bestows on a personalised and industrial scale. It also discusses the technological architecture 

of IoT which signifies the importance of sensors. Sensing devices are the very elements that 
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function as the backbone of any IoT based system. This chapter analyses the prime application 

areas of IoT and provides a comparative insight in terms of industrial project uptake which 

motivates this PhD research scheme. A brief introduction to EM transduction based chipless 

RFID sensors is delineated here and its enormous potential in solving the industry adoption 

issues for a certain IoT application sectors is also illustrated. Thus the chapter formulates the 

research hypothesis and eventually highlights the original contributions made to accomplish 

the thesis aims followed by its outline.   

     The claims depicted in chapter 1 is strengthened further in chapter 2 through a 

comprehensive review on a specified set of IoT application areas that are unable to gain 

adequate industry traction despite their enormous commercial prospects. The review highlights 

the state of the art sensing devices used in those application areas, namely, precision 

agriculture, smart buildings (specifically structural health monitoring) as well as retail and 

supply chain. A thorough analysis on such existing commercial sensors establishes the research 

questions by outlining their basic limitations. An exhaustive study on the cutting edge chipless 

RFID based sensors shows the potential of this technology to overcome these limitations and 

hence justifies its choice as the proposed solution to the research question. This chapter also 

describes a detailed methodology to fulfil the thesis objective. 

        Chapter 3 and 4 provide the basic building blocks of this thesis. A number of wide band 

antennas are introduced in chapter 3. The super wide band (SWB) antennas cover a large 

bandwidth and therefore they are capable of being used in different frequency band specific 

applications. The compact SWB antenna proposed in this chapter (or its modified UWB 

version) is utilised as an interrogating antenna for most of the tagging and sensing applications 

depicted in this thesis. This antenna is a remarkable contribution to the antenna community 

since it gets as close as possible to the theoretical limits in terms of having the maximum 

achievable bandwidth with the most compact size. The other antennas proposed in this chapter 

often function as an integral part of the tag or sensing devices. They are usually designed on 
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various low cost and printable substrates, and work as the front-end to establish communication 

with RFID readers or any other interrogating devices.  

     Chapter 4 introduces all the resonators that constitute the proposed chipless RFID based 

tags and sensors. A spiral resonator based high data capacity item tagging device is presented 

initially which is designed on low cost flexible substrates such as paper and Mylar plastic. The 

other proposed resonators are utilised for developing the sensing devices. The proposed novel 

split box resonator offers harmonic suppression in the UWB band which enables reduced 

interference when cascaded. This feature is exploited to form a frequency domain based 

sensing tag. A couple of resonators based on gap coupled IDC structure facilitate various 

sensing applications described in this thesis. This chapter also proposes a dipole shaped 

resonator and a monopole probe resonator that help realising temperature and soil salinity 

sensing respectively.  

     Due to the passive nature and absence of IC, chipless RFID sensors often depend on 

different environmental parameter sensitive smart materials to enable sensing. Chapter 5 

provides a detailed illustration of such materials used in this thesis. It starts with a brief 

generalised review of smart materials along with their prospective application areas. A 

moisture sensitive material PES is introduced next and its characteristics and suitability for the 

research project is delineated. In addition, this chapter presents the temperature dependent 

ferroelectric, BST which has a customizable operating temperature range based on material 

composition. The entire material formulation process, behavioural analysis along with its RF 

characterization are also described here. 

      Chapter 6 provides an insight into how the proposed antennas, resonators and smart 

materials are combined together to provide different sensing schemes. The communication 

techniques between a sensing device and an interrogating element are briefly illustrated here. 

Furthermore, the distribution process of sensing data to the end users, based on different IoT 

application areas are also outlined in this chapter.   
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     Chapters 7 and 8 are the most significant parts of this thesis. They introduce all the proposed 

chipless RFID sensors that fulfil the broad aim of this research project. These sensors are 

divided into two categories based on the signal processing approaches: (i) time domain and (ii) 

frequency domain. The time domain based sensors are illustrated in chapter 7. Here, the design 

and analysis of two different sensors based on time domain reflectometry (TDR) technique are 

presented as follows. 

� This chapter begins with the design and analysis of a novel high resolution crack sensor 

based on conventional TDR technique (time difference of signals). The proposed sensor 

can detect and monitor the opening and growth of a crack in buildings and infrastructures. 

It uses the SWB technology to provide higher precision and accurate crack detection. 

Due to their inexpensive nature and planar structure, these sensors offer the feature of 

pervasive deployment. They can be integrated into the walls during building 

construction, which enables a long term unobtrusive wireless monitoring.       

� Chapter 7 also introduces an innovative soil moisture sensor based on a non-conventional 

TDR approach (amplitude difference of time domain signals). To the author’s 

knowledge, this is the first ever attempt to use such approach in soil moisture monitoring. 

This sensor allows the determination of moisture content of any random soil by using the 

sensing technique developed through the rigorous experimental analysis. It is designed 

on a low cost planar substrate which allows its mass deployment in a field. This enables 

a continuous or an on demand monitoring of soil moisture variation based on user 

requirement and therefore provides a tremendous industrial boost to precision agriculture 

(PA). 

       
    Chapter 8 illustrates all the frequency domain based sensors depicted in this thesis. In this 

case, the sensing scheme mainly depends on either the resonance frequency shift or signal 

amplitude change due to quality factor or transmitted power variation. The novel features and 

contributions made in this chapter are as follows. 
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� The novel split box resonator (proposed in chapter 2) based cascaded sensing tag is 

utilised here to design another structural health monitoring device. This innovative non-

discretised crack sensor is termed as “Smart Skin” due to its exclusive feature of 

responding to the minutest of perturbations on its surface. This device can also detect the 

presence of multiple ruptures on a structure simultaneously. The smart skin provides 

distinct responses for crack and moisture ingress which prevents any misleading 

information about the structure. The ultra-sensitive and contiguous nature of this device 

paves the way for envisaging a revolutionary crack sensing scheme that would use 

conductive paint on walls as sensor.   

� To provide ultra-low cost sensing solutions for PA, a number of frequency domain 

sensors are reported in chapter 8. The design concept followed by a theoretical and 

experimental analysis of a soil salinity sensor based on a simple monopole probe is 

portrayed here. The proposed sensor can differentiate between various salinity levels in 

soil and hence convey information on the field suitability for a particular plant. It also 

has the ability to distinguish between moisture and salinity content variation. 

� The gap coupled IDC (loosely coupled and tightly coupled) resonators and smart material 

PES depicted respectively in chapters 4 and 5, are combined to form a couple of 

frequency domain soil moisture sensors. An experimentally obtained calibration curve 

(relating resonance amplitude variation to volumetric moisture content) bestows the 

tremendous commercial potential of such sensors. The compact size and low cost design 

allows a pervasive deployment of these sensors in a field. The proposed sensors offer an 

added advantage of integrating ID information which facilitates the determination of a 

sensor position in the field.  

� The loosely coupled IDC resonator is further exploited to design a leaf wetness detector 

which is fully printed on a paper substrate. The commercial competence of this device is 

validated through its experimental analysis on three different types of leaf samples. This 
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sensor is suitable for plant health monitoring in any small scale gardening applications 

such as nurseries and green houses.  

� This chapter describes two more sensors mainly designed to address the low cost 

temperature sensing solution issues for retail and supply chain. Initially, the smart 

material BST introduced in chapter 5 is integrated with tightly coupled IDC resonator to 

offer a real time temperature monitoring device. The experimental analysis of this sensor 

is illustrated in detail to establish its remarkable industry adoption prospects as an 

inexpensive perishable product monitoring device. This sensor also has an item tagging 

capability thanks to its ID equipped structure. 

� The other temperature sensor depicted in this chapter incorporates a novel thermal 

expansion based technique to empower sensing. The proposed sensor is built by 

adjoining two different metals having opposite thermal expansion characteristics. This 

sensor can operate in both the chipped and chipless domains although it offers higher 

sensitivity and temperature tolerance in the chipless version. These advantageous 

features eventually enhance the commercial feasibility of the sensor.  

     Chapter 9 provides a general idea of the chipless RFID reader architecture and briefly 

explains its operation. The main modules of the reader are described along with an overview 

of their inner components which make the interrogation system work by extracting data from 

tags and sensors. A brief review on the FMCW based RADAR interrogation technique which 

can facilitate an enhanced reading distance, is also delineated here. 

      In summary, this thesis proposed two time domain and six frequency domain passive 

compact chipless RFID sensors along with an item tagging device on low cost, planar and 

flexible substrates. All these products from the conducted research have tremendous potentials 

to resolve the IoT industry traction issues of PA, SHM as well as retail and supply chain. Thus, 

the research aim delineated in this thesis has been fulfilled through the development of 

inexpensive and commercially viable chipless RFID tag-sensing devices.     
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10.3. Recommendation and Future Work10.3. Recommendation and Future Work10.3. Recommendation and Future Work10.3. Recommendation and Future Work    

 
         Despite the enormous potential and exciting prospects, there exist a number of limitations 

in chipless RFID technology in terms of security, networking, mass production and 

deployment. This technology is still comparatively primitive and therefore, a huge room for 

improvement is present to bridge the gap from transducer concept validations to industry ready 

sensor development with desired functionalities. Considering the research activities carried out 

in this thesis, the following areas and open issues can be addressed in future.   

� The proposed spiral resonator based high data capacity tag uses linearly polarized 

integrated antennas which makes it orientation dependent. Commercial RFID tags often 

require orientation insensitive characteristics. Hence, in order to provide orientation 

independence, further research needs to be undertaken to develop a circular polarized 

antenna compliant to the designed tag.  

� The crack sensors presented in this thesis are designed on Taconic substrates and their 

responses are extracted only by looking at the instigated cracks on their respective 

surfaces. To make them commercially viable, a more real life scenario needs to be 

emulated by attaching these sensors to the concrete walls. It would be of significant interest 

to the SHM industry to observe how the sensors perform in the concrete environment.    

� The TDR based crack sensor can be manufactured on a thinner and more flexible substrate, 

which will make it highly sensitive to a crack opening.   

� The wide range of experimental data obtained from smart skin sensor can be utilised 

further to train a machine learning algorithm. Future research can be carried out to observe 

how well the algorithm can classify a random crack based on the training set.  

� In order to realise the envisaged SHM sensor using conductive paint based on smart skin, 

a multidisciplinary research approach needs to be undertaken. This would require the 

development of highly conductive paint and precise painting technique to form the smart 

skin blocks in a cascaded manner.  
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� The proposed soil moisture sensors need to be tested further on different types of soil such 

as clay, silty and peaty soils. These experimental analyses would allow the sensors to have 

different sets of calibration curves compliant to the soil type. This would result in an 

increased soil moisture monitoring accuracy using the designed sensors. 

� The soil salinity sensor introduced in this thesis only analyses the salinity (NaCl) variation 

of soil. It would be interesting to observe if the same monopole probe based sensor can 

detect the soil nutrient contents as well. Therefore, the future research can be directed to 

provide an investigation on NPK (Nitrogen (N), Phosphorus (P) and Potassium (K)) 

variation.   

� In order to take full advantage of the proposed smart sensors in this research, a number of 

frequency and time domain based chipless RFID readers need to be developed. These 

readers need to cover the required sensor frequency bandwidths based on different specific 

applications. For example, the SWB based crack sensor depicted in chapter 7 would 

require a time domain based reader to cover a frequency band of 2-20 GHz. 

� The low allowed power poses a limitation on the interrogation distance of chipless RFID 

that restrains this technology to have a reader–sensor distance of the same order of the 

active sensors. Hence, future research can adopt the FMCW RADAR based approach to 

interrogate the proposed sensors in this thesis. 

� Identifying new smart materials with multi-sensing capabilities and their RF 

characterization as well as various types of sensor design will certainly open a new 

research horizon in chipless RFID sensing technologies.  

� In order to make the proposed sensors available at low cost, a number of challenges would 

be required to overcome. These include the procurement of appropriate inexpensive 

substrate material that are compatible with microwave environment and formulating low 

cost conductive ink with high conductivity. Reduction of manufacturing cost of smart 

materials and the fabrication and printing cost of the sensors as a whole, also pose a great 
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challenge. Designing low cost transceiver circuits for the RFID readers or data loggers are 

also quite crucial to reduce the cost of the overall system.  

   Addressing these issues would be a revolutionary step towards the commercialisation of 

extremely low cost EM transduction based chipless RFID sensors. This will eventually pave 

the way for broadening the focus towards applied research and enable the widespread 

implementation of ambient intelligence or IoT. 
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