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CHAPTER 1 

INTRODUCTION 

1.1 Problem Statement 

The Cold-Supply-Chain (CSC) involves the delivery of fresh-food and 

pharmaceutical products that must be maintained within a controlled temperature 

environment from the manufacturer to the end-user. Hence, the CSC ensures the safety and 

quality of fresh-food products [1]. Furthermore, the CSC is important since 65% of the 

retail food market currently consists of fresh-food products [2]. Presently, temperature 

monitoring is conducted at three locations within the delivery cycle from the supplier to 

the consumer. Specifically, at the sending and receiving checkpoints and at the 

transportation containers [3]. Furthermore, the temperature conditions recorded from these 

locations are then used to assess the overall condition of the perishable products [3]. 

Consequently, this methodology of monitoring the quality of fresh-food products fails to 

account for the temperature conditions due to common anomalies that occur in the CSC 

(discussed in detail in Section 2.1) [2]-[5]. As a result, a fresh-food product could be 

exposed to damaging temperature conditions without the knowledge of the consumer.  

Moreover, in the CSC, 30% of fresh-food products are damaged during transit [3]. 

Additionally, in 2015, the global sales of organic food-products resulted to approximately 

$81.6 billion [5] and the total sales of biopharmaceuticals totaled to nearly $260 Billion 

[20]. The currently available technology for monitoring perishable food products are 

limited in one way or another. In summary, they require additional specialized software, 

are costly, require frequent battery changes, or do not provide real-time readings. Finally, 

due to the safety-risks, high consumption rates of fresh-food products, financial-risks 
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involved with transporting perishable goods, and drawbacks related to currently available 

sensor technologies, the designs of effective temperature sensors, which can provide 

continuous end-to-end monitoring in the CSC are conveyed in this research.  

1.2 Research Objectives and Contributions 

To design temperature sensors to provide end-to-end monitoring in the CSC and 

resolve the limitations in the currently available sensor technologies, the design of any new 

temperature sensor must concurrently have the following capabilities: (a) operate through 

purely passive technology (i.e., battery-less) in order to ensure operational longevity and 

cost-effectiveness, (b) monitor individual items or crates (i.e., operate wirelessly), (c) 

function in a continuous temperature monitoring mode (e.g., able to detect multiple cycles 

of hot-to-cold and cold-to-hot temperature variations), (d) operate without requiring any 

form of resetting (i.e.,  operate autonomously), and (e) have a compact form-factor so that 

it can be attached on items with various sizes in the CSC. In this research, three novel 

temperature sensors with these features are developed, designed, fabricated, and tested.  

1.3 Methodology 

The sensors designed in this research operate using the Radio Frequency 

Identification (RFID) platform. RFID technology consists of a wireless network of readers 

(or interrogators) and transponder tags that communicate through a standardized and robust 

communication protocol that can address all the desired attributes (mentioned in Section 

1.2) of the new sensors designed for the CSC in this research [6, pp. 141-144], [7, pp. 42-

46]. Specifically, this technology communicates (or transfers data) through a purely passive 

methodology, where the incident signal from the reader is returned (or reflected) back in a 
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modulated form by the tag, this technique is called backscattering modulation. In addition, 

each RFID tag consists of a unique Electronic Product Code (EPC) [6, p. 366], [8]. 

Accordingly, backscattering modulation is based on this code. Therefore, due to these 

functionalities, RFID is a favorable technology to support novel sensor designs since it is 

immune to environments with high clutter or large amounts of electromagnetic (EM) wave 

reflections from nearby objects. Also, RFID technology is proficient in operating with 

multiple RFID sensors in close-proximity (i.e., dense network environment) [7, pp. 7-9]. 

Moreover, when reading an RFID tag, RFID readers provide information on the following 

parameters: the frequency of operation, the EPC, and the transmit and receive power levels. 

Hence, these parameters serve as markers through which sensing can be performed. 

For the first time, the RFID temperature sensors designed here will utilize Liquid 

Crystal Elastomers (LCEs) to achieve continuous, autonomous, and battery-free 

functionality. LCEs are shape-morphing stimuli-responsive polymers that are 

programmable and reversible [9]-[14]. Temperature responsive LCEs are strategically 

incorporated into antenna designs to vary one of the above-mentioned parameters (i.e., 

frequency, tag ID, or receive/transmit power level) in a controlled manner. Also, ANSYS 

HFSS and ANSYS Circuit Designer are the software packages used for the design of the 

proposed sensors. 

In summary, due to the inherent operation of RFID communications (i.e., 

backscattering modulation of the EPC) and the incorporation of LCE technology, the 

proposed sensors will achieve all the desired properties that were described in Section 1.2 

(i.e., they are purely passive, and they operate continuously and autonomously). Finally, 

using antenna miniaturization techniques, the size of the proposed sensors is reduced. 
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1.4 Dissertation Outline   

The overview in chapter 2 presents important introductory information that 

supports the work done throughout this research; that is, the details pertaining to the Cold 

Supply Chain (CSC) and important technical features related to RFID technology. A 

comparative analysis of the available technologies for monitoring perishable items in the 

CSC, whose cumulative limitations provide the framework of our design objectives, is 

discussed in chapter 3. In chapter 4, the theory of Liquid Crystal Elastomer (LCE) 

technology and the relevant 4D printed LCE designs are discussed.  

Additionally, chapters 5, 6, and 7 detail the novel temperature sensors developed 

by this research. Specifically, the proposed designs consist of a frequency-shifting dipole 

antenna design, a frequency-switching patch antenna design, and a IC switching bow-tie 

antenna design. Finally, the conclusions for our designs and the future work regarding LCE 

integrated sensors are discussed in chapter 8.   
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CHAPTER 2 

OVERVIEW 

2.1 The Cold-Supply Chain (CSC) 

A significant variety of essential organic-foods and pharmaceutical products must 

be maintained within a controlled climate to ensure a safe quality for human consumption 

[3], [15]-[18]. The Cold-Supply-Chain (CSC) is intended to provide such an environment 

during the delivery of perishable items [17]. As a result, the CSC ensures the longevity, 

safety, and quality of fresh-food products. Moreover, during the delivery phase, items must 

be maintained within a temperature range of -1° to 10° C to minimize metabolic and 

microbial deterioration or spoilage [1], [17], [18]. Conversely, when fresh-food products, 

such as, fruits, vegetables, and meats, are exposed to excessively high or low temperatures, 

they experience discoloration and loss of nutrients [17]. Additionally, medicinal products, 

such as, insulin, vaccines, medication, and blood-products, can lose potency [18].   

Furthermore, the demand of the CSC is currently increasing. That is, due to 

increasing populations, developing nations, technology advancements, and supportive 

federal regulations, the CSC has become critical to the growth of global trade and to the 

worldwide availability of food and health supplies [19], [20]. As briefly mentioned in 

Section 1.1, common anomalies can occur along the delivery cycle in the CSC where 

temperature monitoring is overlooked [3], [4]. Additionally, the supply-chain is often 

complex, involving many stages from the crop-extraction to the end-user, refer to Figure 

2.1. This complexity increases the probability of a fresh-food product being exposed to 

excessive temperatures due to various anomalies. Common anomalies that can happen are 

malfunctioning refrigeration equipment and extended wait-times at loading/unloading 
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2.3 RFID Sensing 

The functionalities of RFID technology are summarized in the flow chart of Figure 

2.2.  

 
Figure 2.2. RFID operational block-diagram. 

Accordingly, RFID systems can operate in the near-field. However, this method is limited 

to close-proximity applications [7, pp. 11-12, 284-286], [32, pp. 26-27, 30-33, 68-70]. 

Alternatively, RFID can operate in the far-field using radiated EM fields, which is preferred 

in applications that require longer range [7, p. 28, 111-114], [32, pp. 26-27]. Moreover, as 

described in Section 2.2, RFID was originally designed for tasks related to cataloging and 

identification [7, pp. 15-22]. However, in recent years, RFID technology has evolved into 

sensing applications [8], [25], [26], [27]. Sensing through RFID technology can be 

accomplished through two methods.  

The first method which is the most common, consists of using separate on-board 

sensors in the form of integrated circuits (ICs) that perform the sensing function. The 

analog data is digitized and down-linked to the reader. Unfortunately, this type of RFID 

sensor topology comes with a variety of inconveniences. Specifically, proprietary software 

is required to decode and process the digitized data, limited-operational usage due to an 

active system design (e.g., requires batteries), and high costs related to the additional 

components and required maintenance [28]-[31].  
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CHAPTER 3 

RELATED WORK 

 Commercial RFID sensors for monitoring the temperature of perishable goods 

within the Cold-Supply-Chain (CSC) are currently available. Additionally, a variety of 

novel RFID temperature sensor designs have been published and they are applicable to the 

CSC. Both these categories of sensors are examined in the following sections. 

3.1 Commercially Available Temperature Sensors for the CSC 

Currently, commercially available RFID temperature sensors are available for the 

CSC [28]. For example, the Sensor Temperature Dogbone from Smartrac [46]. This RFID 

sensor-tag consists of a passive design that utilizes the Axzon Magnus S3 IC, which serves 

as the temperature sensor. The analog temperature data is digitized and wirelessly down-

linked to the reader through a specialized EPC. Unfortunately, the digitized data requires 

additional specialized software for decoding and processing the temperature data. This 

adds an additional layer of complexity, which makes the CSC dependent and vulnerable to 

issues related to malfunctioning software and/or corresponding hardware.  

As another example, there are the Freshtime Tags from Infratab [47], [48]. These 

sensors monitor and track perishable items in the CSC. Moreover, each sensor consists of 

a separate battery-powered temperature sensor separated by a certain length from a 

writable-RFID IC from which the sensor data is wirelessly extracted using the RFID 

platform. Also, these tags are made of various lengths ranging from 4 cm to few hundreds 

of centimeters long to separate the RFID IC from the temperature sensor. This is done to 

accommodate various dimensions of packages and position the temperature sensor as close 
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In summary, although these sensors present satisfactory methods of monitoring 

temperature conditions in the CSC, they have limitations in one way or another. 

Particularly, they are costly since their semi-passive and active designs equate to additional 

complex circuitry. Also, they require batteries; therefore, they have a limited life-span 

and/or require constant battery replacements (in some cases this can only be done by the 

manufacturer, which further complicates the process). Furthermore, these designs require 

specialized software to decode the temperature data and as mentioned earlier, this creates 

vulnerabilities in the robustness of the CSC. Finally, many of these sensors serve as data-

loggers. This means that sensing data is taken at various time-intervals, which creates the 

possibility to miss events, where adverse temperature conditions may exist. This limiting 

capability is dangerous as bacteria growth can double in just twenty minutes in excessive 

temperatures (i.e., near 70°-120° F) [51].  

3.2 Published Temperature Sensors  

` The increased interest in wireless communication and identification has led to the 

development and expansion of numerous novel sensor technologies. The RFID platform 

operates efficiently in highly-dense and cluttered environments and consists of a simplistic 

and cost-effective network of tags and readers. As a result, RFID technology is often 

examined for sensing applications by researchers. The following are unique temperature 

sensors that are applicable to the Cold-Supply-Chain.  

The first sensor is a passive RFID tag for heat sensing applications, which is 

developed by researchers at Tampere University of Technology in Finland [52]. This 

sensor consists of a customized designed antenna that is placed on a substrate (or dielectric) 
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of paraffin wax. As the paraffin wax begins to melt due to high temperature exposure, the 

properties (of the surrounding medium) are altered, which de-tunes the operating frequency 

of the tag. This de-tuning in the operating frequency conveys the change in the surrounding 

temperature.   

 Additionally, another sensor developed by researchers at Massachusetts Institute 

of Technology and University of Kansas expresses changes in the temperature through the 

controlled shifts in the operating frequency within the UHF RFID frequency band [53]. 

The sensor consists of a stationary dipole antenna. Under this antenna, at some distance, a 

metal plate is positioned. Moreover, under this metal plate, a temperature-activated support 

made from a shape memory polymer is placed. At a certain temperature (in this case 7° C), 

this polymer transitions from a flexible state to a rigid-state at which point it raises the 

metal plate closer to the stationary antenna. Through the change in the parasitic capacitance 

between the metal plate and the antenna, a change in the operating frequency occurs. 

Finally, the degree of displacement in the height of the metal plate is considered in the 

design to develop controlled shifts in the operating frequency.   

Thirdly, a temperature sensor is designed which conveys changes in temperature 

by switching operation between one of two onboard RFID ICs [54]. This sensor comprises 

of a customized dipole antenna structure which consists of a dual T-match feed networks 

to accommodate both RFID ICs [25]. Moreover, a temperature switch is made from a shape 

memory alloy (i.e., Nitinol which is a Nickle-Titanium alloy). The switch is situated in 

such a way that it shorts the feed connected to one of the RFID ICs. At elevated 

temperatures, the Nitinol switch is triggered into a rigid state at which point the short is 
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CHAPTER 4 

LIQUID CRYSTAL ELASTOMERS (LCEs) 

4.1 Liquid Crystals, Polymers, and Elastomers 

A compound in the liquid state is isotropic when the properties (e.g., viscosity and 

surface tension) are uniform in all directions. In contrast, crystals exhibit properties which 

vary with direction; consequently, they are anisotropic. Liquid-Crystals (LC) consist of 

compounds that exist in a phase that demonstrate properties of both liquid and crystal-

solids; that is, fluidity and order in molecular-orientation, respectively [ 55 ], [ 56 ]. 

Furthermore, polymers are large molecules formed by the continuous bonding of smaller 

molecules, known as monomers [57]. The polymerization (or combining) of monomers 

that exhibit liquid crystal properties couple the molecular-orientation order of the 

molecules into an elastic material. This provides the potential of such polymers to be 

customizable and offer reversible shape changing in desired directions when stimulated 

[56]. However, this reversible actuation (return to the natural state without any physical 

intervention) is actually achieved through cross-linking these polymer chains in an aligned 

(ordered) state as shown in Figure 4.1 [58], [60].  
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Figure 4.1. Cross-linked LC polymer chains aligned in the ordered state. 

Furthermore, the liquid crystals in the polymer chain exist in the nematic phase. 

That is, they maintain orientational order. Upon applying a heat stimulus, the molecules 

undergo a phase transition with a large disruption in the molecular order into an isotropic 

state [59]. Consequently, this phase transition results in the actuation of the substrate, 

which is made from these aligned polymer chains. Moreover, due to the aligned polymer 

cross-linking, the substrate returns to the original shape as the stimulus is removed. The 

reversible actuation through the transition of the nematic and isotropic states are depicted 

in Figure 4.2.  

 
Figure 4.2. Actuation due to the LC polymer transition from the nematic phase to the 

isotropic phase when stimulated.  

The general liquid-crystal-polymers described above differ from liquid-crystal-

elastomers (LCEs) by the extent to which molecular-orientation-order can be diminished 
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in the material when presented with a stimulus, such as, temperature-differential, UV light, 

and various solvents. Additionally, this disruption in the molecular-orientation-order is a 

quantifiable metric [56], [60]. Accordingly, in the case of LCEs, a large differential in the 

orientational order takes place when excited with a stimulus [56]. In this research, we focus 

on temperature reactive LCEs or thermotropic LCEs. In summary, LCEs are temperature-

responsive polymers that undergo large, reversible, anisotropic shape changes without any 

external load application [58], [59], [60]. 

4.2 LCE Thin Film Actuation 

The orientation of the liquid crystal molecules in the polymer chain define the 

nematic director. When a heat-stimulus is applied, the aligned LCE polymer chains 

contract along the nematic director and a net strain is experienced in the perpendicular 

directions, and as the stimulus is removed the polymer chains revert back to their original 

configurations [62], [60]. Various methods to align and arrange LCE polymer chains exist 

with high spatial resolution to create thin film LCEs. However, these thin films are limited 

to a maximum thickness of 100µm [60]. Moreover, through a graded variation in the 

orientation of the nematic directors in respect to the thickness of LCE films, one can obtain 

customized twists and turns from LCE films when they are stimulated, such a graded 

nematic director variation is shown in Figure 4.3. Thus far, this LCE technology has proven 

to be resilient. According to [ 61 ], 100,000 actuation cycles have been successfully 

conducted without any failure. 
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Figure 4.3. Hierarchical neamatic vector to obtain various twist and curves.  

Novel reversible temperature-responsive helical antennas using thin-film LCEs 

with graded nametic directors were designed, fabricated and tested in [59]. A thin 

aluminum layer was glued to the LCE to create the conducting antenna traces. As the 

temperature increased (from 30º C to 92º C), the antenna design transformed from a linear 

element to a helical element, which varied the operating frequency and radiation pattern.   

4.3 4D Printed LCE Technology 

4D printed technology refers to 3D printed structures that can transform their shape 

after printing [52], [60]. As mentioned earlier, LCE films are limited to a thickness of 

100µm. Therefore, they are restricted to the amount of actuating force that they can exert 

[62]. Fortunately, the additive manufacturing process conveyed by 3D printing provides a 

constructive solution to this limitation of thin film LCEs. That is, it allows for the additional 

layering of the LCE filament, which provides a larger exertion force. Also, the shearing-

force inherent to the 3D printing motion can be used to induce the desired alignment of the 

LCE filament. In other words, the molecular alignment of the LCE filaments coincide with 

the print path [52], [60], refer to Figure 4.4.  
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Figure 4.4. Molecular alignment of the LCE polymer chains coincides with the print 

path. 

Therefore, depending on the print path, one can pre-program the desired anisotropic 

shape-response for when a stimulus is applied [52], [60]. Furthermore, to obtain additional 

design variability for 4D printed LCE actuators, graded or hierarchical control along with 

the 3D printing shearing method can be utilized and this was first demonstrated in [60]. 

Accordingly, innovative actuator designs have been created. The primary example is the 

Archimedean spiral, which transforms into a dome shape upon stimulation. This is possible 

because the nematic director varies azimuthally around the center point [52], [60]. As 

another example, the bilayer-thick-twisting-film that consists of two layers in which the 

molecular orientation is varied through the thickness of each layer. The orientation 

difference between the top and bottom layers create various twisting orientations [60]. 

Moreover, there is the thick-checkered-porous structure, which consists of 16 layers of 

LCE film. Each layer consists of a 90° molecular-phase orientation difference. Hence, upon 

receiving a stimulation, the layers contract and the pores shrink in area [60]. Finally, all 

these structures are stimulated with increasing temperature that ranges from 30° C to 

160° C. 

 In this research, we have utilized the 4D printed Archimedean spiral design. This 

design is chosen because it transforms into a cone shape (when stimulated), which is a 
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deactivated) while RFID IC 2 port is open. These measurements are depicted in Figure 

7.15. 

 
Figure 7.15. Simulated and measured input impedances at RFID IC 1 port. 
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Figure 7.16. Simulated and measured PTC at RFID IC port 1. 

Moreover, the corresponding PTCs are plotted in Figure 7.16. According to Figures 7.15 

and 7.16, the measured and simulated impedance at RFID IC 1 port agree very well. These 

results indicate good matching when the switch is deactivated and the intentional 

degradation in the matching when the switch is activated. Also, Figure 7.16 shows that 

when the switch is activated and deactivated, the power flow to RFID IC 1 is minimized 

and maximized, respectively. 

 To further examine the power-flow switching capability of the design, the same test 

is conducted for RFID IC 2 port. Namely, the measurements are performed at RFID IC 2 

port with RFID IC 1 port open. The simulated and measured results for this case are 

depicted in Figure 7.17.  
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Figure 7.17. Simulated and measured PTC at RFID IC port 2. 

 

 
Figure 7.18. Simulated and measured PTC at RFID IC port 2. 

Furthermore, the corresponding PTCs are plotted in Figure 7.18. It is clearly seen from 

these results that the measurements agree well with simulations and confirm the intended 
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operation of the design. Specifically, when the switch is deactivated and activated, the 

power flow to RFID IC 2 is minimized and maximized, respectively.  

7.5 Validation of Temperature Sensor 

The final design of the sensor is depicted in Figure 7.19. 

 
Figure 7.19. RFID temperature sensor with cold-responsive LCE array. 

The mechanical switch has been fitted with a customized housing consisting of two parts. 

The first part is a stationary housing, which is anchored to the base of the switch. The 

second part consists of a platform to support the LCE array and is situated on the lever of 

the switch. When the environmental temperature is lower or equal than approximately -10° 

C, the LCE is activated (i.e., cold-responsive LCE) and it pushes against the stationary 

housing and triggers the switch. When the environmental temperature rises and becomes 

larger than approximately -10° C, the LCE returns to its relaxed state and the switch returns 

to its original position on its own.  
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The temperature sensing ability of the RFID passive sensor is tested using the 

ThingMagic RFID reader as detailed here. The test setup is depicted in Figure 7.20. 

 
Figure 7.20. RFID temperature sensor with RFID reader inside freezer at room-

temperature. 

To distinguish which RFID ICs are read during the different stages of the test, the “Tag 

Aging” feature is activated in the RFID reader’s software. This feature highlights in gray 

any unreadable tags within the read range of the reader. Initially, the sensor is placed inside 

a non-operating freezer. Therefore, the inside volume of the freezer is at room temperature 

(i.e., 23° C). Since the cold-responsive LCE is not activated at such temperatures, the 

switch is also not activated and the RFID reader senses only the ID of RFID IC 1, as shown 

in Figure 7.21.   
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Figure 7.21. Only RFID IC 1 is read at room temperature. 

Subsequently, the RFID reader is removed from the freezer while the sensor stays 

inside the freezer. Then, the freezer is shut and turned on. We allow the freezer to cool for 

30 min to a temperature of approximately -15º C. Then, the RFID reader is reinserted into 

the freezer as shown in Figure 7.22. 

 
Figure 7.22. RFID temperature sensor with RFID reader inside freezer at -15° C. 

In this case, we see that due to the cold temperature the cold-responsive LCE has activated 

the switch and only the ID of RFID IC 2 is read, as shown in Figure 7.23. 
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8.2 Future Work 

Experimentation with flexible substrates is important to accommodate packages of 

irregular shapes and sizes. Furthermore, printed antennas on full LCE substrates may be a 

new gateway for compact and cost-effective sensor systems. Also, reconfigurable RF 

components, such as, waveguides, filters and couplers, can incorporate LCEs to provide 

novel sensor designs. Additionally, the development of simple and cost-effective RFID 

temperature sensors, which stay ON at certain temperatures while they detune and turn 

OFF at certain temperature-thresholds, could be explored using antennas with LCEs. 

Finally, LCE technologies that respond to IR light and (hot or cold) water could be utilized 

in new sensors for various applications.  

 

 

 

 

 

 

 

 

 

 

 

 



150 

 

 

[11]  Kularatne, R., Kim, H., Boothby, J. and Ware, T. (2017). Liquid crystal elastomer 

actuators: Synthesis, alignment, and applications. [online] Wiley Online Library. 

Available at: https://doi.org/10.1002/polb.24287 [Accessed 24 Aug. 2018]. 

[12]  J. S. Gibson, X. Liu, S. V. Georgakopoulos, J. J. Wie, T. H. Ware and T. J. White, 

"Reconfigurable Antennas Based on Self-Morphing Liquid Crystalline Elastomers," 

in IEEE Access, vol. 4, pp. 2340-2348, 2016. 

[13]  Y. Shafiq, J. S. Gibson, H. Kim, C. P. Ambulo, T. H. Ware and S. V. 

Georgakopoulos, "A Reusable Battery-Free RFID Temperature Sensor," in IEEE 

Transactions on Antennas and Propagation, vol. 67, no. 10, pp. 6612-6626, Oct. 

2019. 

[14]  C. Liu, H. Qin and P. Mather, "Review of progress in shape-memory polymers", 

Journal of Materials Chemistry, vol. 17, no. 16, p. 1543, 2007. Available: 

10.1039/b615954k [Accessed 24 January 2019]. 

[15]  P. Kumar, H. Reinitz, J. Simunovic, K. Sandeep and P. Franzon, "Overview of RFID 

Technology and Its Applications in the Food Industry", Journal of Food Science, 

vol. 74, no. 8, pp. R101-R106, 2009. 

[16]  K. Biji, C. Ravishankar, C. Mohan and T. Srinivasa Gopal, "Smart packaging 

systems for food applications: a review", Journal of Food Science and Technology, 

vol. 52, no. 10, pp. 6125–6135, 2018. 

[17]  Ams.usda.gov. (2008). Protecting Perishable Foods During Transport by Truck. 

[online] Available at: 

https://www.ams.usda.gov/sites/default/files/media/TransportPerishableFoodsbyTr

uck%5B1%5D.pdf [Accessed 5 May 2018]. 

[18]  Temptrust.mesalabs.com. (2001). Recommendations on the control and monitoring 

of storage and transportation temperatures of medicinal products. [online] Available 

at: https://temptrust.mesalabs.com/wp-

content/uploads/sites/47/2012/05/MHRAcon007569.pdf [Accessed 5 May 2018]. 

[19]  “Cold Chain - Why Is It Growing So Fast?,” The Logistics of Logistics, 23-Mar-

2018. [Online]. Available: https://www.thelogisticsoflogistics.com/cold-chain-

growing-fast/. [Accessed: 20-Oct-2018]. 

[20]  Trade.gov. (2016). 2016 Top Markets Report Cold Supply Chain. [online] Available 

at: https://www.trade.gov/topmarkets/pdf/Cold_Chain_Top_Markets_Report.pdf 

[Accessed 28 Oct. 2019]. 

[21]  United World Transportation. (2018). The 4 Most Common Cold Chain Logistics 

Problems Truckers Face and Tips for Solving Them. [online] Available at: 
 



151 

 

 

https://unitedworldtransportation.com/4-common-cold-chain-logistics-problems-

truckers-face-tips-solving/ [Accessed 6 May 2018]. 

[22]  Rfidjournal.com. (2019). Georgia Tech. [online] Available at: 

https://www.rfidjournal.com/articles/pdf?4760 [Accessed 7 Dec. 2019]. 

[23]  Foster, K. and Jaeger, J. (2019). RFID Inside: The murky ethics of implanted chips. 

[online] Repository.upenn.edu. Available at: 

https://repository.upenn.edu/cgi/viewcontent.cgi?article=1098&context=be_papers 

[Accessed 7 Dec. 2019]. 

[24]  Brandl, Martin & Kellner, Karl-Heinz & Grabner, G & Grabner, J. (2010). Utilizing 

RFID Technology for Biomedical Sensor Applications. IFMBE Proceedings. 25. 

131-133. 

[25]  C. Occhiuzzi, S. Caizzone and G. Marrocco, "Passive UHF RFID antennas for 

sensing applications: Principles, methods, and classifcations," in IEEE Antennas 

and Propagation Magazine, vol. 55, no. 6, pp. 14-34, Dec. 2013. 

[26]  C. Occhiuzzi and G. Marrocco, "Constrained-Design of Passive UHF RFID Sensor 

Antennas," in IEEE Transactions on Antennas and Propagation, vol. 61, no. 6, pp. 

2972-2980, June 2013. 

[27]  G. Marrocco, "Pervasive electromagnetics: sensing paradigms by passive RFID 

technology," in IEEE Wireless Communications, vol. 17, no. 6, pp. 10-17, 

December 2010. 

[28]  P. Kumar, H. Reinitz, J. Simunovic, K. Sandeep and P. Franzon, "Overview of RFID 

Technology and Its Applications in the Food Industry", Journal of Food Science, 

vol. 74, no. 8, pp. R101-R106, 2009. 

[29]  Smartrac-group.com. (2019). SENSOR TEMPERATURE DOGBONE - RFID - 

Smartrac. [online] Available at: https://www.smartrac-group.com/sensor-

temperature-dogbone.html [Accessed 23 Jul. 2019]. 

[30]  Infratab Inc. (2018). Freshtime tags. [online] Available at: 

http://infratab.com/freshtime-tags/ [Accessed 7 Jul. 2018]. 

[31]  Rfidjournal.net. (2018). [online] Available at: 

http://www.rfidjournal.net/masterPresentations/live2009/np/Finalist_IDS_Microsh

ip.pdf [Accessed 7 Jul. 2018]. 

[32]  Finkenzeller, K. RFID Handbook: Fundamentals and Applications in Contactless 

Smart Cards, Radio Frequency Identification and near‐Field Communication. 2nd 

ed. Chichester: John Wiley & Sons, Ltd, 2003.  

 



152 

 

 

[33]  C. A. Balanis, Antenna theory analysis and design, 3rd ed. Hoboken, NJ: Wiley, 

2005. 

[34]  J. D. Kraus, Antennas, 2nd ed.  New York: McGraw-Hill, 1988. 

[35]  Alientechnology.com. (2019). [online] Available at: 

http://www.alientechnology.com/wp-content/uploads/ALC-360-SOT%20Higgs-

3%20SOT%20(2016-11-03).pdf [Accessed 20 Mar. 2018]. 

[36]  T. Bjorninen, M. Lauri, L. Ukkonen, R. Ritala, A. Elsherbeni and L. Sydanheimo, 

"Wireless Measurement of RFID IC Impedance", IEEE Transactions on 

Instrumentation and Measurement, vol. 60, no. 9, pp. 3194-3206, 2011. 

[37]  K. RamaDevi, A. M. Prasad, and A. J. Rani, Design of RFID Tag Antennas at UHF 

Band with Different Materials, 1st ed. Beau-Bassin, Mauritius: LAMBERT 

Academic Publishing, 2018, p. 53. 
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