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ABSTRACT OF THE MASTER’S THESIS 

STRUCTURAL HEALTH MONITORING INSIDE CONCRETE AND GROUT USING 

THE WIRELESS IDENTIFICATION AND SENSING PLATFORM (WISP) 

by 

Elicek Delgado-Cepero 

Florida International University, 2013 

Miami, Florida 

Professor Stavros Georgakopoulos 

This research investigates the implementation of battery-less RFID sensing 

platforms inside lossy media, such as, concrete and grout. Both concrete and novel grouts 

can be used for nuclear plant decommissioning as part of the U.S. Department of 

Energy’s (DOE’s) cleanup projects. Our research examines the following: (1) material 

characterization, (2) analytical modeling of transmission and propagation losses inside 

lossy media, (3) maximum operational range of RFID wireless sensors embedded inside 

concrete and grout, and (4) best positioning of antennas for achieving longer 

communication range between RFID antennas and wireless sensors.  Our research uses 

the battery-less Wireless Identification and Sensing Platform (WISP) which can be used 

to monitor temperature, and humidity inside complex materials. 

 By using a commercial Agilent open-ended coaxial probe (HP8570B), the 

measurements of the dielectric permittivity of concrete and grout are performed. 

Subsequently, the measured complex permittivity is used to formulate analytical Debye 

models. Also, the transmission and propagation losses of a uniform plane wave inside 

grout are calculated. Our results show that wireless sensors will perform better in 



vi 

concrete than grout. In addition, the maximum axial and radial ranges for WISP are 

experimentally determined. Our work illustrates the feasibility of battery-less wireless 

sensors that are embedded inside concrete and grout. Also, our work provides 

information that can be used to optimize the power management, sampling rate, and 

antenna design of such sensors. 
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1. INTRODUCTION 

1.1 Motivation 

  In the last few decades, the United States Department of Energy (DOE) has been 

involved in the decommissioning of industrial, radiological and nuclear facilities [1]. 

Internationally adopted decommissioning methods are: (1) Immediate dismantling 

(DECON), (2) Safe Enclosure (SAFSTOR) (delayed DECON), and (3) Entombment 

(ENTOMB) [2]. Methods (1) and (2) require conventional cleaning mechanisms by 

properly packaging, transporting, and disposing any nuclear waste inside the facility [3].  

After several controls, these facilities can be reused, if applicable. However, these two 

methods are proven to be too costly and time consuming. In addition, in certain cases, 

there are no available places for disposing this nuclear waste. Therefore, option (3), 

entombment of nuclear facilities with concrete and/or novel grouts, is considered a viable 

solution. 

 These nuclear facilities, in most cases, are concrete structures. Therefore, the 

decommissioning strategy chosen by the DOE was to isolate these structures by filling 

them with novel building materials, such as, flowable grouts. For that matter, in current 

years, the DOE has been involved in investigating novel flowable filling grouts than can 

contain the radioactive material inside the plant's concrete walls and foundation slabs 

without leaking and have a long lifetime in the order of hundred years. These buildings 

are planned to be abandoned in place, which is significantly less expensive than the 

alternative, which involves the demolition of the facilities, as well as packaging, 

transporting, and disposal of nuclear waste. However, even though such decommissioned 
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facilities will not be functional, it is necessary to monitor the behavior of concrete and 

grout after being poured into the structure. Consequently, a monitoring sensor system is 

needed in order to collect real-time data of temperature, humidity and fluid transport 

inside the decommissioned structure.   

Research Focus 

 The aim of this research is to study the applicability of battery-less wireless 

sensors or platforms inside concrete structures filled with either concrete or grout. The 

Wireless Identification and Sensing Platform (WISP) created by Intel Labs combining 

sensors, computational resources, and a wireless transceiver will be the tested device for 

this study [4]. The WISP will be used for real-time data collection inside concrete and 

grout structures. As part of this research, we will study the electromagnetic waves 

propagation into such materials will be studied. Analytical modes, taking into account the 

material losses are essential for understanding the attenuation that of wireless signals 

inside lossy media, such as concrete and grout. Also, experimental results regarding the 

maximum radial and axial operational ranges are provided in order to identify the best 

positioning of sensors inside such materials. Another aspect analyzed is the coupling 

between a commercial RFID antenna and the WISP in order to determine the optimal 

distance between the antennas that provides maximum efficiency. Our objective is to be 

able to measure temperature inside concrete or grout using battery-less sensors. 

1.2 Research Purpose and Difficulties 

 The purpose of this research effort is to investigate the feasibility of structural 

health monitoring (SHM) for decommissioned nuclear plants using the WISP. This 
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research is applicable to nuclear plants that will be filled with a flowable grout or 

concrete and left for many years. There are four key components for our work: (1) 

material characterization, (2) mathematical modeling of transmission and propagation 

losses inside lossy media, (3) determination of maximum operational ranges for sensor 

placement, and (4) determination of maximum efficiency between the antennas for 

improved operational range. 

Material Characterization 

  As part of this study, material characterization techniques are reviewed. Resonant 

and non-resonant methods were explained regarding methodology, benefits and 

challenges. Different methods for measuring complex dielectric permittivity,	ߝ௥, of 

materials are examined. Specifically, there are three principal methods for evaluating the 

complex relative dielectric permittivity of materials, such as the open-ended coaxial 

probe method, the transmission-line method, and the resonant-cavity method [5]. Special 

attention will be given to the open-ended coaxial probe method since it is the available 

technique for this research. The obtained knowledge about the dielectric permittivity of 

the materials of interest (i.e., grout and concrete) will allow the further assessment of 

losses that a communication signal will suffer while traveling through this media.  

Analytical Model for Losses Inside Lossy Media 

 Following the characterization of the desired material, analytical models of 

transmission loss,	ܣ௧, and propagation loss,ܣ௣, inside grout are developed. These models 

are developed by assuming that an ideal uniform plane wave impinges on the medium of 

interest (i.e, grout). Similar models have been derived for concrete in [6]. The analytical 
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model contributes to the understanding of the physical interaction between 

electromagnetic waves and the media that contain wireless sensors. Also, such models 

can help in the design of optimal communication links and optimal placement of sensors.  

Radiofrequency Identification (RFID) 

  Nowadays, there are many commercial wireless sensors on the market. However, 

RFID wireless sensors are very attractive solutions for several monitoring applications. 

Radiofrequency Identification (RFID) operates on the Industrial, Scientific, and Medical 

(ISM) band that comprises frequency range from 902 to 928 MHz. RFID technology 

provides unique features, such as, identification of tags for asset tracking and inventory. 

Also, since RFID tags can be small and cheap, they can be used in wireless sensor 

networks. However, for SHM, the most advantageous feature of RFID is the 

backscattering modulation that is employed to establish communication between an RFID 

reader and its tags. Power supply is a major constraint of wireless sensors embedded 

inside concrete or grout. On the other hand, backscattering modulation can 

simultaneously supply power to and communicate with an RFID tag. Therefore, RFID 

tags, such as the WISP can provide distinctive real-time monitoring and computational 

capabilities without a battery on-board.  

Wireless Identification and Sensing Platform (WISP) 

 The Wireless Identification and Sensing Platform (WISP) was developed through 

collaboration between Intel Research Labs and the University of Washington. This 

battery-less wireless sensing platform combines sensing with computational resources 

and wireless power harvesting. Through proper power management the WISP can 
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achieve a range of approximately 10 feet in air. Also, the WISP has been used for 

applications, such as, harvesting solar power [7], measuring strain in carbon fiber 

composites [8], and measuring body positions and movements during sleep [9]. However, 

most applications have used the WISP in air. Our work investigates the performance of 

WISP inside materials, such as concrete and grout. 

Sensor Placement 

 This work also examines the best possible positioning of wireless sensors inside 

concrete and grout. Such sensors can be utilized to collect data that can help monitor the 

behavior of grouts and concrete after they have been poured. Another design aspect for 

wireless sensors embedded in concrete/grout relates to damage of the circuitry due to the 

chemical reactions occurring inside concrete/grout while curing. Therefore, proper 

circuitry packaging must be used that will not stress the electronic components, but will 

protect the circuitry inside harsh environments, such as concrete and grout [10].   

1.3 Significance of this Research 

 The significance of this research relates to the feasibility study of battery-less 

wireless sensors embedded inside concrete and grout for decommissioning of nuclear 

plants. A battery-free wireless structural health-monitoring platform that can monitors the 

curing temperature of concrete and grout, and other parameters, such as humidity and 

strain, is very important for a better understanding of concrete and grout behavior after 

they are poured inside a nuclear plant. First, the media, i.e., concrete and grout, where the 

sensors were embedded were studied regarding their electrical properties. Previous 

studies were performed for concrete for determining its dielectric permittivity [11]. Also, 
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analytical models, which calculated the losses suffered by a uniform plane wave 

penetrating concrete, have been developed [6]. However, novel decommissioning grouts, 

like the one used for this study, have not been studied and their electrical properties are 

not known. Therefore, this study presents relevant and new knowledge regarding the 

following: (a) the electrical properties of novel nuclear decommissioning grouts, and (b) 

the amount of losses that EM waves experience when they penetrate and propagate in 

such grouts.  

 Understanding these losses allowed us to analyze and simulate the behavior of 

RFID tags, such as, WISP, and optimize their operational range and antenna designs. 

WISP was used as the monitoring platform and the following analyses were conducted: 

(1) determination of maximum operational ranges for sensor placement, and (2) 

determination of maximum efficiency between the antennas for improved operational 

range. The WISP is very flexible since it allows the utilization of different sensors. 

Specifically, WISP can measure temperature, humidity, strain, acceleration, etc. 

Depending on the power needed for each sensor, WISP may require circuitry changes. 

Although the proposed application for this research is monitoring unused nuclear 

reactors, this study can be applied to monitoring other structures, such as bridges, roads, 

and buildings.  

 Currently, this platform is working with single RFID tags not related to each 

other. However, there is undergoing work for linking more than one WISP. Since most 

applications for the WISP have been developed in air, this research studies the 

performance of WISP inside lossy media, such as concrete and grout. Our work provides 

important experimental data regarding the maximum communication range. In addition, 
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our work analyzes the coupling between the RFID antenna and the WISP, which can be 

used to improve their communication link, by resulting in longer operational ranges.  

1.4 Structure of Thesis 

 The application of the proposed environmental monitoring platform deals with the 

monitoring of environmental parameters, such as temperature, and humidity during and 

after concrete and grout curing. First, Chapter 2 reviews traditional methods for 

decommissioning nuclear plants in North America. Additionally, it reviews current 

technologies for performing SHM. Characteristics of wired and wireless sensors are 

compared in terms of the following: (1) available technologies, (2) advantages, (3) 

disadvantages, and (4) power harvesting techniques and challenges. 

 Chapters 3 and 4 cover the characterization materials in order to accurately model 

the signal propagation inside construction materials. Specifically, the material of grout is 

modeled using an extended Debye material model. Subsequently, the transmission and 

propagation losses, ܣ௧, and,	ܣ௣, respectively, were calculated. These losses are very 

important as they decrease the delivered power to WISPs that are embedded in concrete 

or grout. 

 Chapter 5 discusses the WISP in terms of its operation, hardware, and firmware. 

Also advantages and disadvantages of WISP are discussed. Finally, Chapter 6 provides 

the results of two experimental setups: (1) determination of maximum operational range 

for the WISP while embedded inside concrete and grout, and (2) determination of 

maximum efficiency between the RFID antenna and the WISP while embedded inside 
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concrete and grout. Finally, conclusions are offered as well as future work 

recommendations.  
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2. BACKGROUND 

 In this chapter, the in-situ or entombment decommissioning process in nuclear 

plants is reviewed. It covers the principles and challenges of in-situ decommissioning, 

and briefly reviews current technologies and power constraints.   

2.1 In-Situ Decommissioning of Nuclear Plants 

  Currently, the U.S. Department of Energy (DOE) is trying to reduce the footprint 

of many obsolete nuclear reactors all around the country. Therefore, in-situ 

decomissioning of unused nuclear facilities via the filling of these structures with certain 

types of grout is the chosen strategy. Since most nuclear plants are located in remote 

areas, it was proposed to simply fill out the underground canals and demolish the 

remainder of the buildings. Underground grout-filled structures will be enclosed within a 

concrete slab for security. After several studies, it has been determined that in-situ 

decommmisioning is a more cost-effective technology than the disposal, packaging, and 

transportation of decomissioned nuclear plants. However, challenges such as 

understanding the temperature variations while the concrete and grout are curing were  

properly studied. Another key aspect for the use of a cementitious material for isolation 

purposes is that it is flowable and successfully cover the canals. For that purpose, the 

DOE has been involved in the research of novel flowable grouts that can successfully 

isolate these structures. 

 For better undestanding, Figure 2.1 shows a cross-sectional view of a nuclear 

plant. Inside a nuclear facility, there is a reactor vessel surrounded by underground 

canals, where the radioactive materials used to flow. These underground canals are solid 
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concrete structures that prevent leakage of these radioactive materials into the ground 

water level. Canals chases that will be disposed of have an elevation of 20 feet. For 

analysis purposes, a simplified entombment cross-sectional view is provided in Figure 

2.2. 

 

Figure 2.1 Cross-sectional view of a nuclear plant. 

 Current studies conducted by DOE and the Applied Research Center at Florida 

International University (ARC-FIU) started by studying the heat of hydration of these 

novel grouts. An experimental setup was developed where a test cube was filled with 

mixture Zero-Bleed-Flowable-Fill-No.8 Gravel Diutam Grout (PR-ZB-FF-8-D), also 

known as cellular grout. These novel grout ingredients are: (1) Portland Cement Type 

I/II, (2) Fly Ash Type F, (3) Sand (Silica) C-33, (4) Gravel (Granite) No. 8, (5) 

Viscocrete 2100, (6) Diutam Gum, and (7) Water [11].  
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 Subsequently, wired sensors were implemented in order to evaluate temperature 

variation in a certain time interval, fluid level, and cracking detection. However, the 

wiring for the sensors was cumbersome and the power requirements of such system of 

wired sensors were large.  

2.2 Traditional Structural Health Monitoring (SHM) Technologies 

 Throughout the years, Structural Health Monitoring (SHM) technologies have 

been used to assess the reliability of structures and detection of changes that can 

compromise their performance. Conventionally, non-destructive techniques and wired 

sensors are used to determine damage inside a structure. However, due to the 

disadvantages of wired systems, such as high installation costs, time consuming, and 

expensive maintenance, wireless technologies are considered a better option. 

 

Figure 2.2 Detailed illustration of the emtombent process. 
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Wired Sensors and Traditional Non-Destructive Techniques 

 Traditional SHM technologies use wired sensors for monitoring structures. These 

technologies comprise of sensors attached to cables on one end, and a Data Acquisition 

System (DAS) on the other. Each sensor comprises of a supply power cable or battery, 

and a data communication system. In cases where cables are used, their performance can 

be compromised by corrosion and unexpected damages. Wired sensors that are installed 

inside concrete/grout will become inoperative once their pairing wires are compromised 

and their repair is not possible. Additionally, when using a large number of sensors, the 

amount of cables required is very large thereby making installation expensive and time 

consuming. Due to these limitations, wireless sensors are a better technology for SHM of 

concrete and grout structures.  

 Other techniques used to assess the state of structures include non-destructive 

techniques, such as visual inspections, radiography, and eddy current techniques. 

Piezoelectric and optical fiber sensors can be used to detect damage. Also, acoustic-

ultrasonic and guided ultrasonic waves [12] can be used. Ultrasonic waves measure 

stress, and eddy current techniques locate exact location of cracks inside the structures. 

However, such technologies are very expensive thereby preventing their broad use for 

SHM.  

Wireless Sensors 

 Wireless sensors are very suitable for SHM. Some of their benefits include easy 

installation, lower cost and small dimensions.  Most common applications are SHM of 

roads, bridges and dams [6]. Using wireless sensors also eradicates wiring problems and 
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reduces maintenance and installation costs. However, wireless sensors have drawbacks, 

such as limited lifetime. One promising solution to this problem involves wirelessly 

recharging the wireless sensors’ batteries that can extend their finite lifetime. 

 Also, passive RFID tags are very promising for SHM since they do not use 

batteries. However, current passive RFID tags do not have sensing capabilities. The 

WISP developed by Intel Research Lab in Seattle and the University of Washington is a 

novel technology that combines passive RFID tags with sensors thereby enabling the 

development of the first battery-less and wireless SHM system.  

2.3 Power Harvesting and Management of Wireless Sensors 

 As it was mentioned before, power is one of the critical factors when using 

wireless sensors for any application. Proper harvesting of the energy and adequate power 

management will determine how good the performance of monitoring devices is. 

Conventionally, basic wireless sensors are equipped with a battery, essential circuitry for 

collecting data, and sensing elements. Throughout the years, wireless sensors have 

improved by adding computational capabilities provided by logical blocks and 

microprocessors, which allow them to manage power and add different sensors. 

However, recharging the batteries of such sensors has remained a big constraint.    

 Various solutions to the power management of wireless sensors have been 

offered, such as (1) power scavenging system and energy storage, (2) reduction of power 

consumption of sensors through the use of low power, (3) utilization of sleep modes or 

off-time frames between samples which minimize operation times, and (4) use of internal 

memories for data storage and transmitting data periodically, and not all the time.   
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 First, there are several sources for scavenging ambient energy. Energy can be 

scavenged from solar energy, wind power, thermoelectricity, physical motions or 

vibrations, and piezoelectric materials [13]. However, for Structural Health Monitoring 

applications, most popular technologies are piezoelectric accelerometers harvesting 

energy from vibrations in the structures. Since strain energy is one of the common 

phenomenon occurring inside structures most energy would come from this source.   

 Nevertheless, all these wireless sensors, which have either a battery or another 

energy source, must have a communication link between them and the data acquisition 

system. This requires the use of a radiofrequency signal to establish communication. 

Passive RFID tags provide a very promising solution for perpetual battery-less wireless 

sensors as they use the RF energy for both the communication and powering of such tags. 

This is the reason, that WISP is very suitable for the next generation SHM systems. 
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3. MATERIAL CHARACTERIZATION 

 The study of material’s properties is becoming increasingly important for 

nowadays applications. Consequently, since this research is focused on estimating the 

feasibility of successful communication links for wireless sensors embedded inside 

concrete and grout, it becomes critical to understand the interactions between 

electromagnetic fields and these materials. This chapter conducted a study of the 

properties of concrete and grout, and how they influence the propagation of RF signals 

through them. Specifically, the complex dielectric permittivity,	ߝ௥, of a material provided 

the necessary knowledge to evaluate the behavior of electromagnetic waves while 

traveling through it. The electromagnetic properties of materials are also needed for 

designing suitable antennas for the wireless sensors that are embedded in these materials.  

3.1 Electromagnetic field theory and concepts 

In order to properly characterize the electromagnetic properties of a material, 

theoretical and applied concepts provided by electromagnetic field theory were reviewed. 

Maxwell equations [14] shown in (3.1)-(3.4) describe the behavior of electromagnetic 

fields. Equation (3.1) illustrates the relationship between the dielectric displacement, D, 

and the charge density,	ߩ.  Equation (3.3) illustrates the relationship of the magnetic field, 

H, with the dielectric displacement, D, and the current density, J.   Finally, equation (3.4) 

shows the relationship of the electric field, E, with the magnetic flux density, B. ߘ ∙ ܦ ൌ ߩ ߘ (3.1) ∙ ܤ ൌ 0 (3.2) 
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ߘ ൈ ܪ ൌ ܦ߲ ⁄ݐ߲ ൅ ܬ ߘ (3.3) ൈ ܧ ൌ െ߲ܤ ⁄ݐ߲ (3.4) 
Constitutive Parameters 

 The constitutive relations shown in (3.5)-(3.7) utilize the material properties, 

where ߝ ൌ ᇱߝ െ ߤ  ᇱᇱ is the complex permittivity of the material, andߝ݆ ൌ ᇱߤ െ  ᇱᇱ isߤ݆

complex permeability of the material. The complex dielectric permittivity,	ߝ, of a 

material measures the resistance that an electric field can encounter in a medium. Also, in 

 is the conductivity of the material which means the ratio between the electric ߪ ,(3.7)

field, E, and the current density, J. Therefore, in terms of electromagnetic properties of a 

material, the three fundamental constitutive parameters are:  (1) complex dielectric 

permittivity,	(2) ,ߝ complex dielectric permeability,	ߤ, and (3) conductivity, ߪ . These 

constitutive parameters describe the electrical properties of the material.  ܦ ൌ ܧ/ߝ ൌ ᇱߝ) െ ܤ  (3.5) ܧ/(ᇱᇱߝ݆ ൌ ܪ/ߤ ൌ ᇱߤ) െ ᇱᇱߤ݆ ܬ  (3.6) ܪ/( ൌ   (3.7) ܧ/ߪ

 For concrete and grout, since their constitutive parameters are not a function of 

position and they vary with frequency, f, they are considered to be homogeneous, and 

dispersive. For materials, such as, concrete and grout, the value of the conductivity,	ߪ, is 

low. The complex permittivity,	ߝ,   relates to the relative complex dielectric 

permittivity,	ߝ௥, as shown in (3.8). The relative complex dielectric permittivity,	ߝ௥, 

describes the response of the material under the influence of an electromagnetic field 

having free space as a reference. Both, the electric and the magnetic fields, E, and, H, 
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respectively, interact with materials by either storing or dissipating energy. Energy 

storage is related to the real part of the relative complex dielectric permittivity, ௥ᇱߝ , while 

the imaginary part ߝ௥ᇱᇱ is related to the energy dissipation of the electric field. The 

dissipated energy is absorbed by the material.  ߝ௥ ൌ ௥ᇱߝ െ ௥ᇱᇱߝ݆ ൌ ߝ ⁄଴ߝ ൌ ᇱߝ െ ᇱᇱߝ݆ ⁄଴ߝ  (3.8)  

where ߝ଴ ൌ ܨሾ	10ିଵଶ	ݔ	8.854 ݉⁄ ሿ  is the free space permittivity. 

Besides the relative complex dielectric permittivity,	ߝ௥, of a material, there other 

two other material parameters known as the loss tangent, ݊ܽݐ  and the dielectric power ,ߜ

factor,	ܿݏ݋ as shown in (3.8) and (3.9). tan ,ߜ ߜ ൌ ௥ᇱᇱߝ ⁄௥ᇱߝ  (3.9)  

cos ߜ ൌ ௥ᇱᇱߝ ඥ(ߝ௥ᇱ)ଶ ൅ ⁄ଶ(௥ᇱᇱߝ)  (3.10)  

Propagation Parameters 

The wave equations describe the propagation of RF waves in a medium and they 

are written in (3.11) and (3.12).  ߘଶܧ ൌ ܧߪߤ݆߱ െ ߱ଶܧߝߤ ൌ ܪଶߘ  (3.11) ܧଶߛ ൌ ܪߪߤ݆߱ െ ߱ଶܪߝߤ ൌ   (3.12) ܪଶߛ

where, ߛ ൌ ߙ ൅ ߚ݆ ൌ ߝߤ√݆߱ ൌ ݆ ఠ௖ ܿ ௥ is the propagation constant; andߝ௥ߤ√ ൌ3	ݔ	10଼ 	ሾ݉ ⁄ݏ ሿ is the velocity of wave in free space.  

 In a lossy medium, these parameters are expressed in term of the constitutive 

parameters (ߪ,ߤ,ߝ), as shown in (3.13) and (3.14).  

ߙ ൌ ߱ඥߝߤ ቄ1 2⁄ ቂඥ1 ൅ ߪ) ⁄௥ߝ߱ )ଶ െ 1ቃቅଵ ଶ⁄ ሾܰ݌ ݉⁄ ሿ (3.13)  
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ߚ ൌ ߱ඥߝߤ ቄ1 2⁄ ቂඥ1 ൅ ߪ) ⁄௥ߝ߱ )ଶ ൅ 1ቃቅଵ ଶ⁄ ሾ݀ܽݎ ݉⁄ ሿ (3.14)  

 Two important parameters are the characteristic impedance of free space, ߟ଴, and 

the material’s characteristic impedance, ߟ which are shown in (3.15) and (3.16), 

correspondingly.  ߟ଴ ൌ ඥߤ଴ ⁄଴ߝ  (3.15)  

ߟ ൌ ඥߤ ⁄ߝ  (3.16)  

3.2 Extended Debye Model 

 As it was mentioned before, concrete and grout are both dispersive materials. 

Hence, their constitutive parameters (ߪ,ߤ,ߝ) vary with frequency and they will be 

analyzed using the Debye model [15]. This mathematical model is used to predict the 

interaction of electromagnetic EM waves with materials depending on the operational 

frequency. This modeling is crucial for solving problems related to electromagnetic 

transmission and propagation of communication signals.  

  According to the extended Debye model [6], the real ߝ௥ᇱ(߱)	and imaginary ߝ௥ᇱᇱ(߱)	parts of the complex permittivity of a material can be found as follows: 

௥ᇱߝ (߱) ൌ ஶߝ ൅ 1ߝ∆ ൅ ߱ଶ߬ଶ 
(3.17)  

(߱)௥ᇱᇱߝ ൌ 1ߝ∆߬߱ ൅ ߱ଶ߬ଶ ൅ ଴ߝௗ௖߱ߪ ൌ ଴ߝ߱(߱)௘௙௙ߪ  
(3.18)  

 where ∆ߝ is the difference between the values of the real part of relative permittivity at 

low frequency, ߝ଴	and at high frequency, ߝஶ; ߬ is the relaxation time, ߱ is the angular 

frequency, and ߪௗ௖ is the electrical conductivity of the material.  
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  The real part of the dielectric permittivity,	ߝ௥ᇱ , is related to the amount of electrical 

energy the material can store. The imaginary part,	ߝ௥ᇱᇱ, on the other hand, accounts for 

energy losses due to dielectric relaxation. In order to construct the Debye model of a 

material we needed the real measurements of the complex dielectric permittivity of the 

material. Therefore, the next section discusses relevant material characterization methods.  

3.3 Material Characterization Methods 

 As it was explained in Section 3.2, in order to model the dependency of the 

complex permittivity of a material versus frequency, it is necessary to experimentally 

determine the dielectric permittivity at low frequency and at high frequency. Therefore, 

current measurements technologies were reviewed in order to determine a suitable one 

for our application. This section briefly focuses on two main methods for characterizing 

the properties of materials: resonant methods, and non-resonant methods.  Non-resonant 

methods are mainly used for measuring electromagnetic properties over a frequency 

range while resonant methods are evaluated in specific frequency values.  

 Resonant methods are more accurate and sensitive than non-resonant methods. 

They are also more suitable for low loss samples. These methods rely on the use of 

resonator-perturbation method. 

 In non-resonant methods, the material properties are determined by calculating 

the material intrinsic impedance and the wave velocity in the material. When an 

electromagnetic wave travels from one medium to another, it results on a change on the 

material characteristic impedance and the wave velocity. Therefore, reflected and 
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transmitted waves are present. Both can be determined by relating the characteristic 

impedances and wave velocity on both materials.  

 Non-resonant methods can be either (1) reflection methods or (2) 

transmission/reflection methods. Reflection methods calculate the material properties by 

measuring the reflection from the sample. Transmission/reflection methods, on the other 

hand, determine the material properties by analyzing both reflections and transmission 

though a sample. Both methods require a contact with the material. Then, both reflected 

and transmitted energy are calculated.  

 Reflection methods direct energy toward a sample of the material. The material 

properties are deduced by calculating the reflection coefficient between the material and 

an already established reference plane. Two types of reflections are calculated: open-

ended reflection, and short-circuit reflection In both cases coaxial cables are used due to 

their properties of covering broad frequency bands.  

 In this work, the Open-Ended Reflection Method is used. This method required 

the following equipment (1) an engineered probe that contact the DUT, (2) a coaxial 

cable, and (3) a vector network analyzer (VNA) for measurements. A commercially 

engineered probe was placed in contact with the sample that was measured. Then, this 

probe was connected to the VNA via a coaxial cable as shown in Figure 3.1. The 

dimensions of the probe are shown in Figure 3.2. 
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Reflection 
11S

 

Figure 3.1 Reflection non-resonant method for complex dielectric permittivity 

measurements. 

 

Figure 3.2 Dimensions of the used open-ended probe. 

 Basically, the VNA transmits an incident wave into the DUT via the coaxial cable 

and measures the reflected wave.  Vector network analyzers (VNAs) are used to measure 

the scattering parameters  ,  ,  , and . A network analyzer possesses a source, 

signal separation devices, and detectors. The scattering parameters are obtained by 

combining two forward traveling waves and two reverse traveling waves. Detectors 

measure the four corresponding waves, and the signal separation devices make sure the 

four waves are measured, separately. 
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 Finally, the network analyzer detects the change in the impedance loading due to 

the introduction of the sample or device under testing (DUT). This impedance 

discontinuity caused by the sample loading allows deriving the properties of the material. 

Impedances on each side are different. Therefore, a reflection will happen if an 

electromagnetic wave propagates through the interface.  

 For this work, a commercial open-ended probe, Dielectric Probe HP85070B [16] 

from Hewlett Packard with dimensions shown in Figure 3.2, was used. Then, an HP 

software, which extracts the material properties from the measurements, was used. This 

software can use either the Cole-Cole or the Debye material models and provide the 

following constants: (1) the low frequency dielectric constant, ߝ௢, (2) the high frequency 

dielectric constant, ߝஶ, (3) the relaxation width, α, and (4) the relaxation time constant, τ. 

These parameters lead to the calculation of the complex dielectric permittivity of a 

material.  

3.4 Measurements of Material Properties 

 Before conducting any measurement, the equipment must be properly calibrated. 

Calibration corrects losses introduced by the cable, and the equipment. Calibration for 

our method was performed in three steps: (1) the probe was open, (2) the probe was 

shorted, and (3) the probe was immersed in water. The probe calibration with deionized 

water can be observed in  Figure 3.3. After calibration was finished, deionized water was 

measured again. Then, in order to assess the accuracy of the measurements, measured 

results were compared with known Debye model results [17] as shown in Figure 3.5, and 
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Figure 3.6. Figure 3.5, and Figure 3.6, show the real and imaginary parts of the dielectric 

permittivity of deionized water, respectively.  

 

Figure 3.3 Calibration and measurement of dielectric properties of deionized water. 

 

Figure 3.4 Measuring grout with an open-ended probe. 
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Figure 3.5 Real part of the complex dielectric permitivity of water. 

 

Figure 3.6 Imaginary part of the complex dielectric permitivity of water. 
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  The relative error between the measured water and the known Debye model was 

approximately 2%. This error is considered acceptable for our application. Then, the next 

measurement was performed on the grout as shown in Figure 3.4. Figure 3.7 shows the 

complex dielectric permittivity of concrete from 0.1 GHz to 1 GHz. For the grout, 

measurements were performed covering the range from 0.1 GHz to 1 GHz as well.  

Figure 3.8 shows the measured real and imaginary part of the dielectric permittivity of 

the grout.  

 

Figure 3.7 Complex dielectric permittivity of concrete. 
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Figure 3.8 Complex dielectric permittivity of grout. 
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dielectric permittivity has larger values at lower frequencies than the ones at higher 

frequencies. This means that less electrical energy can be stored at higher frequencies. 

Similarly, higher values of the imaginary part of the complex dielectric permittivity 

translate into higher losses due to dielectric relaxation. Therefore, it should be expected 

that a uniform plane wave will suffer more losses at higher frequencies than at lower 

frequencies.  

Also, by comparing the complex dielectric permittivity of the two materials, 
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of the dielectric permittivity than grout. Additionally, the imaginary part for grout shows 

higher imaginary part of the dielectric permittivity compared to concrete. Therefore, EM 

waves suffer fewer losses inside concrete than grout. Chapter 4 validates this expectation.  
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4. FORMULATION OF A UNIFORM PLANE WAVE PENETRATION 

INSIDE CONCRETE AND GROUT 

  In the previous chapter, the constitutive parameters of grout were measured from 

0.1 GHz to 1 GHz. In this research, the communication link, which is established 

between two devices that were positioned in different materials, one in air, and one in a 

lossy material (i.e., grout), was examined. Since the communication signal travels from 

one material into another, reflection and transmission occur at the boundary between the 

two materials. This chapter determined both the transmission and propagation 

coefficients in terms of the constitutive parameters, angle of incidence, and wave 

polarization. Finally, these coefficients were used to determine transmission and 

propagation losses, ܣ௧, and, ܣ௣, in order to calculate the total losses that a uniform plane 

wave suffers while traveling from air into a lossy material, such as concrete and/or grout.  

 Transmission and propagation losses inside a material were calculated versus 

frequency for both concrete and grout. These results can assist the design of embedded 

wireless sensors systems in such materials. Previous work has examined the modeling of 

RF propagation inside concrete [6]. This same approach can be used for other building 

materials, such as grout. In this chapter, the transmission and propagation losses of a 

uniform plane wave were calculated for novel mixtures of grouts used for 

decommissioning of nuclear plants. In the case of concrete, different humidity contents 

have been analyzed and the material properties have been modeled using the Debye 

model [15], [18], [19]. Also, the transmission losses and propagation losses have been 

calculated, and an optimum frequency range was determined were losses are minimum 

[6].  
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4.1 Plane wave model 

 For analytical purposes the total power loss or total attenuation,	்ܣை்஺௅, was 

evaluated for a plane wave penetrating from air into a lossy medium, such as concrete 

and grout. First, the boundary conditions were established between two materials with 

different constitutive parameters as shown in Figure 4.1. For the given boundary 

conditions, there are two types of attenuation, transmission and propagation, which if 

they are added they provide the total loss,	்ܣை்஺௅. Transmission losses,	ܣ௧, occur when 

the uniform plane wave passes from one medium (air) to another (concrete or grout). 

After the wave has penetrated into the medium, it continues propagating inside it and 

attenuates proportionally to the distance of propagation. This attenuation is known as 

propagation loss,	ܣ௣.  

00,ηε
1,ηεrincE

incH

00,ηε 1,ηεrincE

incH

00,ηε

1t 2t

 

Figure 4.1 Plane wave model for normal incidence in (a) half-space, and (b) finite slab 

approach. 
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 The propagation of a uniform plane wave is influenced by the angle of incidence. 

Therefore, it should be analyzed in two different scenarios (a) normal incidence, and (b) 

oblique incidence.  

4.2 Normal Incidence 

 In previous work of concrete [6], two cases have been analyzed.  The first case 

considered the infinite or half-space [see Figure 4.1]. The second case when the material 

is considered finite known as a slab case [see Figure 4.1].  Here we examined the half-

space first. First, the incidence power ௜ܲ௡௖  is determined as described in (4.1) [20]:  

௜ܲ௡௖ ൌ ௜௡௖|ଶܧ|)ܴ݁ ⁄଴ߟ2 ଴ߟ(4.1)  ( ൌ ඥμ଴ ⁄଴ߝ   (4.2)

where: 

 .଴ is the dielectric permittivity of airߝ ଴ is the intrinsic impedance of air, μ଴ is the permeability of air in free space, andߟ ,௜௡௖ is the incident electric fieldܧ 

 The transmitted power ௧ܲ is determined as follows:  

௧ܲ ൌ ௧|ଶܧ|)ܴ݁ ⁄∗ଵߟ2 ) ൌ ௧|ଶܧ|)ܴ݁ ⁄∗ଵߟ2 ) ∙ |ܶ|ଶ ∙ ݁ିଶఈௗ  (4.3)ߟଵ ൌ ඥμଵ ⁄௥ߝ଴ߝ   (4.4)ܶ ൌ ௧ܧ ⁄௜௡௖ܧ ൌ ଵߟ2 ଵߟ ൅ ⁄଴ߟ   (4.5)

where ܧ௧ is the transmitted electric field, ߟଵ is the intrinsic impedance of grout, or concrete, ܶ is the transmission coefficient in half-space, 
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μଵ is the permeability of the grout, or concrete, and ߝ௥ ൌ ௥ᇱߝ െ  .௥ᇱᇱ is the relative complex dielectric permittivity of concrete or groutߝ݆

 After establishing these parameters the calculation for the transmission, 

propagation, and total losses,	ܣ௧, ܣ௣ and, ܣ௧௢௧௔௟ respectively are given by:  ܣ௧ ൌ 10 ∙ ݋݈ ଵ݃଴ ൫|ܶ|ଶ ∙ ଴ߟ)ܴ݁ ⁄∗ଵߟ )൯  (4.6)ܣ௣ ൌ 10 ∙ ݋݈ ଵ݃଴ (݁ିଶఈ௧)  (4.7)ܣ௧௢௧௔௟ ൌ ௧ܣ ൅ ௣ܣ ൌ 10 ∙ ݋݈ ଵ݃଴ ( ௧ܲ ௜ܲ௡௖⁄ )  (4.8)

where ݐ is the distance that the wave has propagated inside concrete or grout. The 

attenuation,	ߙ, is calculated by (3.13) shown in the previous chapter.    

 Next, the slab case is examined. This case is similar to the half-space approach 

but it considers a finite thickness material, i.e., slab. For such a slab, the total losses ܣ௧௢௧௔௟ are given by (4.9) [6]: 

௧௢௧௔௟ܣ ൌ 10 ∗ ݋݈ ଵ݃଴ ൭| ௦ܶ௟௔௕|ଶ ∗ ܴ݁ ቆߟ଴ߟଵ∗ቇ൱ 
 (4.9)

where: 

௦ܶ௟௔௕ ൌ |ܶ|ඨ݁ିଶఈభ௧భ െ ଶఈభ௧ೞି݁|߁|2 cos(2ߚଵݐଶ) ൅ ଶ݁ିଶఈభ௧ೞ݁ିଶఈభ௧మ1|߁| െ ଶ݁ିଶఈభ௧ೞ|߁|2 cos(2ߚଵݐ௦) ൅ ସ݁ିସఈభ௧ೞ|߁|  
(4.10)

߁ ൌ ௜௡௖ܧ௥ܧ ൌ ଵߟ െ ଵߟ଴ߟ ൅  ଴ߟ
 (4.11)

௦ݐ ൌ ଵݐ ൅ ଶ  (4.12)ݐ

where ߙଵ is the attenuation constant, and in ߚଵ is the phase constant inside concrete or 

grout. It should be noted that when ݐଶ infinite, equation (4.9) becomes equal to equation 

(4.6). 
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4.3 Oblique Incidence 

 Here, the case of oblique incidence was examined as presented in [6].  It is 

expected that oblique incidence will not change the propagation loss, and it will only 

affect the transmission loss,	ܣ௧. For easier analysis, we examined separately the 

perpendicular and parallel polarizations of the electric field. Figure 4.2 shows the plane 

wave model for oblique.  

Concrete/GroutAir

00,ηε
1,ηεr

Transmitted 
waveReflected 

wave

Incident 
wave
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Figure 4.2 Plane wave model for oblique incidence. 

  The transmission coefficients for parallel and perpendicular polarization are 

written as [6]: 
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|ܶ| ൌ ଵߟ2 cos ଴ߟ௜௡௖ߠ cos ௜௡௖ߠ ൅ ଵߟ cos ௧  (4.13)ߠ

⫠ܶ ൌ ଵߟ2 cos ଵߟ௜௡௖ߠ cos ௜௡௖ߠ ൅ ଴ߟ cos ௧  (4.14)ߠ

where  ߠ௜௡௖ is the angle of incidence, and ߠ௧ is the angle of transmission. Assuming that 

material is non-magnetic (ߤ଴ ൌ ଵߤ ൌ 1), and the following equation can be derived for ߠ௧:   cos ௧ߠ ൌ ඥ1 െ ௜௡௖ߠଶ݊݅ݏ ⁄௥ߝ   (4.15)

 Similarly, to the normal incidence, the propagation and total losses can be 

calculated using (4.7), and (4.8). The next section derives the results for concrete and 

grout.   

4.4 Transmission and Propagation losses inside concrete and grout 

 Initially, the losses inside concrete were calculated and our results were compared 

to the ones of [6] for validation purposes. Then, our code was applied to calculations 

related to grout. The transmission losses for normal incidence are shown for concrete in 

Figure 4.3. Moreover, for oblique incidence, the transmission losses, ܣ௧(||), and, ܣ௧(⫠), for 

parallel and perpendicular polarization, respectively, are shown in Figure 4.4. In the 

oblique incidence case, the angle of incidence, ߠ௜௡௖, was varied from 0º to 90º with 

intervals of 5º. It is observed that the transmission losses for normal incidence are larger 

than the ones for oblique incidence.  

  The propagation losses, ܣ௣, on the other hand, depend directly on the distance, t, 

that the EM wave has to travels inside concrete or grout. Therefore, propagation losses 

increase proportionally with the distance. Propagation losses, ܣ௣, were calculated for 
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depths of, t, 10 cm, 20 cm, 30 cm and 40 cm inside concrete and grout. Since the 

propagation loss do not depend on the wave angle of incidence, and therefore, they are 

the same for both normal and oblique incidence. The results of the propagation losses for 

concrete are shown in Figure 4.5. 

 

Figure 4.3 Transmission loss, ܣ௧, for concrete in normal incidence. 
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Figure 4.4 Transmission loss, ܣ௧, for concrete in oblique incidence.  

 

Figure 4.5 Propagation loss, ܣ௣, for concrete for different depths, t. 
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 Then, the total loss, ்ܣை்஺௅,for both the half-space and slab cases for normal 

incidence in concrete are illustrated in Figure 4.6, and Figure 4.7. It can be observed that 

the total losses are smaller for the half-space case than for the slab case. 

 

 Figure 4.6 Total loss, ்ܣை்஺௅ for different depths, t, inside half-space concrete for 

normal incidence. 
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Figure 4.7 Total loss, ்ܣை்஺௅ for concrete slabs with different depths, t, for normal 

incidence. 

 Finally, the total losses, ்ܣை்஺௅, are plotted for both the parallel and 

perpendicular cases for oblique incidence on concrete.  In Figure 4.8, and Figure 4.9 it 

can be seen that the parallel polarization case exhibits less losses than the losses of the 

perpendicular case.     
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Figure 4.8 Total loss, ்ܣை்஺௅(||) for different depths, t, inside concrete in half-space case at 

oblique incidence. 

 

Figure 4.9 Total loss, ்ܣை்஺௅(⫠) for different depths, t, inside concrete in half-space case 

at oblique incidence. 
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 The second part of this section presents the same analysis for grout. The 

transmission losses, ܣ௧, are depicted in Figure 4.10, and Figure 4.11.  

 

Figure 4.10 Transmission loss, ܣ௧ of grout in normal incidence. 
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Figure 4.11 Transmission loss, ܣ௧ of grout in oblique incidence. 

 The propagation losses, ܣ௣, for grout were modeled for different depths, t, in both 

normal and oblique incidence as shown in Figure 4.12. Then, for normal incidence, the 

total losses were calculated and shown for half-space and slab cases in Figure 4.13, and 

Figure 4.14, respectively. For the slab case, oscillating behavior is observed due to the 

signal reflecting inside the material. An increment in the losses at lower frequency can be 

noticed as well. Finally, the last two cases were the total loss, ்ܣை்஺௅, were calculated for 

oblique incidence are presented in Figure 4.15, and Figure 4.16. Similarly to concrete, the 

losses increment for oblique incidence.   
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Figure 4.12 Propagation loss, ܣ௣ for grout with different depths, t. 

 

Figure 4.13 Total loss, ்ܣை்஺௅ for grout with different depths, t, in half space at normal 

incidence. 
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Figure 4.14 Total loss, ்ܣை்஺௅ for grout with different depths, t, in slab approach at 

normal incidence. 
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Figure 4.15 Total loss, ்ܣை்஺௅(||) of grout with different depths, t, in half-space at oblique 

incidence. 

 

Figure 4.16 Total loss, ்ܣை்஺௅(⫠) of grout with different depths, t, in half-space at oblique 

incidence. 
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  It can be seen from these results that, an optimum frequency range occurs around 

300 MHz where the losses are minimal. Specifically, for the frequency of interest of f = 

915 MHz, the estimated losses for normal incidence are shown in Table 4.1, and Table 

4.2 for concrete and grout, respectively. Table 4.3, and Table 4.4 show the losses for 

oblique incidence for concrete and grout respectively.  

Table 4.1 Total losses for normal incidence in half-space concrete at f = 915 MHz 

Total Losses for Normal Incidence 

Depth, t 10 cm 20 cm 30 cm 40 cm 

Transmission Loss, ܣ௧ [dB] 0.60 0.60 0.60 0.60 

Propagation Loss, ܣ௣ [dB] 0.26 0.51 0.77 1.02 

Total Loss, ்ܣை்஺௅ [dB] 0.86 1.11 1.37 1.62 

 

Table 4.2 Total losses for normal incidence in half-space grout at f = 915 MHz 

Losses in Normal Incidence 

Depth, t 10 cm 20 cm 30 cm 40 cm 

Transmission Loss, ܣ௧ [dB] 0.25 0.25 0.25 0.25 

Propagation Loss, ܣ௣ [dB] 0.84 1.68 2.53 3.37 

Total Loss, ்ܣை்஺௅(Half Space) [dB] 1.09 1.93 2.78 3.62 
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Table 4.3 Estimated losses in oblique incidence inside concrete at f = 915 MHz 

Losses in Oblique Incidence 

Depth, t 10 cm 20 cm 30 cm 40 cm 

Transmission Loss, ܣ௧(||) [dB] 2.29 2.29 2.29 2.29 

Transmission Loss, ܣ௧(⫠) [dB] 3.23 3.23 3.23 3.23 

Propagation Loss, ܣ௣ [dB] 0.27 0.54 0.81 1.08 

Total Loss, ்ܣை்஺௅(||) [dB] 2.56 2.83 3.10 3.37 

Total Loss, ்ܣை்஺௅(⫠) [dB] 3.50 3.77 4.04 4.31 

 

Table 4.4 Estimated losses in oblique incidence inside grout at f = 915 MHz 

Losses in Oblique Incidence 

Depth, t 10 cm 20 cm 30 cm 40 cm 

Transmission Loss, ܣ௧(||) [dB] 2.03 2.03 2.03 2.03 

Transmission Loss, ܣ௧(⫠)	[dB] 2.48 2.48 2.48 2.48 

Propagation Loss, ܣ௣ [dB] 0.93 1.86 2.79 3.72 

Total Loss, ்ܣை்஺௅(||) [dB] 2.96 3.89 4.82 5.75 

Total Loss, ்ܣை்஺௅(⫠) [dB] 3.41 4.34 5.27 6.20 
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 After comparing the data provided in Table 4.1, Table 4.2, Table 4.3, and Table 

4.4, it can be concluded that concrete presents lesser total loss than concrete in both 

normal and oblique incidence. Therefore, a communication link is probably more 

successful inside concrete than grout. These results confirm our expectations based on the 

experimental results presented in Chapter 3. This study allowed us to predict the behavior 

of sensors embedded inside concrete and grout in terms of communication range and 

antenna performance. Therefore, our results enable us to design optimal tags that can be 

embedded in media, such as, concrete and grout.  
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5. WIRELESS SENSING AND IDENTIFICATION PLATFORM 

 The Wireless Identification and Sensing Platform (WISP) is a flexible platform 

developed by Seattle Intel Research Labs and the University of Washington.  The 

development of WISP was motivated by the RFID industry advances in RFID passive 

tags. Passive tags are very suitable for long-term monitoring and sensing applications 

since they can be built without an on-board power supply or battery. Therefore, passive 

tags are small in size and also have very long lifetime that is equal to the life of the 

electronic tag. The latest version of WISP is shown in Figure 5.1. A new version, WISP5, 

is also under development.  

 

Figure 5.1 Intel WISP version 4.1DL [21] 

 RFID technology has two well-known standards by EPCGlobal which are 

Electronic Product Code (EPC) Class 1 Generation 1 and Class 2 Generation 2. These 

standards usually operate in the Ultra High Frequency (UHF) bands. The same 16 bits 

EPC code is used by the WISP not only to answer with an identification number but also 

to transmit data back to the RFID reader.  Besides the RFID tag, inside the WISP there 

is also a 16 bit general purpose microcontroller performing a variety of tasks, such as 

power management, sampling sensors, computational tasks and transmission of sensed 

data from the WISP to the RFID reader. However, what makes this platform more 
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valuable is its flexibility allowing the use of different sensors for different applications 

using the same WISP device while it uses no battery. Therefore, WISP works as a 

traditional passive RFID tag that harvest RF power from the RFID transmitting antenna 

in order to operate. 

 The WISP has unique computational capabilities achieved by low power 

microcontroller and sensors. The WISP printed circuit board (PCB) was implemented 

with a printed dipole antenna on top of FR4 material. This platform operates by 

harvesting the RF power sent from the RFID reader for data transmission, and converting 

it to DC current. After the WISP is powered by the impinging signal from the RFID 

reader, the microcontroller will collect data from the sensor and send it back together 

with their unique ID number. Also, the objective behind the WISP design was to create a 

general platform, instead of a single wireless sensor device. For that matter, a general 

purpose microcontroller is used, which has additional ports for connecting various 

sensors. Data transfer between the reader and the RFID tag is accomplished by using 

Miller 4 encoding and ASK modulation.    

 This WISP platform is very suitable for measuring temperature, humidity and 

strain inside a concrete or grout structures. Traditionally, SHM is performed with wired 

sensors. However, WISP can eliminate not only the use of wires but also the use of 

batteries altogether. In addition, WISP uses a low power general purpose microcontroller 

that permits fast code development with debugging support. The following sections 

discuss in detail the WISP's mode of operation, technology advantages, and maximum 

operational range. 
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5.1 Operation of WISP  

 Similar to any RFID system, WISP communicates with an RFID reader. The 

RFID reader interrogates the passive tag (WISP) that carries the data retrieving both the 

identification number and any collected data. This process starts by sending sufficient RF 

power to WISP. Then, the interrogation sequence works as shown in Figure 5.2. WISP 

receives the signal, which is connected to the rectifying block on the tag, and converts the 

RF power to DC current in order to supply power to its circuitry. Next, the interrogation 

data is detected by the tag demodulator and the demodulated data is sent to the 

microcontroller. The microcontroller manages power and collects the data sensed by the 

sensors. Data collected by the microcontroller is modulated via backscattering 

modulation and sent back to the RFID reader. The digital modulation used by the WISP 

is Amplitude Shift-Keying (ASK) modulation. Backscattering radiation or modulation is 

created by switching the impedance of the front-end of the tag into two known states. In 

most cases: one is matched to the antenna, usually the state when the power is harvested, 

and another one where the antenna is strongly mismatched [22]. These states are 

recognized by the RFID reader and the data is recovered. 
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Figure 5.2 WISP block diagram.  

 The communication link between the reader and WISP is established by either 

sending a continuous clockwise wave (CWW) to supply power to the WISP or a periodic 

wave (PW) for interrogation. During the CW period, the data is backscattered from the 

WISP into the reader.  

5.2 WISP Hardware  

  This section covers the hardware design of WISP, which complies with the EPC 

Gen 2 Protocol standard and allows successfully collecting and delivering data from the 

sensors to the RFID reader. Primary, the WISP is built on a four-layer FR4 PCB and 

traditional Integrated Circuits (ICs) that allow adding and removing sensors depending on 

the application. WISP is designed so it offers small size, low cost, and customization. 

Also, it includes a real time clock, an EEPROM memory for saving collected data and, in 

some cases additional capacitors can be added for applications that need more power. 
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Receiver Antenna 

 The WISP is equipped with an omnidirectional dipole antenna with 2 dBi gain 

printed on top of an FR4 board. This simple antenna operates at 915 MHz. WISP was 

intended to be used in all directions (i.e., isotropic radiation). Therefore, this antenna 

meets the requirements of most applications. However, for longer range, a directive 

antenna will perform better.  

RF Front End   

 Following the dipole antenna, an L-match network is connected between the 

antenna and WISP circuitry. This L-match network matches the impedances of the tag 

with the antenna input impedance (72 ohms). This step is critical for maximizing the 

amount of received RF power by minimizing the mismatch losses between antenna and 

tag.  Similarly, any changes in the WISP antenna requires a redesigning of the L-match 

network in order to minimize mismatching and achieve maximum efficiency. Inductors 

used for this L-match network have a high Q ranging from 30 to 40 (L=1-20nH) for 

minimizing losses. Also, the antenna is connected to the ASK modulator, which consists 

of a transistor that changes the antenna's impedance for backscattering radiation.  

RF Schottky diode rectifier   

 The rectifier block was constructed using 5 stages to perform two tasks: (1) 

conversion from RF power to DC current, and (2) doubling the rectified voltage level. 

The RF Schottky diodes from Avago HSMS-285x were used for this configuration 

resulting in an improved input power sensitivity. A more sensitive rectifier block 

improves the power conversion efficiency and provides better power management.  
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Modulator/Demodulator and DC storage 

 The output received from the rectifier is detected by the level shifter determining 

the received symbol and then, simultaneously, the DC current is stored in a capacitor. 

The demodulator converts the ASK modulated data into a logical binary data. A low level 

shifter is used to convert the signals from the current linear regulator (On-Semi NCP583) 

and the demodulators to the microcontroller. When there is a low input power (< 2.8 V), 

each level shifter consumes less than 500 nA. Otherwise, when there is a high input 

power with voltages up to 6V, total current consumption is less than 2 µA. This data is 

passed to the MSP430 microcontroller that receives the downlink data from the reader 

and performs tasks according to the firmware already programmed into it. Similarly, for 

the uplink data, the microcontroller sends the data to the modulator where the 

backscattering radiation is executed by changing the antenna impedance.  

 The storage capacitor supplies the necessary power for the microcontroller to 

operate. A 1.8V regulator was added in order to make sure the capacitor has enough 

power to wake up the microcontroller. Also, a zener diode (On-Semi ESD5Z3.3) is 

connected in order to prevent the voltage to be larger than 5 V. Additionally, the storage 

capacitor supplies power to any additional sensors added to the WISP.  

 Power Management 

 Since the amount of available power is very limited, a proper power management 

mechanism is required in order to guarantee reliable operation of WISP tags. Also, the 

firmware is active for only a few milliseconds before the microcontroller resets due to 

low voltage. Consequently, WISP operates in active and sleep mode cycles that are 
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managed by the microcontroller. In sleep mode, the WISP is turned off resulting in a 

reduction of the current consumption to a few microamperes and also allowing the 

capacitor to recharge. Once sufficient voltage is stored (around 1.8 V), the 

microcontroller is "woken up" by 1 μܣ quiescent current linear regulator. For most tasks, 

the necessary voltage for operation is 2V, which is detected by a 300 nA quiescent 

current linear supervisor. This supervisor wakes up the microcontroller for operation 

instead of the microcontroller periodically polling for sufficient voltage. Once the 

microcontroller has sufficient power, it starts polling the sensors, collecting and storing 

data, and communicating with the reader.  

Communication 

 WISP detects the modulated data from the envelope of the RF carrier signal. The 

demodulator compares the output rectified voltage to a peak value used as reference. An 

additional 1 µF capacitor is connected to the comparator for both reference voltage and 

supplying power to the comparator.   

5.3 WISP Firmware  

 A critical component in the WISP hardware design is the addition of 

computational capabilities by using a low power general purpose microcontroller 

MSP430 by Texas Instruments. Therefore, a firmware, which controls several tasks was 

developed for the WISP. The WISP firmware can be downloaded from the Github 

repository [23]. This repository offers three codes (1) a firmware for programming the 

WISP 4.1 (C code), (2) a C# code for controlling the Impinj Speedway RFID reader, and 

(3) a Verilog code for testing the RFID tag. Basically, the WISP code is compiled and 
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downloaded into the WISP via the IAR Embedded Workbench Kickstart Edition 

MSP430 v5.4 or lower version.  The interface between the personal computer and the 

WISP is made by a USB Key debugger as shown in Figure 5.3.  

 

Figure 5.3 USB Key Debugger and WISP for programming. (Photo from [21]) 

 On the other hand, the RFID reader needs an interface that can recover the data 

collected from the WISP and correctly display it for users. Therefore, in that sense, in 

order to run the RFID reader an LLRP Visual Studio C# App created by Intel was created 

and it was used for this research as shown in Figure 5.4.    
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Figure 5.4 WISP demo application for running the RFID reader. 

 Figure 5.5 provides a firmware block diagram, which illustrates how the three 

main tasks performed by the WISP are linked to the WISP's hardware.  These three tasks 

are: (1) power management that keeps the system operating when voltage levels are low, 

(2) implement the EPC Class 1 Gen 2 protocol for transmitting and receiving data, and 

(3) run applications on the WISP. Each task will be briefly described next.   
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Figure 5.5 Firmware block diagram. 

 The power management part of the firmware controls the active and sleep cycles. 

Based on the detected and available sensed voltage, the software puts the microcontroller 

on either sleep or active mode. The sleep cycles are critical for recharging the storage 

capacitor supplying the power for the microcontroller and the sensors. The 

communication level relies on the power management algorithm. During the active mode 

operation, the firmware performs both downlink and uplink communications following 

Gen2 protocol. Finally, the applications level is dedicated to perform user's customized 

functions, such as sensor measurements, and encoding data in EPC packets.  

5.4 Power Budget 

 Like any communication technology, the WISP operation faces various 

limitations. First, the RFID readers must comply with regulations established by the 

regional regulators, such as, the Federal Communication Commission (FCC) in North 

America. FCC regulates that the allowable RF power for Industrial, Scientific, and 
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Medical (ISM) band should not overcome 4W Equivalent Isotropic Radiation Power 

(EIRP). EIRP refers to an ideal isotropic antenna radiating equally in all directions. 

Therefore, the maximum permitted power transmitted from the RF reader would be 

determined by (5.1): ܴܲܫܧ ൌ ்ܲ െ ஼ܮ ൅   ௔ (5.1)ܩ

where ்ܲ is the reader output power, ܮ஼ is the cable losses and ܩ௔ is the antenna gain. In 

most cases ܮ஼ is really small and therefore neglected. In that case, choosing an antenna 

gain will fix the output power for RFID operation, according to the FCC standard.  

 Since passive tags harvest the power from the interrogating signal transmitted by 

the RFID reader, the received power,	 ோܲ, at the tag is constrained by the RFID reader’s 

power and the path losses. Additionally, if the tags are embedded inside a material 

different than air, transmission and propagation losses,	ܣ௧, and, ܣ௣, should be accounted 

as well. The Friis expression explains this relationship as: 

ோܲ ൌ ்ܲ ൅ ்ܩ ൅ ோܩ െ ݃݋20݈ ൬4ߣ݀ߨ ൰ െ ௉ܮ െ ௢௧௔௟ (5.2)்ܣ

where ்ܩ and ܩோ are the gains of the transmitting and receiving antennas, respectively. 

The expression 20݈݃݋ ቀସగௗఒ ቁ represents the path loss, which corresponds to losses based 

on the separation or distance, d, between the reader and the tag. ܮ௉ accounts for the 

polarization losses between the antennas, and ்ܣ௢௧௔௟ represents the total losses suffered 

by a waveform propagating through materials different than air. In other words, the 

amount of power available to the tag for harvesting depends on the distance between the 

two antennas and the amount of losses that the material where the tag is embedded in 



58 

introduces. Therefore, based on what was explained before, Table 5.1 shows the 

parameters used to operate WISP inside concrete and grout.  

Table 5.1 Power budget for WISP operation  

Parameters RFID Reader WISP 

Wavelength, ߣ [m] 0.33 - 

Transmission Power, P୲ [dBm] 30 - 

Transmitter Antenna Gain, G୲ [dBi] 8 - 

Receiver Antenna Gain, Gୖ [dBi] - 2 

Polarization Loss, ܮ௣ [dB] 3 
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6. EXPERIMENTAL ANALYSIS 

 In this chapter, two experimental setups were conducted in order to assess the 

performance of WISP inside concrete and grout. First, the maximum range of operation 

of the WISP inside concrete and grout were experimentally determined. It became vital to 

understand the maximum ranges at which WISP can still collect data and communicate 

with the RFID reader. Second, the power transfer efficiency between the RFID antenna 

and the WISP was experimentally determined in order to provide insight regarding the 

optimum distance, d, between the antennas and optimum depths, t, where WISP tags 

should be placed at in concrete and grout. The concrete and grout samples used for our 

experiments had the following dimensions: (1) cm thickness of 10 cm, (2) height of 10 

cm, (3) and length of 40 cm.   

 Each experimental setup used the following equipment: (1) Impinj Speedway 

Revolution R220 UHF Gen 2 RFID reader (see Figure 6.1), (2) Laird Cushcraft 

S9028PLC12NF 8 dBi RFID antenna (see Figure 6.2), and (3) Vector Network Analyzer 

HP8722 (see Figure 6.3) 
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Figure 6.1 Impinj Speedway R220 RFID reader. 

 

Figure 6.2 Laird Cushcraft 902-928 MHz 8 dBi Circularly Polarized Antenna. 
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Figure 6.3 HP 8722 Vector Network Analyzer 

6.1 WISP maximum range of operation inside concrete and grout 

 In this first section, the maximum operating range for WISP was determined for 

concrete and grout. From a design point of view, it is considered beneficial to understand 

the maximum range where the WISP can still perform measurements and communicate 

with the reader for delivering the data. Several blocks of concrete and grout were made 

for this experiment. The designed block diagram and the real experimental setup are 

shown in Figure 6.4, and Figure 6.5, in that order. In this setup, a fixed thickness, ݐ௙, 

concrete or grout sample was positioned behind the WISP tag. A sample with variable 

depth, t, was positioned between the WISP and the RFID antenna. The sample depth was 

varied from 10 cm to 40 cm with steps of 10 cm. The RFID antenna/reader was 

connected to a personal computer displaying data from the WISP. Finally, the RFID 

reader was fixed at the same position, and only WISP was moved.  
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 After setting the experiment, two cases were studied: (a) determine the maximum 

radial communication range, r, between the WISP and the RFID antenna; and (b) 

determine the maximum axial range, a, by positioning the RFID antenna flash to the 

surface of concrete or grout and by moving the WISP axially.  

ft

t

  

Figure 6.4 Experimental setup for measuring maximum axial range, a, and radial range, r, 

of WISP inside lossy materials. 
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Figure 6.5 Actual experimental setup.  

 For both cases WISP was programmed to measure temperature and the data was 

displayed in a personal computer (PC). The RFID antenna was moved until the tag rate of 

the WISP was near zero, which means that no data was being sent back from the WISP. 

The experimental results regarding the radial and axial ranges for both concrete and grout 

are shown in Table 6.1, and Table 6.2, respectively.  

Table 6.1 Maximum radial and axial ranges of WISP inside concrete for different depths 

Depth, t 

10 cm 20 cm 30 cm 40 cm 

Radial range, r 1.29 m 0.63 m 0.60 m 1.24 m 

Axial range, a 0.38 m 0.46 m 0.50 m 0.53 m 
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Table 6.2 Maximum radial and axial ranges of WISP inside grout for different depths 

Depth, t 

10 cm 20 cm 30 cm 40 cm 

Radial range, r 1.29 m 0.69 m 1.18 m 0.83 m 

Axial range, a 0.75 m 0.51 m 0.36 m 0.21 m 

 

 These results established the feasibility of performing measurements using WISP 

tags at average ranges between 0.6 m to 1.29 m inside both concrete and grout. The 

existence of standing waves caused the radial and/or the axial ranges to oscillate between 

larger and smaller values for increasing depths. In summary, our results illustrate that 

battery-less WISP tags can be used to monitor quantities, such as, temperature, humidity, 

or strain inside concrete or grout, and achieve this for the ranges shown in Table 6.1 and 

Table 6.2.  

 While conducting this experimental setup, temperature was measured using the 

internal temperature sensor implemented with WISP. It can be observed in Figure 6.6 that 

more temperature samples were being received when the WISP was closer to the RFID 

reader antenna. This means that WISP had more available power and exchanged more 

information with the RFID reader.  
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Figure 6.6 Temperature measurement with the WISP inside concrete. 

6.2 WISP Power Transfer in an RFID System 

 In this section, the RF power transfer between the WISP and the RFID reader 

antenna (i.e., transmission coefficient	 ଵܵଶ) was studied while WISP was embedded inside 

(1) concrete with different depths, t, and (2) grout with different depths, t. In order to 

measure the S-parameters, the RFID reader antenna was connected to one port of a vector 

network analyzer (VNA) while the WISP antenna was connected to the second port. In 

order to improve the accuracy of these measurements, the WISP was programmed to be in 

sleep mode in order to reduce the power consumption of the WISP. In order to conduct the 

measurements, an SMA connector was soldered at the dipole feed point of the WISP.  

 Next, the WISP was placed in front of a concrete or grout sample with fixed 

thickness ݐ௙	of 10 cm. In front of WISP, another sample of concrete or grout with 
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variable depth, t, was placed. Depth, t, takes values of 10 cm, 20 cm, 30 cm, and 40 cm. 

For depth, t, (i.e., 10 cm), the distance between the RFID antenna and WISP, d, varied 

from 0 cm to 45 cm. The transmission coefficient S12 between the antennas was 

measured for different distances, d, at operational frequency f = 915 MHz, as shown in 

Figure 6.7. Fig. 3 and 4 show the real experiment perfomed on both concrete and grout, 

respectively. 

ft

t

d

  

Figure 6.7 Experimental setup for measuring the transmission coefficient ଵܵଶ between the 

RFID antenna and the WISP tag for variable distance, d. 
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Figure 6.8 Power transfer experimental setup for the WISP inside concrete at different 

depths, t. 

 

Figure 6.9 Power transfer experimental setup for the WISP inside grout at different 

depths, t. 
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  The measurements for concrete are summarized in Figure 6.10. It displays the 

behavior of the transmission coefficient, ଵܵଶ, between the antennas versus distance, d, for 

different placement depths, t, of the WISP inside concrete. A higher ଵܵଶ is equivalent to 

larger efficiency of power transmission between the RFID antenna and the WISP 

antenna. It can be seen that the best coupling between the antennas can be achieved for d 

around 5 to 10 cm. It should be also pointed out, that in the case where the RFID antenna 

was positioned against the material surface; the antenna coupling was the least. Also, 

when the distance, d, increases, the coupling between the antennas oscillates thereby 

behaving similarly to a standing wave formed by transmitted and reflected waves, 

between the RFID reader antenna and the WISP tags. These standing waves are caused 

by the presence of two materials (i.e., air and concrete)    

 

Figure 6.10 Coupling between the RFID antenna and the WISP in concrete at different 

depths, t, versus distance, d, at f = 915 MHz. 
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 Subsequently, the same measurements were conducted for grout and they are 

presented in Figure 6.11. It can be seen that the more adequate distance, d, of 

approximately 5 cm to 10 cm provides the best coupling between the antennas. Both 

Figure 6.10, and Figure 6.11 also confirm the data provided in Table 6.1, and Table 6.2 

that showed that concrete experiences smaller losses than grout at 915 MHz. Therefore, 

WISP tags embedded in concrete receive more power than WISP tags embedded in grout, 

which in turn explains the determined axial and radial ranges presented in Table 6.1, and 

Table 6.2. Also, obtained results confirm that concrete is less affected by losses than 

grout which validate the losses calculated in Table 4.1, Table 4.2, Table 4.3, and Table 

4.4.     

 

Figure 6.11 Coupling between the RFID antenna and the WISP in grout at different 

depths, t, versus distance, d, at f = 915 MHz.   
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6.3 Discussion of Results 

 The communication range between a WISP tag and a commercial RFID reader 

antenna was measured for both concrete, and grout. Our experimental data confirms the 

use of WISP tags for monitoring temperature, humidity and strain inside lossy media, 

such as, concrete and grout. It was determined that WISP will continue to operate in a 

range of 0.6 m to 1.29 m for different depths, t, of both materials concrete and grout. 

Further measurements were conducted in order to determine the power transfer between a 

WISP and a commercial RFID reader antenna; these data confirmed the oscillatory 

behavior of the coupling due to the existence of standing waves. This research is a first 

step in confirming the effective use of battery-less WISP tags for monitoring nuclear 

plants for decommissioning tasks. Also, WISP tags can be used in Structural Health 

Monitoring (SHM) of buildings and concrete structures. 
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7. CONCLUSIONS AND FUTURE WORK 

  As part of the American Recovery and Reinvesting Act, DOE is involved in 

evaluating new technologies and methods for decommissioning nuclear plants. Current 

decommissioning methods are costly and time consuming. Therefore, the entombment of 

nuclear plants is a better solution compared to packaging and transporting nuclear waste 

to other locations. Entombment of nuclear plants requires monitoring of these isolated 

structures for security and environmental reasons.  Migrating from wired to wireless 

sensors is not only less expensive but also a feasible solution. The application of wireless 

communications and powering of wireless sensors embedded into lossy media, such as 

concrete and grout have been examined by this work. Also, these materials were studied 

and modeled. Finally, WISP was tested in experimental setups in order to identify its 

operational axial and radial ranges as well as antenna efficiency.     

  This research experimentally measured the electrical properties of novel grouts 

intended for use in decommissioning of nuclear plants. Also, concrete was examined to 

validate our measurement process. Differences between the dielectric permittivity of 

concrete and grout caused different losses to RF signals that travel through these 

materials. Both materials, concrete and grout, were modeled as a Debye dispersive 

material and losses were calculated from 50 MHz to 1 GHz. Also, the transmission and 

propagation losses of RF signals were calculated versus frequency for both materials. 

Even though this study focused on the operational frequency of 915 MHz, experimental 

results from this work can be used for applications using frequencies ranging from 50 

MHz to 1 GHz. Our results showed that RF waves propagating through grout experience 
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smaller losses at lower frequencies. Also, this work demonstrated that wireless sensors 

embedded in concrete suffer less losses than those embedded in grout. Therefore, the 

design of new decommissioning materials that differ from concrete can possibly use this 

information for creating decommissioning materials that have lower losses.    

 Another important aspect about this research is that it presents the first battery-

less SHM system for decommissioning plants. RFID technology-based WISP created by 

Intel Research Labs and University of Washington offers a flexible battery-less platform 

that can measure quantities such as temperature, humidity, and strain. In fact, to our 

knowledge, no previous study has covered WISP performance inside lossy media, such as 

concrete and grout. Specifically, this work experimentally tested WISP tags inside 

concrete and grout and determined the maximum radial and axial communication ranges. 

For different depths, t, samples of both materials were positioned between WISP and the 

RFID reader antenna proving that WISP continues to operates in distances from 0.6 m to 

1.29 m. These results prove that WISP can be used for SHM applications. Additionally, 

in order to potentially improve these operational ranges, the transmission coefficients, 

ଵܵଶ, between the antennas were experimentally. The transmission coefficient, ଵܵଶ, 

describes the efficiency of power transfer between the antennas. Our experimental results 

show the following: 

1. Positioning the RFID antenna directly against the material presents the lower 

coupling or power transfer efficiency between the RFID antenna and the WISP 

dipole.  
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2. An adequate distance ranging from 5 to 10 cm provides higher coupling between 

the antennas. Therefore, this should be the distance between the RFID antenna 

and the WISP tags for optimal communication links and recharging.  

3. The transmission coefficient, ଵܵଶ, versus distance, d, show an oscillating 

behavior as result of the superposition of transmitted and reflected waves inside 

the concrete and grout samples. Therefore, the best positioning of the sensors 

depend on the wavelength of the operational frequency and the placement depth, 

t.       

 This work studied the materials properties of concrete and grout, modeled the EM 

losses inside such materials, and evaluated the performance of battery-less WISP tags 

inside them. Future work can include the use of a directional patch antenna on WISP 

tags. The current dipole antenna that is used in WISP has an omnidirectional radiation 

pattern, which wastes power emitting in all directions. A directional antenna will allow 

the collection of more power from the direction of the RFID antenna thereby improving 

the transmission coefficient ଵܵଶ between the antennas, increasing the communication 

range, and providing more power to the WISP tag. Therefore, WISP tags will have more 

power to spend on their sensors. Changes in the antenna design of WISP will need to be 

accompanied by changes in the impedance matching network. Another aspect that will 

need to be addressed in the future will be the proper packaging of the WISP tag for 

protecting the circuitry when it is embedded in concrete or grout. One possibility will be 

to use a two-part urethane potting that cures at room temperature and exhibits chemical 

resistance thereby not allowing the material to damage the tag's electronics.   
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 Finally, since WISP has been traditionally used to measure temperature and 

acceleration based on its standards sensors, new sensors can be incorporated in the future 

that can measure other quantities, such as strain and humidity inside concrete and grout. 

For this matter, low power (around 1.8 volts) humidity and strain sensors will need to be 

used. In order to incorporate such sensors in WISP tags is necessary to implement a 

signal conditioning board that includes a low signal amplifier and a capacitive bridge (for 

humidity sensors), or a Wheatstone bridge (for strain sensors). After designing the new 

board and connecting it to the WISP, a firmware and GUI will have to be developed in 

order to display the results in a personal computer. This will provide a user-friendly 

interface for users to monitor the collected sensed data by battery-less WISP tags in 

concrete and grout for SHM applications.       
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