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Abstract 
 

The ultra-wideband (UWB) radar technique has emerged as an efficient way to detect and image 

objects non-destructively. Widespread biomedical applications have allowed researchers across 

the globe to use this technique efficiently. Different tissues of the human body have different 

electrical properties, and UWB radar microwave systems have the potential to identify the tissue 

type when there is a considerable permittivity difference between them. Microwave tomography 

(MWT) has become the preferred imaging technique for biomedical applications to analyze 

functional and pathological of the tissues. Microwave imaging works best for high dielectric 

contrast regions such as bones and fatty areas. Recent progress in UWB radar technology and 

computing hardware has opened up unique opportunities for further research and development of 

MWT for biomedical and clinical applications. Safety is an essential feature of MWT imaging; 

this modality uses non-ionizing microwave pulses at average power levels comparable to cell 

phone radiation. 

          This thesis focuses on analyzing pediatric corpulence (child obesity) and knee osteoarthritis 

using UWB radar technologies. The first project discusses the UWB radar system and the genetic 

algorithm to analyze obesity in children by computing both complex permittivity and thickness of 

adipose tissue. This analysis involves the analytical study of electromagnetic wave interaction with 

human tissues. The simulation involves the analyses of the proposed technique on human voxel 

tissue models—including babies, children, and adults—available in CST software. The 

experimental validation involves the phantom consisting of a pork skin layer followed by pork fat, 

then ground pork which emulates muscle tissue. When the measured results were compared with 
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the actual permittivity and thickness, the accuracy of measurement data confirmed the suitability 

of this technique. Based on the electrical properties of adipose tissue, obesity levels were 

assessed.  This technique is a safe, cost-effective, portable, ex vivo, non-contact method to 

determine the type of fat tissue in the human body and consequently to determine the level of 

obesity. 

         The second project discusses a non-invasive approach to studying knee osteoarthritis. This 

technique utilizes a combination of synthetic aperture radar (SAR) focused microwave reflection 

tomography, and genetic algorithm. This approach estimates osteoarthritis in a patient by 

analyzing three properties around the knee joint: the complex permittivity, the depth from the skin 

to the bone, and the gap between the thigh bone and shinbone. The technique is also applied to 

adult human voxel tissue knees and simplified knee models in the CST software. Simulated 

validation concludes that the technique is feasible as a safe, cost-effective, and non-contact method 

for estimating knee osteoarthritis in the human body. 
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Chapter 1 
 

Introduction 

 

1.1 Motivation 

Studying the injuries and causes of health issues through processes and techniques has become 

essential in medical research. X-ray, computed tomography (CT), magnetic resonance imaging 

(MRI), positron emission tomography (PET), and ultrasound imaging are some of the imaging 

tools used by doctors worldwide to diagnose or image various ailments and diseases. Imaging tools 

help practitioners to study the condition of the biological tissue as a first screening examination. 

This thesis focuses on analyzing two of the significant biomedical challenges facing the world: 

obesity and osteoarthritis. This study presents a new, safe, non-invasive, and cost-effective 

technique to determine a patient’s obesity level and diagnose osteoarthritis of the knee. 

 Leptin and resistin play important roles in glucose metabolism and regulating child weight. 

The nutritional condition in the body controls their levels increased by feeding and reduced by 

fasting [1]. Adipose tissue produces a bioactive product known as Adipocytokine that includes 
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leptin as a metabolic regulator [2]. Leptin and resistin levels show a good correlation with 

anthropometric parameters of childhood obesity and its comorbidity. Hence, adipocytokines can be 

considered as a biomarker of childhood obesity [3]. A newborn baby generally has brown fat, which 

keeps the baby's body warm in cold weather. When the baby’s age increases, some of the brown fat 

changes to white fat, resulting in a change in the electrical properties of the tissue. Recent studies 

show that in North America, many babies are born overweight, and doctors have become 

increasingly concerned about childhood obesity [4] [5] [6]. The method to diagnose the type of fat 

is a biopsy, which is an invasive procedure. Doctors have been looking for a non-invasive method 

to determine the type of fat underlying the skin tissue of newborn babies and children. Radar 

methods can measure the permittivity [7] [8] [9] [10] [11] and thickness of unknown adipose 

tissues, including white and brown fat, skin, and muscle properties. The White adipose tissue 

(WAT) and Brown adipose tissue (BAT) are present in different parts of the human body, but we 

are concentrating on the abdomen. The content of WAT and BAT in the abdomen area considerably 

correlates with the development of obesity [12] , and there is a considerable permittivity difference 

between these tissue types. The differences in white and brown tissue permittivity enable the 

microwave system to identify the tissue type. 

 For decades, osteoarthritis has also been a major cause of disability for many people. 

Stiffness, swelling, and pain are some of the symptoms of arthritis, leading to inactivity in daily 

life. Arthritis is caused by several factors: the breakdown of cartilage tissue, obesity, injuries, 

and overuse. It mainly occurs in people over 50 years old, but can be found in younger people. 

It happens when articular cartilage in the knee joint wears away and becomes rough and frayed. 

The gap between the thighbone and shinbone decreases, resulting in bone rubbing and painful 

bone spurs [13] [14] [15]. Current biomedical imaging tools analyze the tissue properties [16] 
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and assess their condition. CT scans, X-ray, radiographic testing, and MRIs are some of the 

present modalities used to examine the functional and pathological condition of knee diseases. 

Microwave imaging has emerged as a potential technique for biomedical imaging 

applications because of its less complex system, lower radiation exposure, and non-invasive 

approach. These features have attracted researchers to develop microwave techniques to image 

biological tissues [17] [18] [19] [20] [21] [22] [23] . The measurements in the multi-frequency 

range offer a better reconstruction image than those in the narrowband systems [24] [25] [26]. Due 

to the high-water content in organic tissues, electromagnetic waves attenuate when they penetrate 

deeper into tissue [27], making backscattering (reflection) more viable than forward-

scattering(transmission). UWB radar microwave imaging systems have been used effectively for 

biomedical imaging solutions [28] [29] [30] [31] [32] [33] [34] [35]. The UWB radar system has 

the advantages of being low cost, non-contact, and providing reasonable image resolution in the 

order of 5 mm in human tissue [36]. A typical UWB radar operates in the frequency range of 1 to 

10 GHz.  

      Microwave imaging techniques can analyze the gap between the thigh bone and the 

shinbone. The dielectric profile of tissue around the knee changes when the patient suffers from 

osteoarthritis; when a ligament rupture occurs, synovial fluid [37] containing blood collects at the 

rupture site and begins to fill the entire knee joint causing effusion. The fluid has a high dielectric 

permittivity value of 84 and conductivity of 2.3 S/m [38]compared to the low dielectric 

permittivity of other knee tissues. This fluid leads to changes in the dielectric properties of the 

knee joint, and there is a significant permittivity difference that the UWB time-domain radar 

technique can analyze. 
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1.2 Ultrawide-band (UWB) Radar 

UWB radar sends test signals with a wider spectral range than conventional radars. It requires 

much less pulse energy and makes the radar transmitter unrecognizable [39]. The transmitted 

signal is weaker than the allowable interference level of various electronic devices. Typically, 

pulse generators with very short pulse widths (shorter than one ns) are used. The spectrum of these 

pulses is more like white noise. However, UWB radar requires more receiver bandwidth than 

conventional radars. 

 

Figure 1. Comparison of power spectral density vs. frequency for the conventional narrow-band 

system, UWB system, and noise 

 

The bandwidth of the ultra-wideband radar transmission signal is at least 25% of the 

transmitter's center frequency size. Thus, the minimum bandwidth of an ultra-wideband signal 
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whose center frequency is 5 GHz is 1.25 GHz. This wide bandwidth requires a broadband radar 

system, and the antenna used for this purpose must have a wideband characteristic. The typical 

antenna with wide bandwidth is usually Horn or Vivaldi antennas [40].  

  The UWB radar system features include low interference with other signals, greater spatial 

resolution, and lower power consumption. UWB radar has been used to detect humans [41], 

moving objects [42], imaging through-wall conditions [43], rescue operations [44], indoor 

positioning [45], and public security [46]. Recently, UWB radar technology has been used for 

various biomedical applications [47]. UWB radar imaging systems are promising for biomedical 

applications such as tumor detection [48] due to their decent penetration and high resolution. The 

principle of microwave detection of tumors is due to discrepancies in dielectric properties. 

 

1.3 Microwave Tomography 

Mainstream bio-imaging modalities include X-ray, CT, emission computed tomography (ECT), 

ultrasound, and MRI. PET uses radioactive material as a tracer for specific living tissue diagnosis 

by illuminating high concentration areas of a particular marker [49]. 3-T MRI produces the best 

resolution image in the order of millimetres. It is well suited for soft tissue imaging because of the 

high concentration of hydrogen molecules in the human body [50]. Although these techniques offer 

good image resolutions to study the condition of the human tissue, they have some disadvantages 

as well. The cost of diagnosis through MRI is high, and the patient has to stay for about an hour in 

the MRI tube for data acquisition [51]. In the ultrasound technique, the patient's body is in physical 

contact with the imaging probe [52]. PET is the most expensive modality where a tracer is injected 

into the human body, and after metabolic activity, the location of the disease is identified [53]. 
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             Microwave tomography (MWT) is a prominent imaging tool in the field of biomedical 

engineering. This imaging technique is good for high contrast dielectric regions in the human 

body, such as bones and dense fatty tissues. The technique can be used to evaluate breast, brain, 

cardiac, and lung cancer. Unlike continuous and prolonged exposure to X-rays which cause the 

human cell to ionize, MWT is a safe supplement for detecting pathological conditions of soft 

tissues. It is also a cost-effective and portable real-time imaging method. In MWT, transmitting 

antennas illuminate the electromagnetic wave on the subject, and the reflected wave is then 

measured using the receiving antennas. The received wave is then processed for image 

reconstruction. 

             Images received from the microwave tomography techniques provide instantaneous data 

on tissue properties for biomedical applications. Recently, the early detection of breast cancer 

using MWT has attracted the attention of researchers. Breast cancer detection, which is primarily 

based on microwave tomography, relies on significant dielectric characteristics between healthy 

and malignant tissues. In [54], X-ray mammography has been shown to have some drawbacks in 

terms of sensitivity and specificity. 5-15% of breast cancers are not visualized on mammography, 

and the average breast cancer yield per mammogram is 10% to 50%. These factors underscore the 

importance of additional imaging techniques for early detection of breast cancer. 

              Brain stroke is the third leading cause of death worldwide, after heart disease and all types 

of cancer. In case of brain stroke, clinical requests for the use of thrombolytic agents should be 

made within three hours of symptom onset and require reliable identification of ischemic stroke. 

This decision is based on imaging strategies similar to CT and MRI. Current CT, PET, and MRI 

imaging methods provide information about tissue characteristics associated with perfusion, 

ischemia, and heart attack. In order to convey clinical information, continuous CT scans or MRIs 
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of the head with perfusion and diffusion imaging are needed that repeatedly expose the patient to 

radiation and distinction agents [55]. MWT is a promising technique that exceeds traditional 

imaging modalities by providing non-invasive, real-time, safe, mobile, continuous, and efficient 

monitoring of human tissue. MWT is also an excellent complement to current imaging modalities 

for assessing perfusion-related brain injuries. 

         Since MWT benefits from short frame rates/time resolution, it is predicted that its use may 

offer a state-of-the-art evaluation of cardiac features and myocardial tissue viability. The best 

MWT imaging system should be (1) able to provide proper image resolution, (2) capable of 

locating more subtle less variations in tissue dielectric properties, (3) computationally robust, and 

(4) efficient in terms of image reconstruction with cost-effectiveness.  

 

1.3.1 Synthetic aperture radar (SAR) focused reflection microwave 

tomography 
 

Reflection tomography uses the sum of B-mode scan data to form a one-dimensional projection of 

an imaged object [56]. Fig. 2 shows a scenario for microwave reflection tomography 

measurements for a subject in the x-y plane. The receiver collects the reflected pulses from the 

object. The maximum distance between each transmitter and receiver position is controlled by the 

Nyquist sampling criteria for a particular signal bandwidth which gives the spatial pulse width of 

the pulsed broadband system. The pulse applied in this study has a pulse width of 100 ps and a 

normalized amplitude of 1 V, which leads to a spatial pulse width of 3 cm. An inter-spacing 

distance of 2 cm between the transmitter and receiver is used for the measurement setup. Similarly, 

the antenna pair is moved by 2 cm to the next location. 
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          The reflections from the subject are collected at each location. After time alignment, all the 

receiver's data with respect to the reference position are added together to capture a 1D projection 

of the image scene. Similarly, multiple 1-dimensional projections are measured by rotating the 

antenna system at a predetermined step angle (in our case, by 20o). Then, as in CT scans, multiple 

these multiple 1D projection data are used for the reconstruction process. 

 

Figure 2. Setup diagram for SAR focused microwave tomography for a subject 

                      

        The data is collected with a finite step (in our case, 20°) to cover a 360 ° scan space. The 

Nyquist criterion should also be satisfied for the maximum angle of rotation per step where the 

length of the circumferential arc due to the step angle must be shorter than the spatial pulse width 

of the system. 
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Figure 3. Setup diagram for SAR focused microwave tomography for a solid cylinder and cuboid 

 

Fig.4 shows the reconstructed solid cylinder and cuboid cross-sectional image using SAR-focused 

reflection microwave tomography as set up in Fig.3. The scanned receiver data contains edge 

diffractions which are the scattered pulses from dimensional objects in the order of the spatial 

width of the pulses. The receiver's 1-D linear matrix arrangement (in the x-axis) and data (the 

relationship between space and time) are in accord with SAR processing. Therefore, we first 

perform SAR processing on the received data set for each projection angle to suppress the scattered 

noise. 
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Figure 4. Solid cylinder and cuboid reconstruction using SAR focused reflection microwave 

tomography 

   

           The data collected by each receiver is in the form of a time-domain pulse. Each receiver 

collects the reflection caused by the incident waves from all 25 transmitter locations. The collected 

data is then summed up with proper time-shifting along the x-axis. The exact process is repeated 

for the remaining 24 receivers, and data is collected into a matrix. Finally, the SAR-focused data 

stored in a matrix is summed up to form a one-dimensional array forming the projection data at a 

specific angle. The projection angle is changed with the step size of 20o to obtain 18 projections, 

and for each projection a new receiver data set is recorded. After SAR focusing, the summation 

process is repeated for all step angles. The object scene is captured with edge diffraction minimized 

by SAR focusing based on the projection data. Finally, convolutional filtering/back-projection (an 

inverse radon transform) is performed to reconstruct the subject.  
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1.4 Contribution of this Thesis 

 

The contributions of this thesis to the study of fat analysis and knee osteoarthritis are 

summarized as follows: 

In Chapter 2: 

An ex vivo method to estimate the dielectric properties and thickness of adipose tissue in the 

human body is presented. Based on the electrical properties of adipose tissue, obesity levels are 

assessed.  This approach consists of two steps: 1) data acquisition by a UWB time-domain radar; 

and 2) genetic algorithm minimization (optimization) of the goal function, which is the absolute 

difference between the measured reflection coefficient and its corresponding theoretical value. 

The radar acquires the transient response of bio tissue. This study considered a three-layered tissue 

model to mimic the human abdomen’s surface. The experimental phantom consisted of a pork 

skin layer followed by pork fat, then ground pork to emulate the muscle tissue. Three circular 

apertures of 2 cm, 3 cm, and 5 cm radiuses, respectively, were made on a metal shield to focus 

the measurements on a small area of interest.  The measured results were compared with the actual 

permittivity and thickness of all animal models considered. The technique was also applied to 

human voxel tissue models, including babies, children, and adults, available in CST software. The 

UWB radar system and the genetic algorithm were used to determine both complex permittivity 

and thickness of adipose tissue to analyze obesity in children. The accuracy of measurement data 

confirmed the suitability of this technique. This technique is a safe, cost-effective, portable, ex 
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vivo, non-contact method to determine the type of fat tissue in the human body and determine the 

level of obesity. 

In Chapter 3: 

A non-invasive method to study knee osteoarthritis is presented. This technique consists of two 

steps: 1) a SAR focused microwave reflection tomography to image the knee joint, and 2) a UWB 

radar technique and genetic algorithm to obtain the muscle permittivity and gap between the thigh 

bone and shinbone. The osteoarthritis problem was assessed based on the combined results of knee 

joint images, change in muscle permittivity, and spacing between the thigh bone and shinbone. 

The technique was validated on simplified knee models followed by adult human voxel knee tissue 

available in the CST software. Simulated validation concluded that the technique is feasible as a 

safe and cost-effective method to estimate knee osteoarthritis in the human body. 
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Chapter 2 
 

Analysis of pediatric corpulence via 

adipose tissue characterization 
 

 

2.1 Introduction 
 

A newborn baby has brown fat when they are born. This brown fat keeps the infant's body warm 

from the cold weather outside. When a child's age increases, brown fat changes its properties to 

white adipose tissue. Since many newborn babies are obese in Canada, doctors are looking for a 

device that can determine the obesity in babies to treat them accordingly. Doctors are looking for 

a non-invasive approach to determine the type of fat underlying the skin tissue of newborn babies 

as a substitute for costly and harmful biopsy methods. Several methods are proposed to study the 

properties of adipose tissue in the literature. In [57], mean subcutaneous fat thickness is measured 

using ultrasound technology. In-vivo and ex-vivo rat muscle and fat tissue in different hydration 

states were studied using an open-ended coaxial probe in the frequency range of 0.5 GHz-50GHz 

[58]. The technique estimates fat and muscle properties, but the prototype system should be in 
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contact with the subject. In [59], dielectric measurements on frozen and defrosted tissue were 

measured using an open-ended coaxial cable in the frequency range of 0.5GHz-8.5GHz. The 

technique is used for measuring chicken muscle, bovine liver, and bovine fat complex 

permittivity estimation using a contact approach. Recently in [60], abdominal fat thickness 

measurement was done with a high dielectric material-filled horn antenna using a reflection 

coefficient response. The measurement is performed in the frequency range of 1.7GHz-8GHz 

using an open-ended contact probe. Table 1 summarizes the available state-of-the-art techniques 

used for skin, fat, or muscle complex permittivity or thickness measurement. Magnetic resonance 

imaging (MRI), Ultrasound, and computerized resonance imaging (CTS) are expensive methods 

to evaluate the properties of skin, fat, and muscle; hence, UWB radar techniques are of growing 

interest among researchers for non-contact measurements.  

          The UWB radar technique has emerged as an efficient way to detect and scan objects 

noninvasively. Different tissues of the human body have different electrical properties [61]. In 

general, the permittivity of an object can be determined by using various techniques such as the 

cavity perturbation technique [62] [63], tetrapolar impedance [64] [65], the transmission line 

method [66] [67], the open-ended probe technique [68] [69] [70] and, the microstrip ring resonator 

method [71] [72]. The cavity perturbation method is an invasive procedure and ex-vivo technique 

that measures the sample's complex permittivity due to the change in resonant frequency and 

quality factor when placed at the center of the cavity. Moreover, the preparation of some samples 

is quite tricky; this method is not valid for liquids and provides data only at a single frequency [62] 

[63]. The tetrapolar permittivity measurement technique utilizes a four-electrode system 

inoculated in the tissue, and a potential difference between the electrodes is measured. Electrode 

configuration varies according to the tissue  [64] [65]. An invasive contact transmission line 
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technique is unsuitable for in-vivo and ex-vivo measurements for solid biological samples [66] 

[67].   

 

Table 1. Techniques to measure tissue properties 

Reference Contact/ 

contactless 

Technique Measurements 

[57] Contact Ultrasound Fat thickness 

[58] Contact Open-ended probe Fat and muscle properties 

[59] Contact Open-ended probe Skin complex permittivity 

[60] Contact Open-ended probe Abdominal fat thickness 

Present Contactless Free space Skin, fat, and muscle thickness 

and dielectric properties 

 

The open-ended coaxial probe is a non-invasive contact technique that needs the elimination of 

air voids between the coaxial probe and the material under test (MUT) for accurate results  [68] 

[69] [70]. Another method to measure permittivity is the microstrip ring resonator, a non-

destructive contact and ex-vivo method suitable for low and high dielectrics. This method has 

limitations in measuring liquids, powders, and very lossy materials [71] [72].  

          This chapter discusses a free-space technique, non-invasive, contactless, and ex-vivo 

method to measure the content of white/brown adipose tissue in the abdomen area. The 

measurements considerably correlate with the development of obesity [73]. The proposed 

technique uses a multi-transmission line model to represent the human body and the genetic 

algorithm for measurements. The UWB radar system with two antennas measures the multilayer 

tissue's transit time response. The methodology for the ideal Gaussian pulse radiation to 

determine the thickness of the skin layer is mathematically illustrated in the following sections. 
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The proposed analysis is carried out on pork tissue samples that impersonate the properties of the 

human tissue. The experimentally generated 100 ps Gaussian pulse is used in the simulation setup 

for analyzing the pork tissue sample, human abdomen, and human voxel tissues of babies, 

children, and adults in ideal conditions. The estimation of skin, fat, and muscle properties is 

discussed with the respective percentage error. The evaluation of the specific absorption ratio 

(SAR) to examine the safety of radiation exposure on tissue properties is also discussed. 

 Further, the technique is tested in the laboratory on some animal tissues: pork, beef, 

chicken, and turkey. As electrical properties of the tissue vary with the temperature and the place 

[74], the animal tissues' electrical properties are first measured using an E8362B PNA network 

analyzer and Agilent’s 85070E dielectric probe kit for reference purposes. Then, the thickness 

and complex permittivity of skin, fat, and muscle layers of pork, beef, chicken, and turkey in the 

frequency range of 5GHz–10GHz are measured using the proposed technique.  

This chapter is arranged as follows. Human tissue properties are discussed in section 2.2. The 

proposed technique and methodology to determine the skin thickness are investigated and 

presented in section 2.3. Section 2.4 illustrates simulation setups for pork and human babies, 

children, and adults. Section 2.5 shows the average SAR calculation for all human models, section 

2.6 the results, and section 2.7 the conclusions. 

2.2 Tissue properties 

 

2.2.1 Skin 
 

The epidermis and dermis are the primary layers of the skin [75]. The thickness of the epidermis 

was estimated at around 80-100 µm. The water content increases linearly with a depth to a 
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maximum of 70% at 0.2 mm. The typical thickness of the dermis layer was estimated to be around 

1-2 mm [76] [77] [78]. Using various techniques, researchers have measured the skin permittivity 

in the frequency range of 1 kHz-100 GHz. The properties of pork tissue are discussed in many 

works that mimic the human tissue properties. The average permittivity, conductivity, and 

thickness of the combined epidermis and dermis layer of the abdomen for humans and pork tissue 

in the frequency range of 5-10GHz are summarized in Table 2 [79] [80]. 

            Table 2. Abdomen skin properties of human and pork tissue 

Description Average 

permittivity 

Average 

conductivity 

Thickness(mm) 

Human 34.5 0.35 2.22 ±0.34 

Pork 33 0.86 2.20 ±0.43 

 

2.2.2 Fat 
 

The layer followed by the skin is adipose tissue [81]. In mammals, adipose tissue plays an essential 

role in providing day-to-day energy expenditure. White and brown fat are the two adipose tissues 

mainly found in the human body [82]. White adipose tissue is mainly responsible for energy 

storage, whereas brown adipose tissue generates heat and metabolizes fat [80] [83] [84] [85] [86]. 

Table 3 outlines the average permittivity, conductivity, and thickness of brown and white fat of 

human and pork abdominal tissue (brown fat) in the 5-10GHz range. 

 

       Table 3. Abdomen fat tissue properties human and pork tissue 

Description Average 

permittivity 

Average 

conductivity 

Thickness(mm) 

Human Brown fat 8.21 0.422 11.16±04.13 
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Human White fat 4.8 0.232 11.08±03.11 

Pork (brown fat) 8.05 0.25 9.70±03.50 

 

2.2.3 Muscle 
 

The abdomen muscular tissues are comprised of transverse abdominis, external oblique, internal 

oblique, and rectus abdominis. These muscles together give stability to perpetuate correct posture, 

which lies beneath abdominal skin, followed by fat tissue.    

   Table 4. Abdomen muscle properties of human and pork tissue 

Description Average 

permittivity 

Average 

conductivity 

Thickness(mm) 

Human 39.15 0.454 7.08±03.34 

Pork 41.3 1.2 2.20 ±0.43 

 

In [87], the real-time ultrasound imaging method is used to determine the thickness of the right 

and left sides of the internal oblique, external oblique, transverse abdominis, and rectus abdominis 

muscles. The average permittivity, average conductivity, and thickness of abdomen muscle for 

human and pork tissue in the frequency range of 5-10GHz are discussed in Table 4 [87] [88]. 

 

2.3 Tissue dielectric and thickness measurement technique 
 

Before testing the proposed technique on different tissues, the complex permittivity of each sample 

is first measured in the lab using a coaxial probe connected to a vector network analyzer. Each 

sample permittivity is recorded in the frequency range of 1GHz-10 GHz and is used to compare 

the result obtained by the proposed technique.  
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Figure 5. Abdomen tissue as a multi-section transmission line 

 

The abdomen tissue can be considered as a multi-section transmission line, as shown in 

Fig.5. The theoretical input impedance of the n-layer tissue can be calculated as follows: 

                                 
     

         𝑍𝑛
𝑖𝑛 = 𝑍0𝑛+1

𝑍𝑛+1
𝑖𝑛 +𝑍0𝑛+1.𝑡𝑎𝑛ℎ(𝛾𝑛+1𝑑𝑛+1) 

𝑍0𝑛+1+ 𝑍𝑛+1
𝑖𝑛 .𝑡𝑎𝑛ℎ(𝛾𝑛+1𝑑𝑛+1)

                                             (2.1) 

                                                 𝛾𝑛 = 𝑗
2𝜋𝑓√𝜀𝑟𝑛

𝑐
                                                                            (2.2) 

                                              𝑍0𝑛 =
𝜂0

√𝜀𝑟𝑛
 =  

377

√𝜀𝑟𝑛
                                                                        (2.3) 

          where  𝑍𝑛−1
𝑖𝑛  is the input impedance of the nth layer of the transmission line. 𝛾𝑛, 𝑑, 𝑍0𝑛and 

휀𝑟𝑖 are the propagation constant, length, characteristic impedance, and the complex permittivity of 

the layer n, respectively, whereas 𝑐, and 𝜂0 are the speed of light in a vacuum and the intrinsic 
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wave impedance of free space, respectively. The complex reflection coefficient of the three-layer 

tissue is a function of the input impedance, i.e., 𝑍1
𝑖𝑛: 

                                                             𝛤𝑡 =
𝑍1

𝑖𝑛−𝑍01

𝑍1
𝑖𝑛+𝑍01

                                                                    (2.4) 

where 𝑍01is the characteristic impedance of the air. The input impedance can be calculated 

as follows: 

                                                            𝑍1
𝑖𝑛 = 𝑍02

𝑍2
𝑖𝑛+𝑍02 𝑡𝑎𝑛ℎ(𝛾2𝑑2)

𝑍02+ 𝑍2
𝑖𝑛 𝑡𝑎𝑛ℎ(𝛾2𝑑2) 

                                                  (2.5) 

                                                             𝑍2
𝑖𝑛 = 𝑍03

𝑍3
𝑖𝑛+𝑍03 𝑡𝑎𝑛ℎ(𝛾3𝑑3)

𝑍03+ 𝑍3
𝑖𝑛 𝑡𝑎𝑛ℎ(𝛾3𝑑3) 

                                                (2.6) 

                                                                  𝑍3
𝑖𝑛 = 𝑍04=  377

√휀𝑟4
⁄                                                   (2.7) 

           The objective is to minimize the absolute difference between the measured frequency-

dependent reflection coefficient and its corresponding theoretical value [89]. The minimization 

problem is defined as follows: 

                                                     𝑀0 = 𝑚𝑖𝑛{||𝛤𝑡 (𝑋)| −  |𝛤𝑚||}                                                 (2.8) 

From Eq. (2.4), the complex reflection coefficient is a function of  𝑍1
𝑖𝑛, which is a function of  

𝑑2,  휀2, 𝑑3 , 휀3, 휀4. Here, 𝑑2 and  𝑑3 are the thickness of skin and fat tissue layer, respectively 

whereas  휀2, 휀3 and 휀4 are the complex permittivity of skin, fat, and muscle tissue layer, 

respectively. Hence, unknown vector X consists of the following unknowns to be found: 

                                                         𝑋 = [ 𝑑2,  휀2, 𝑑3 , 휀3, 휀4 ]                                                      (2.9) 

where three signals are measured, and two calibrations extract the measured reflection 

coefficient. One signal is the reflected signal by the multi-layer tissue, while another is the 



 

 

21 
 

reflection from the metal sheet placed on the same multi-layer tissue. The third signal is the 

ambient signal due to the antenna coupling and outside environment recorded without any target. 

Then the measured signals are calibrated by subtracting the ambient signals from them.  

           After the measured and theoretical reflection coefficients are achieved, a genetic algorithm 

is applied to minimize their difference. A genetic algorithm with a maximum generation of 8000, 

a migration rate of 10%, a cross-over rate of 50%, and a population size of 300 is applied to 

minimize possible solutions. This minimization problem is performed for all the valid frequency 

data (5-10 GHz). Binary encoding of all the five unknowns is accounted for during the process. 

The set of all the combinations of five unknowns makes the generation 0. Then, natural selection 

and simulation of the survival of fitness function X are made to determine the solution. This 

process is repeated till M0 is minimized. In order to calculate the thickness and complex 

permittivity, the extracted values over the frequency span are averaged, and the results are 

summarized in the tables discussed in later sections. 

 

2.4 Simulation setups 

 

2.4.1 Methodology to determine tissue thickness 
 

A mathematical analysis is carried out in this section to obtain the permittivity and thickness of 

the skin in the human body. First, a cuboidal box of dimension 300 x 300 x 20 mm3 is assigned 

with the skin permittivity value of 37. Another cuboidal box is placed adjacent to the skin layer 

with the same length and width but with a thickness of 300 mm and permittivity of 8 to mimic 

brown fat. A Gaussian pulse of 100 ps pulse width is radiated onto the combined layers of skin 
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and fat, as shown in Fig.6. The reflection from the skin-air interface is recorded by voltage probe 

1, as shown in Fig.6, and probe 2 records the reflected pulse coming from the skin-fat layer 

interface. However, the same pulse traveled into the air through the skin layer and was recorded 

again by probe 1. Fig.7 shows the merged recorded pulse from the air-skin layer interface S1(t) and 

skin-fat layer interface reflection S2(t) when the skin thickness is 20 mm. In the graph, the red 

signal enclosed in light brown color space corresponds to S1(t), while the signal, which appears 

after 1.5 ns, enclosed in the light green color space, is designated as S2(t). 

 

 

Figure 6. Simulation setup of a skin-fat layer with plane wave excitation 
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Figure 7. Recorded pulse by voltage probe 1 after reflection from air-skin layer and skin-fat layer 

interface (skin thickness 20 mm) 

 

         Other setups, as shown in Fig.6 with various thicknesses of the skin layer (i.e., 5mm, 4mm, 

3mm, 2.5mm, 2mm), are simulated, and in each case, the pulse was recorded by probe 1. Since the 

thickness of the skin was very small, it was observed that the reflection from the air-skin interface 

and skin-fat interface merged up to a single pulse. 

 

Figure 8. Pulse S1(t) (solid blue line), S2(t) (solid black line), and merged pulse y1(t) (solid red 

line) recorded by probe 1 in case of 2.5 mm skin layer thickness 
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For separating the merged pulses, intrinsic pulses S1(t) and S2(t) are recorded from the 20 mm skin 

thickness experiment. Fig.8 shows the S1(t) (solid blue line) and S2(t) (solid black line) obtained 

from the 20 mm skin thickness case, and the merged recorded pulse y1(t) (solid red line) for the 

case of 2.5 mm skin thickness. It is known that y1(t) is a combination of S1(t) and S2(t) with an 

unknown time interval that depends on the skin layer thickness (d).  

                                                                          τ= 𝑑 𝑐⁄                                                                      (2.10) 

                                                                         c=
𝑐𝑜

√ԑ
⁄                                                                                  (2.11) 

where τ is defined as the total time the signal takes to pass through the skin layer into the air, d is 

the estimated skin thickness, and c is the speed of light in the skin medium.  

 

 

Figure 9. Correlation curve with respect to ‘n’ time intervals (2.5 mm skin layer thickness) 

 

𝑐𝑜 is the speed of light in air, and ԑ is the dielectric permittivity of skin. To estimate the skin 

thickness, first, we need to write y1(t)    as a sum of S1(t) and time-shifted S2(t).   Now, the S2(t) is 
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shifted by n times in the right direction, as shown in Fig.8 with the time interval 𝜕𝜏, equivalent to 

2.727 picoseconds derived from the recorded signal.  The 𝜕𝜏 is the same for all three signals 

obtained from the simulation setups. The resultant signals y(t) attained after shifting S2(t) can be 

given as follows:   

                                                           y(t) = S1(t) + S2(t- τ)                                                      (2.12) 

                                                                 τ= n 𝜕𝜏                                                                     (2.13) 

 

 

 

Figure 10. The voxel tissue model view of baby, child, and adult individually simulated in CST 

 

          Now, the correlation between the actual signal y1(t) and the estimated signal y(t) is evaluated. 

The value of n is chosen where the correlation value is maximum, as shown in Fig.9 (2.5 mm skin 
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thickness), and the corresponding τ value is calculated using (2.13). This value is used in (2.10) to 

calculate the estimated thickness of the skin. The same analysis is carried out for different skin 

layer thicknesses and compared with the estimated value in Table 5. This methodology is then 

tested for the voxel tissue family consisting of adult, child, and baby tissue, which is available in 

the library of the CST microwave studio. Fig.10 shows the voxel tissue model of baby, child, and 

adult individually simulated in CST. The actual value of skin thickness varies according to the 

person's age [87]. From the comparison table of these voxel models, it can be shown that the 

proposed technique works efficiently to estimate skin thickness and the dielectric properties of 

humans of different age groups. 

 

Table 5. Comparison of Skin true and estimated thickness value with error calculations 

Case True value(mm) Estimated value(mm) Error 

1 20.0 19.8 1% 

2 5.0 5.2 4% 

3 4.0 3.9 2.5% 

4 3.0 3.0 0% 

5 2.5 2.7 8% 

6 2.0 2.3 15% 

Baby[43] 1.64±0.44 2.0 18% 

Child[43] 2.17±0.48 2.2 1.38% 

Adult[43] 2.39 ±0.15 2.3 3.7% 
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2.4.2 Setup for measurement using the proposed technique on a 

planar structure tissue model 
 

The proposed technique is investigated using a planar structure of the pork tissue sample. As shown 

in Fig.11, the simulation setup is proposed in the CST microwave studio. Three metal  

 

 

Figure 11. Measurement setup for pork tissue layers 

 

plates with a circular aperture of 2 cm, 3 cm, and 5 cm are used for the experiments to precisely 

identify tissue properties in a specific area. The UWB antenna system consisting of two Vivaldi 

antennas is placed 5 cm apart from the metal, followed by pork tissue consisting of skin, fat, and 

muscle layers. The literature presents that these layers have specified permittivity and conductivity 

properties. The thickness of skin and fat layers are assigned with average values of 2.2 mm and 

10.8 mm, respectively. First, three simulations are performed using just metal plates to extract the 

ambient signal occurring due to the mutual coupling of antennas and the metal plates.  
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          Then, other simulations are conducted by introducing skin, fat, and muscle layers with the 

metal plate and antenna structures. The time-domain signals are recorded for each case, and genetic 

optimization is applied to estimate the complex permittivity and thickness. Table 6 summarizes 

the estimated pork skin, fat, and muscle complex permittivity with the corresponding metal plate.  

 

Table 6. Estimated pork fat, skin, and muscle complex permittivity values using the proposed 

technique and error calculations 

Aperture      

radius 

 

 

  εr2 (skin) 

Ref. 35.4 

 

 

Skin 

error 

εr3 (Fat) Fat error 

(Ref. 8.21) 

εr4 

(Muscle) 

Ref. 39.15 

Muscle 

error 

5 cm 35.66-

0.054i 

0.8% 8.71- 

0.195i 

5.8% 34.88- 

0.163i 

10.8% 

3 cm 34.78- 

0.120i 

1.8% 7.44- 

0.287i 

9.4% 35.61- 

0.189i 

9.1% 

2 cm 37.76- 

0.102i 

6.6% 8.2- 0.48i 0.1% 35.98- 

0.175i 

8.1% 

                 

Table 7. Estimated pork fat and skin thickness values using the proposed technique and error 

calculations 

Aperture 

radius 

Skin 

(True) 

(mm) d2 

Skin

 (Est) 

(mm) d2 

Skin 

error 

Fat (True) 

(mm) d3 

Fat (Est) 

(mm) d3 

Fat error 

5 cm 2.2 2.2 0% 10.8 9.4 12.9% 

3 cm 2.2 2.1 4.5% 10.8 11.7 8.3% 

2 cm 2.2 2.2 0% 10.8 9.9 8.3% 
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The error for each layer permittivity is also estimated that lies within 11%, where a 3 cm aperture 

metal sheet shows the maximum error for fat assessment. Table 7 outlines the estimated pork skin 

and fat thickness for each case. In the case of 3 cm and 2 cm apertures, the error is around 8.3% 

for fat, while 0% and 4.5% for skin thickness, respectively. The maximum error for fat thickness 

is around 12.9% for a 5 cm aperture case. 

2.4.2.1 Analysis of the skin thickness and permittivity variation 
 

Analysis of simulation setup with skin thickness and permittivity variation is analyzed as shown 

in Fig.12. A total of ten cases are considered, involving five cases of skin thickness variation from 

2-5 mm with a step of 1 mm and five cases of permittivity variation from 25-45 with the step of 

value 5. 

 

 

Figure 12. Simulation setup: skin thickness variation (Case 1-5) and skin permittivity variation 

(Case 6-10) 
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The fat thickness and permittivity values are 10.8 mm and 8.21-0.25i, respectively, and the same 

for all cases. A metal plate having an aperture of 2cm is considered for the simulation. Table 8 

summarizes the estimated skin thickness and fat properties with error calculation for cases 1-5, 

whereas Table 9 describes cases 6-10. 

 

Table 8. Estimated skin thickness and fat properties using the proposed technique and error 

calculations 

Case Skin True 

value(m

m) 

Skin 

Estimated 

value(mm) 

Skin 

thickness 

Error 

Fat 

thickness               

(Ref. 

10.8 

mm) 

Fat 

thickness               

Error 

  εr3 (Fat) 

Estimated 

(Ref. 8.21) 

  εr3 

(Fat) 

Error 

1 5.0 4.9 4% 9.4 13% 8.15-0.12i 0.7% 

2 4.0 4.2 2.5% 9.8 9.2% 7.99-0.10i 2.7% 

3 3.0 3.1 0% 10.1 6.5% 8.5-0.01i 3.5% 

4 2.5 2.4 8% 9.8 9.2% 8.3-0.11i 1.1% 

5 2.0 2.0 0% 10.5 2.8% 8.8-0.01i 7.2% 

 

Table 9. Estimated skin complex permittivity and fat properties using the proposed technique and 

error calculations 

Case   εr2 (skin) 

True 

  εr2 

(skin) 

Estimate

d 

  εr2 (skin) 

Error 

Fat 

thickness               

(Ref. 

10.8 

mm) 

Fat 

thickness               

Error 

  εr3 (Fat) 

Estimated 

(Ref. 8.21) 

  εr3 

(Fat) 

Error 

6 25.0-15i 27.4-

0.01i 

9.6% 9.7 10% 8.05-0.25i 2% 
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7 30.0-15i 28.0-

0.12i 

6.7% 11.7 8.3% 7.8-0.02i 5% 

8 35-0.15i 34.8-

0.02i 

0.58% 9.9 8.3% 9.2-0.2i 12% 

9 40.0-15i 38-0.08i 5% 10.2 5.5% 8.1-0.15i 13% 

10 45.0-15i 47.4-

0.01i 

5.3% 12.0 11% 9.3-0.05i 13% 

 

2.4.2.2 Analysis of the fat thickness and permittivity variation 
 

 

 

Figure 13. Simulation setup: Fat thickness variation (Case 1-5) and Fat permittivity variation 

(Case 6-11) 

 

Additionally, analysis is performed when the skin thickness and permittivity values are kept 

constant, with variation in fat thickness and permittivity values, as shown in Fig.13. Cases (1-5) 

are a variation of fat thickness from 9.8-11.8 mm with the step of 0.5 mm, whereas Cases (6-11) 

are for fat permittivity value from 4-9 with the step of 1. The skin thickness and permittivity values 
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are 2.2 mm and 35.4-0.5i, respectively, and the same for all cases. Estimated fat thickness and skin 

properties with error calculation are summarized in Table 10, whereas fat complex permittivity 

and skin properties are shown in Table 11. 

 

Table 10. Estimated fat thickness and skin properties values using the proposed technique and 

error calculations 

Case Fat 

True                      

value(

mm) 

Fat 

Estimated 

value(mm) 

Fat 

thickness 

 Error 

Skin 

thicknes

s               

(Ref. 

2.2 

mm) 

Skin 

thicknes

s               

Error 

  εr2 (skin)   

Estimated (Ref. 

35.4) 

  εr2 

(skin)   

 Error 

1 9.8 9.5 3.06% 1.9 13% 36.55-0.04i 3.2% 

2 10.3 10.4 0.97% 2.3 4.5% 33.01- 0.10i 6.7% 

3 10.8 10.9 0.95% 2.2 0% 34.55- 0.12i 2.4% 

4 11.3 11.5 1.76% 2.3 4.5% 34.53-0.02i 2.5% 

5 11.8 11.7 0.85% 2.2 0% 38.56-0.03i 8.9% 

 

 

Table 11. Estimated fat complex permittivity and skin properties values using the proposed 

technique and error calculations 

 

Case   εr3 (Fat) 

True 

  εr3 (Fat) 

Estimated 

  εr3 

(Fat) 

Error 

Skin 

thicknes

s               

(Ref. 

2.2 mm) 

Skin 

thicknes

s               

Error 

  εr2 (skin) 

Estimated 

(Ref. 35.4) 

  εr2 (skin) 

Error 
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6 4-0.3i 4.14- 

0.155i 

3.5% 2.0 5% 35.2-0.04i 0.56% 

7 5-0.25i 4.95- 

0.187i 

1% 2.1 4.5% 33.74- 0.12i 4.7% 

8 6-0.2i 6.07- 0.21i 1.2% 2.2 0% 34.2- 0.10i 3.4% 

9 7-0.15i 6.8-0.20i 2.8% 2.3 4.5% 35.35-0.02i 0.14% 

10 8-0.1i 7.55-0.23i 5.6% 2.2 0% 37.5-0.03i 5.9% 

11 9-0.05i 8.87-0.11i 1.4% 1.9 13.6% 35.54-0.11i 0.4% 

 

 

2.4.3 Setup for measurement using the proposed technique on the 

human voxel tissue model 
 

After successfully determining the planar pork tissue properties, the proposed technique is tested 

on human voxel tissue models available in the CST microwave studio. Fig.14 shows the graphical 

representation of a baby tissue model with the UWB system and the 2-D cross-section view of the 

baby's abdomen. The distance from the antennas to the surface of the abdomen is 5 cm. An ideal 

abdomen tissue model with elliptical hollow cylinders is structured to mimic the abdomen tissue 

characteristics, as shown in Fig.15. The curve metal sheet is placed on the skin, having an aperture 

of 2 cm. The average skin and fat thicknesses are defined as 2 mm and 5 mm, respectively. The 

electrical properties of skin and muscle layers are assigned as 34.5-0.5i and 35.4-0.12i, 

respectively, approximately close to human tissue properties.  
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Figure 14. Graphical representation of baby tissue model with the antenna system 

 

 

Figure 15. Graphical representation of ideal abdomen tissue model with the antenna system and a 

metal plate having a 2 cm aperture 
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The brown and white fat permittivity values are close to 4 and 9, respectively. The fat permittivity 

value increasing from 4 to 9 corresponds to the decrease in white fat content in the human body. 

Six simulations in total are performed by varying the fat tissue properties from values 4 to 9. Table 

12 summarizes estimated ideal abdomen fat, skin, and muscle complex permittivity and error 

calculations. The error value for all instances is below 9.5%, which shows a promising result. The 

estimated fat and skin thickness with error calculation is also shown in Table 13. The maximum 

error of 15% is attained for skin thickness in the case of fat permittivity values of 5 and 7, whereas 

the fat thickness error crosses 5% when the fat permittivity values are 5 and 9. The ideal abdomen 

tissue results are convincing and acceptable.  

 

Table 12. Estimated ideal abdomen fat, skin, and muscle complex permittivity value using the 

proposed technique and error calculations 

 

Fat (εr3) 

True 

εr3 (Fat) 

 

Fat error 

 

  εr2 (skin) 

Ref. 34.5-

0.5i 

 

Skin error 

 

εr4 (Muscle) 

Ref. 

35.4-0.12i 

Muscle 

error 

 

 

4-0.3i 4.38- 0.195i 9.5% 34.43-

0.054i 

0.2% 36.82- 0.163i 4% 

5-0.25i 4.65- 0.287i 7% 33.74- 

0.120i 

2.2% 35.18- 0.189i 0.6% 

6-0.2i 6.26- 0.48i 3.8% 34.11- 

0.102i 

1.1% 34.88- 0.175i 1.5% 

7-0.15i 6.5-0.22i 7.1% 34.53-

0.022i 

0.8% 35.61-0.13i 0.5% 
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8-0.1i 7.31-0.13i 8.6% 36.56-

0.03i 

6% 36.79-.04i 3.9% 

9-0.05i 8.14-0.02i 9.5% 35.54-

0.122i 

3% 34.76-0.05i 1.8% 

 

 

Table 13. Estimated ideal abdomen fat and skin thickness values using the proposed 

technique and error calculations 

 

Fat (εr3)    

True 

Fat

 (True) 

(mm) d3 

Fat (Est) 

(mm) d3 

Fat error Skin (True) 

(mm) d2 

Skin

 (Est) 

(mm) d2 

Skin 

error 

4-0.3i 5 5.2 4% 2 1.9 5% 

5-0.25i 5 4.4 12% 2 2.3 15% 

6-0.2i 5 5.0 0% 2 2.2 10% 

7-0.15i 5 4.9 2% 2 2.3 15% 

8-0.1i 5 4.9 2% 2 2.2 10% 

9-0.05i 5 4.7 6% 2 1.9 5% 

 

Further, the baby human voxel tissue model available in CST is examined. Fig.16 shows the 

graphical representation of the selected abdomen baby tissue model with a metal sheet of 2 cm 

aperture placed at a distance of 5 cm from the UWB antenna system. The voxel model is 0.85 x 

0.85 x 0.8 mm3 in resolution, and all other body parts in the abdomen are present. The abdomen 

tissue properties are assigned manually to test the proposed technique in the 5-10 GHz frequency 

range. As discussed in section II, the skin and muscle complex permittivity is assigned with actual 

average human tissue properties. Here also, six models with fat values from 4 to 9 are proposed. 
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Table 14 summarizes the estimated baby abdomen fat, skin, and muscle tissue complex 

permittivity, while Table 15 shows the fat thickness and skin thickness. 

 

 

Figure 16. Graphical representation of baby abdomen voxel tissue model with the antenna 

system and a metal plate having a 2 cm aperture 

 

The error calculated varies from 0.3% to 2% for fat tissue, 3.1% to 7.2% for skin tissue, and 0.2% 

to 9.5% for muscle tissue. The true thickness of fat for baby voxel tissue is the measured average 

thickness of 10 locations; states the reason for the maximum acquiring error of 31% in the case of 

fat dielectric constant is four. The skin thickness error lies below 20% for all cases. 
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Table 14. Estimated baby abdomen fat, skin, and muscle complex permittivity values using the 

proposed technique and error calculations 

 

Fat (εr3) 

True 

εr3 (Fat) 

 

Fat error 

 

  εr2 (skin) 

Ref. 34.5-0.5i 

 

Skin error εr4 (Muscle) 

Ref. 

35.4-0.12i 

Muscle 

error 

4-0.3i 3.92-0.21i 2% 35.57-0.1i 3.1% 35.32-0.22i 0.2% 

5-0.25i 4.9-0.12i 2% 36.63-0.02i 6.2% 35.25-0.13i 0.4% 

6-0.2i 6.02-0.23i 0.3% 35.99-0.12i 4.3% 32.8-0.09i 7.3% 

7-0.15i 7.04-0.10i 0.5% 37.00-0.04i 7.2% 34.28-0.02i 3.2% 

8-0.1i 7.94-0.15i 0.8% 37.00-0.02i 7.2% 34.87-0.15i 1.5% 

9-0.05i 9.17-0.01i 1.8% 35.82-0.05i 3.8% 32.01-0.08i 9.5% 

 

Table 15. Estimated baby abdomen fat and skin thickness values using the proposed technique 

and error calculations 

Fat (εr3)    

True 

Fat (True) 

(mm) d3 

Fat (Est) 

(mm) d3 

Fat error Skin (True) 

(mm) d2 

Skin (Est) 

(mm) d2 

Skin 

error 

4-0.3i 7 4.7 31% 2.6 2.6 0% 

5-0.25i 7 8.7 24% 2.6 3.0 15% 

6-0.2i 7 8.9 27% 2.6 3.0 15% 

7-0.15i 7 6.6 5.7% 2.6 2.1 19% 

8-0.1i 7 4.7 31% 2.6 3.1 18% 

9-0.05i 7 8.6 22% 2.6 2.8 7.7% 

 

The proposed technique is also assessed for the child and adult human voxel tissue models. Fig.17 

shows the desirable child and adult abdomen tissue models with a complete simulation setup. The 

child has only one composite layer of muscle and fat on average after the skin layer in the CST 
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model. The properties of this layer are evaluated with the percentage of fat content in the composite 

tissue. 

          

(a)                                                                          (b) 

Figure 17. Graphical representation of (a) Child and (b) Adult abdomen voxel tissue model with 

the antenna system and a metal plate having a 2 cm aperture 

 

A person with 30% fat content in the composite layer is considered obese, and correspondingly, 

the white fat tissue content is significantly more. A total of five cases are considered for the child 

abdomen tissue model, with the fat percentage varying from 15-30% in the composite layer. The 

average thickness for composite muscle fat and skin layers of the CST model is around 17.5 mm 

and 2 mm. Estimated child abdomen skin, muscle, and fat average tissue properties for all five 

cases are described in Table 16. The composite and skin layers' error values vary from 0.8-3.7% 

to 3.9-10%. Table 17 exhibits the estimated skin and muscle fat combined layer thickness with 

error calculations. The maximum error is around 14% for muscle and fat thickness with 

permittivity values of 25.28-0.25i and 30.46-0.05i. On the other hand, it is 18% for the voxel tissue 

of muscle fat with an average permittivity value of 30.46-0.05i. The other errors are equal to or 

below 20%. 
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Table 16. Estimated child abdomen fat, skin, and muscle complex permittivity values using the 

proposed technique and error calculations 

 

Muscle-fat tissue 

(εr3) 

True 

Muscle-fat tissue 

(Est) 

 

Muscle-fat 

tissue error 

  εr2 (skin) 

Ref. 72.93-0.5i 

Skin error 

24.24-0.3i 25.14-0.011i 3.7% 67.15-0.05i 7.9% 

25.48-0.25i 25.08-0.11i 1.6% 65.53-0.1i 10% 

26.73-0.2i 26.21-0.13i 2% 68.22-0.13i 6.5% 

27.97-0.15i 27.73-0.09i 0.8% 68.44-0.05i 6.2% 

30.46-0.05i 31.8-0.03i 4.4% 70.11-0.1i 3.9% 

 

Table 17. Estimated child abdomen fat and skin thickness values using the proposed technique 

and error calculations 

 

Muscle-fat 

tissue (εr3) 

 

Muscle-fat 

tissue

(True) 

(mm) d3 

Muscle-fat 

tissue(Est) 

(mm) d3 

Muscle-fat 

tissue 

(thick.) 

error 

Skin 

(True) 

(mm) d2 

Skin

 (Est) 

(mm) d2 

Skin 

error 

24.24-0.3i 17.5 17.3 1.1% 2.1 2.3 9.5% 

25.48-0.25i 17.5 20.5 17% 2.1 1.9 9.5% 

26.73-0.2i 17.5 16.5 5.7% 2.1 1.9 9.5% 

27.97-0.15i 17.5 17.9 2.3% 2.1 2.4 14% 

30.46-0.05i 17.5 14.3 18% 2.1 2.4 14% 

 

  The adult abdomen voxel model has separate fat, skin, and muscle tissue layers resembling 

the voxel model for babies. The simulation setup is also the same for all six cases, with fat tissue 
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permittivity varying from 4 to 9. The skin and muscle properties considered are the actual human 

tissue properties. Table 18 presents the estimation of adult abdomen fat, skin, and muscle complex 

permittivity calculations with errors. The error varies from 1.6-10% for fat, 1.62-4.82% for skin, 

and 0.8-3.7% for muscle tissue. The estimated fat and skin layer thickness is shown in Table 19 

with error calculations, and the results are quite convincing. 

 

Table 18. Estimated adult abdomen fat, skin, and muscle complex permittivity values using the 

proposed technique and error calculations 

 

Fat (εr3) 

True 

εr3 (Fat) 

 

Fat error 

 

  εr2 

(skin) 

Ref. 34.5-

0.5i 

 

Skin error εr4 (Muscle) 

Ref. 

35.4-0.12i 

Muscle 

error 

4-0.3i 4.4-0.26i 10% 33.93-

0.21i 

1.65% 36.25-0.06i 2.4% 

5-0.25i 4.84-0.012i 3.2% 35.95-

0.45i 

4.2% 34.35-0.06i 2.96% 

6-0.2i 5.81-0.012i 3.2% 34.93-

0.61i 

1.24% 35.73-0.053i 0.9% 

7-0.15i 6.86-0.007i 2% 35.24-

0.52i 

2.15% 35.43-0.06i 0.8% 

8-0.1i 7.75-0.01i 3.1% 35.06-

0.58i 

1.62% 36.49-0.04i 3.07% 

9-0.05i 9.14-0.01i 1.6% 36.17-

0.71i 

4.84% 34.76-0.07i 1.8% 
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Table 19. Estimated adult abdomen fat and skin thickness values using the proposed technique 

and error calculations 

 

Fat (εr3)    

True 

Fat (True) 

(mm) d3 

Fat (Est) 

(mm) d3 

Fat error Skin (True) 

(mm) d2 

Skin

 (Est) 

(mm) d2 

Skin error 

4-0.3i 25 28.4 13.6% 2.7 2.8 3.7% 

5-0.25i 25 22.2 11.2% 2.7 2.8 3.7% 

6-0.2i 25 27.2 8.8% 2.7 2.8 3.7% 

7-0.15i 25 28.9 15.6% 2.7 2.9 7.4% 

8-0.1i 25 28.0 12% 2.7 2.9 7.4% 

9-0.05i 25 22.1 11.6% 2.7 2.7 0% 

 

 

2.5 Specific absorption rate (SAR) calculation of human models 
 

The specific absorption rate (SAR) value measures electromagnetic radiation absorbed by an 

object. In the case of humans, it is calculated over a specific volume of tissue averaged over 1 g or 

10 g of tissue. SAR calculations and analyses are essential to know the effect of continuous 

exposure to radiation on human health. According to international commission bodies, the safe 

value of SAR is 1.6 W/kg for an average of 1 g of human tissue. The exposure time, electric field 

intensity, frequency of operation, placement, and orientation of the antenna are significant factors 

affecting the value of SAR [90] [91]. The SAR value is defined as follows: 

                                                                 SAR= 
𝜎|𝐸|2

𝜌
                                                                  (2.14)          
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where E is the induced electric field, and σ and ρ are the electrical conductivity and the mass 

density of human tissue, respectively.  

       Average SAR is a critical parameter for assessing the tissue safety of the proposed UWB 

technique. SAR analysis is carried out over a 3-D model of baby, child, and adult human voxel 

tissues. The SAR value is evaluated on the abdomen of the baby, child, and adult tissue model 

when the antenna is placed around 5 mm apart. The model is simulated using CST Microwave 

Studio, utilizing the finite difference time domain method. The excitation is a Gaussian pulse of 

100 ps with a normalized amplitude of 1 V. Fig. 18 shows the maximum value of SAR averaged 

over 1g of human tissue at 10 GHz for all three tissues, respectively. The area in red for baby, 

child, and adult tissue models indicates the maximum SAR values of 0.34 W/kg, 0.43 W/kg, and 

0.55 W/kg, respectively. The proportion of fat content is associated with the water in the body: 

more fat, less water. As a result, most adults are fat compared to children and infants. Therefore, 

the SAR value averaged over 1g tissue is more for adults than children and babies [92]. 

Supplementary areas of the abdomen, mainly in blue, have a SAR value of 0.01-0.05 W/kg, which 

means there will be a very subtle effect of electromagnetic waves even over a long exposure time. 

The value of SAR is calculated considering the thickness and permittivity of the human model's 

skin, fat, and muscle tissues. The properties of all the tissue are selected from the literature 

discussed in section 2.2. 
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               (a) 
 

                 (b) 

 

   (c) 

 

Figure 18. SAR value averaged over 1 g of human tissue at 10 GHz for (a) Baby abdomen, (b) 

Child abdomen, and (c) Adult abdomen 

 

The SAR calculation is assessed for the frequency range of 5 GHz-10 GHz on all the tissue models. 

Fig.19 shows the value of SAR averaged over 1g of human tissue for baby, child, and adult models 
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in the operating frequency range. The graph is plotted considering the maximum value of SAR at 

a particular frequency, primarily affecting the red area as shown in Fig.18 for the baby, child, and 

adult abdomen tissue models. The average value of SAR over the frequency range can be 

calculated using the following formula: 

                                              Average SAR = 
∫ |𝑠(𝑓)𝑑𝑓|

𝑓2
𝑓1

𝑓2−𝑓1
                                                          (2.15)       

where integral of  𝑠(𝑓)𝑑𝑓 is the area under the curve, and 𝑓2 and  𝑓1 are the maximum and 

minimum frequencies in the range of operation. Table 20 shows the average SAR value over the 

desired frequency range of all three human tissue models. 

 

 

Figure 19. SAR curves as a function of frequency with the area under the curve for calculation of 

average SAR 
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The average SAR value obtained for the adult abdomen is 0.394 W/kg.Hz over 1 g of human tissue; 

it is 0.339 W/kg.Hz for a child, and 0.294 W/kg.Hz for a baby. The above calculation for SAR 

indicates that the proposed method is safe to use even for long human abdomen exposure to 

electromagnetic radiation.  

Table 20. Average SAR value of human tissue models 

S. No Description Average SAR(W/kg) 

1. Baby 0.294 

2. Child 0.336 

3. Adult 0.394 

 

 

2.6 Measurement setup 
 

The pork sample consists of skin, fat, and muscle, as shown in Fig.20. Additionally, ground 

chicken, ground beef, and ground turkey are substituted in the muscle layer to evaluate the 

proposed technique further. First, pork is used for evaluation purposes as pig tissue properties are 

alternative to human tissue properties and almost resemble complex permittivity and thickness 

[81][68]. Human skin can be substituted by pork skin; human fat corresponds to pork lard, and 

human muscle analogues with ground pork with 12% fat [62]. For the measurements, the 

dimension of pork material having skin, fat, and muscle layer is approximately 15 cm in length 

and 17 cm in breadth. 

        The simulation setup shows promising results; hence, this setup is used for the experiment in 

the laboratory on inactive pork sample tissues. Fig. 21 shows the lab experiment setup of metal 

plates with 5 cm, 3 cm, and 2 cm circular radius cut when placed on the pork tissue sample. 
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Figure 20. Pork tissue sample with skin, lard, and muscle layer 

 

The transmitter antenna in the UWB system is excited with a 100 picoseconds Gaussian pulse 

generator circuit while the receiver antenna is connected to the high-frequency sampling 

oscilloscope. The UWB system is placed at a distance of 15 cm away from the sample surface. 

Each experiment with different metal plates is performed three times at three different locations to 

check the accuracy of the proposed technique and measurement setup. 

 

(a) 
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(b) 

 

(c) 

Figure 21. Laboratory measurement setup for pork tissue sample (a) 2 cm aperture, (b) 3 cm 

aperture, and (c) 5 cm aperture metal plate 

 

2.7 Results and discussion 
 

As mentioned earlier, a metal sheet with three different apertures is placed on the sample (see Fig. 

18), and the UWB receiver acquires the transient data. The reason for choosing narrow apertures 

is to identify tissue properties in the specific area precisely. Then, the minimization problem was 

solved to estimate the complex permittivities and thickness of the tissue. The relative permittivity 

and loss tangent value of unknown fat tissue as the function of frequency in the range of 5GHz-

10.5 GHz is exhibited in Fig.22(a). The graphs show the experimental data for three random 

locations on the surface of the multilayer sample tissue using a 2 cm, 3 cm, and 5 cm aperture 

metal plate. Fig. 22 (b) shows the pork muscle complex permittivity over the valid frequency span. 

The ex-vivo average permittivity value of muscle is calculated to be 35.89, with an average loss 

tangent value of 0.23. 
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Table 21. Estimated animal fat, skin, and muscle complex permittivity values using the proposed 

technique and error calculations 

 

 εr2 

(skin) 

εr3 

(Fat) 

Fat 

Error 

(Ref. 8.05) 

εr4 

(Muscl

e) 

Muscle 

error 

Ground Beef 

(Ref. 37.74) 

43.97- 

0.18i 

7.51–

0.12i 

6.7% 34.29-

0.35i 

9.1% 

Ground 

chicken (Ref. 38.86) 

37.68-

0.03i 

7.73-

0.05i 

3.9% 37.65-

0.44i 

3.1% 

Ground 

Turkey 

(Ref.  43.23) 

35.22- 

0.02i 

8.37- 

0.29i 

4.0% 38.93- 

0.65i 

9.9% 

Ground Pork 

(Ref. 39.97) 

34.95- 

0.24i 

8.60- 

0.71i 

6.8% 36.25- 

0.50i 

9.3% 

 

The average permittivity and loss tangent value effectively differ by less than 4% and 2%. The 

average estimated complex permittivity, the reference values, and the absolute error percentage 

are reported in Table 21 and hold measurements done in duplicate. The results highlight a 

considerable agreement in permittivity and loss tangent values in all six cases with minor errors. 

Table 21 also shows the average value of pork skin complex permittivity over the frequency span. 

The results approximately resemble the true pork skin properties illustrated in [76]. 

         In addition, the average thickness of the skin and fat pork tissue samples is measured using 

a ruler. The sample taken was not uniform in terms of skin and fat thickness, so the actual fat 

thickness value was determined by measuring and averaging ten different cross-sections, while 

actual skin thickness was varied from 1.5 mm-3 mm. 
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Table 22. Estimated animal fat and skin thickness values using the proposed technique and error 

calculations 

 

 Skin (Est) 

(mm) d2 

Skin (True) 

(mm) d2 

Fat (Est) 

(mm) d3 

Fat

 (True) 

(mm) d3 

Fat thickness 

error 

Ground Beef 1.6 1.5- 3 10.3 10.8 4.6% 

Ground chicken 1.6 1.5- 3 14.1 13.8 2.2% 

Ground Turkey 2.9 1.5- 3 10.7 10.8 0.9% 

Ground Pork 1.5 1.5- 3 11.1 10.8 2.8% 

 

The estimated skin and fat thickness of pork tissue samples are summarized in Table 22. The 

average estimated skin and fat thickness were 1.5 mm and 15.4 mm, respectively. These values 

differ by approximately 5% and 9.5% of actual pork skin and fat (lard) thickness. The estimated 

properties of pork skin, fat, and muscle showed comparable results with the actual values. Since 

the pork tissue sample resembles the human tissue property, the proposed technique can be helpful 

in determining the properties (i.e., relative permittivity and thickness) of fat tissue in the human 

body efficiently. Other tissue models such as ground chicken, ground turkey, and ground beef are 

taken as a muscle layer and replaced individually under separate pork skin and lard sample tissues. 

The permittivity of ground chicken, beef, and turkey is measured beforehand using a coaxial probe 

method (Agilent 85070E). First, the sample having ground chicken as a muscle layer is 

experimented with using different aperture metal plates placed on the pork skin layer. Fig.22 (c) 

shows the permittivity and loss tangent of the ground chicken, which can be considered a muscle 

layer. Ground chicken tissue permittivity deviates approximately 5% from the true values of ex 

vivo tissues. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

Figure 22. A plot of permittivity and loss tangent value for a) pork fat, b) muscle (ground pork), 

c) muscle (ground chicken), d) muscle(ground turkey), and e) muscle(ground beef) 
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In addition, the retrieved thicknesses of the skin and fat layer are summarized in Table 22. The 

actual thickness for pork skin and fat(lard) is different from the first pork tissue sample and is 

determined by the same analogy of measuring and averaging for ten different locations. The 

estimated values are lower by 13% and 5% than actual pork skin and fat thickness. Furthermore, 

a study for ex vivo pork skin and fat sample tissues with the ground turkey and beef (as muscle 

layer) is also executed. Quantitative differences are perceived between the overall permittivity and 

the viable conductivity obtained in this investigation, and values are compared with actual 

properties.     

 

Figure 23. Graphical representation of medical device equipped with antenna system and pulse 

generator circuit performed on child abdomen with a metal sheet having certain circular aperture 

cut 
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Fig. 22 (d) and Fig.22(e) show the plot of permittivities and loss tangents of ground turkey and 

ground beef, respectively. Table 21 shows the estimated average complex permittivity of pork skin 

and fat (lard) with ground beef and turkey. It can be discerned that the difference in estimated pork 

fat value is typically within ± 8% compared to an actual value in the case of sample tissue with 

ground beef and ground turkey, respectively. The average values obtained using all the 

experimental cases agree well with the actual value of muscle tissue type. Table 22 shows that the 

estimated pork fat and skin thickness for these two cases are comparable with the true average 

values. The complete analysis of pork skin and fat determination with a muscle layer of all animal 

muscle tissues shows promising results using the proposed technique and methodology. The 

medical device equipped with the UWB system and the gaussian pulse wave generator circuit can 

be proposed and utilized to estimate the fat tissue type in humans. Fig. 23 shows the graphical 

representation of the proposed medical device when operating on the child's abdomen to estimate 

the content and properties of tissues, mainly in terms of the type of fat tissue, such as brown fat or 

white fat, and the skin and muscle properties. 

 

2.8 Conclusion 
 

This chapter proposes a non-invasive ultra-wideband radar technology to measure the electrical 

properties and thickness of human tissue. The proposed method was validated using full-wave 

simulations and experimental measurements. The experiments are conducted using pork tissue as 

it mimics the human tissue. First, a similar scenario consisting of the pork tissue sample and 

antenna system is created in simulation software and studied. Then, the same setup was mounted 

in the laboratory to determine the dielectric properties of skin, fat, and muscle; and the thickness 
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of skin and fat. The estimated results were comparable with actual pork tissue's permittivity and 

thickness values in simulation and laboratory experiments. Subsequently, three other models with 

different muscle layers (i.e., ground chicken, ground turkey, and ground beef) are evaluated and 

analyzed. The experiment results agree with the reference values of electrical properties and tissue 

thickness within 10 % for all the cases. By measuring the dielectric constant and thickness of the 

fat layer, it is possible to conclude the obesity level of the person. The dielectric constant of fat 

depends on the percentage of brown and white fat in an individual body. Generally, the dielectric 

constant is between 4 and 8, depending on their percentage. If the dielectric constant of the fat 

layer is close to 8, it concludes more brown fat, while if it is close to 4, it indicates more white fat. 

Specific absorption ratio (SAR) calculation is done to analyze the effect of radiation exposure on 

human tissue. The average SAR value averaged over 1 g of human tissue analysis shows acceptable 

results, indicating that this technique is safe to use. Hence, this study showed the feasibility of the 

proposed technique becoming a clinical solution in the form of a medical device to determine the 

percentage of brown and white fat in the human body.  
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Chapter 3 
 

Non-invasive prognosis of knee 

osteoarthritis using UWB microwave 

imaging system 
 

 

3.1 Introduction 
 

Magnetic resonance imaging (MRI) [93], radiographic testing [94], x-ray [95], computed 

tomography (CT) [96] , and ultrasound [97] are some of the present modalities used to examine 

the functional and pathological condition of knee diseases. In [93], an automated MRI method is 

proposed to study knee osteoarthritis. Musculoskeletal disorder in the knee is assessed by 

radiographic testing, which utilizes x-rays or gamma rays to examine the internal structure of tissue 

[94]. Early detection of knee Osteoarthritis is performed in [95] using a discriminative regularized 

autoencoder dealing with x-rays images. In [96], cone beam computed tomography is used to detect 

one of the characteristics of osteoarthritis. In [97], an ultrasound technique utilizing a knee brace 

to diagnose osteoarthritis has been proposed. Recently in [98], Fluorodeoxyglucose (FDG) 
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radiotracer is injected into the human body, and imaging is produced using the positron emission 

tomography technique for early detection of degenerative osteoarthritis.  Cartilage structure, joint 

effusion, and signs of synovitis are determined to identify the knee problem. Fig. 24 shows the 

anatomy of a) normal knee and b) knee with osteoarthritis. 

 
a) 

 
 

b) 
 

                                             Figure 24. a) Normal Knee b) Knee with Osteoarthritis 

 

Table 23.Techniques to measure Tissue properties 

 

 Technique Contact/ 

contactless 

Cost Harmful to 

tissue 

[93] MRI Contactless high No 

[94] Radiography Contactless high Yes 

[95] X-Ray Contactless low Yes 

[96] CT Scan Contactless high Yes 

[97] Ultrasound  Contact  low No  

[98] PET Scan Contactless high Yes 



 

 

57 
 

Present Microwave Contactless low No 

 

         This chapter illustrates the proposed microwave imaging method used to study knee 

osteoarthritis in humans. The properties of the knee joint such as permittivity, and the gap between 

the thigh bone and shinbone, are assessed to estimate the osteoarthritis condition. The simplified 

knee phantoms and voxel tissue knee model available in CST software are used in this study. The 

images for all phantoms are first reconstructed using circular synthetic aperture radar (CSAR), 

followed by the proposed SAR-focused microwave reflection tomography (SMRT) technique for 

the voxel knee phantom. The comparison of the voxel knee joint obtained by the proposed SMRT 

technique and CSAR is illustrated and analyzed. It is the first time UWB radar imaging and knee 

tissue electrical properties are used to analyze osteoarthritis. This paper also develops SAR-

focused microwave reflection tomographic imaging for the knee joint. These methods provide a 

possibility to prognose osteoarthritis conditions in humans with minimal cost and discomfort. The 

permittivity and gap between the thigh bone and shinbone are estimated using an ultra-wideband 

(UWB) radar and genetic algorithm. The estimation of muscle properties and depth from the skin 

surface to bone is discussed.  

          This chapter is arranged as follows. Knee phantoms and their properties in section 3.2. 

Experimental setup for knee imaging using SAR-focused microwave reflection tomography 

analysis in section 3.3. Section 3.4 shows the microwave knee imaging simulation setups and their 

analysis. The UWB technique and methodology to determine the knee permittivity and depth are 

investigated and presented in section 3.6 and the conclusion in section 3.7. 
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3.2 Knee phantoms and their properties 
 

The contrast in electrical properties of tissues causes the electromagnetic signal reflection, so a 

comprehensive study of the knee structure and its tissue properties is necessary before designing 

the UWB imaging system. In the human knee, the primary layer is the skin consisting of the 

epidermis and dermis layer, having a combined thickness of around 2-3 mm and average 

permittivity of 34.45 in the frequency range of 4-9 GHz. The layer followed by the skin is a fat 

layer that is around 5-6 mm thick and has an average permittivity of value 4.9 [99] [100]. The knee 

joint is connected through the femur (thigh bone) and the tibia (shinbone). The smaller bones, 

which are located next to the shinbone and the kneecap, are other bones that make up the knee 

joint. The fat layer is not present around the knee joint. Tendons and ligaments are attached to the 

knee joint, which is surrounded by muscle and skin layers. The tendons connect the knee bones to 

the knee muscles that move the knee joint, and ligaments are attached to the knee bones, which 

provides stability [101]. The average permittivity and conductivity values of the human knee in 

the frequency range of 4-9 GHz are summarized in Table 24 [102]. 

 

Table 24. Human knee tissue properties in the frequency range ( 4-9GHz) 

Description Average 

permittivity (ԑ𝑟) 

Average conductivity                

(S/m) 

Skin 34.45 4.62 

Fat 4.9 0.35 

Muscle 47.45 6.11 

Bone 8.54 1.3 

Ligament/Tendon 34.5 6.16 
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Table 24 shows the dielectric constant values of the knee for the healthy patient. The dielectric 

profile of tissue around the knee changes when the patient suffers from osteoarthritis. When a 

ligament rupture occurs, synovial fluid [37]  containing blood collects at the rupture site and begins 

to fill the entire knee joint causing effusion. Due to its high dielectric properties: permittivity value 

of 84 and conductivity of 2.3 S/m [38] compared to the low dielectric properties of other knee 

tissues, this fluid changes the overall dielectric properties of the knee joint. Due to the ligament 

rupture and accumulation of synovial fluid, the average permittivity of the injured knee changes 

close to 82 in the frequency range 4-9GHz. 

 

(a) 
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(b) 

 
(c) 

 

Figure 25. Human voxel knee available in CST software 

 

The Gustav voxel knee model available in the CST microwave studio [103] is studied using the 

proposed technique. Fig.25(a) shows the knee model extracted from the complete Gustav human 

model. The voxel model is 0.85 x 0.85 x 0.8 mm3 in resolution, 270 mm in height, and 130 mm in 

diameter. The knee model has the outermost skin layer followed by the fat layer. In the knee 

anatomy, the fat layer is usually not present around the knee joint, and it is the same for the voxel 

model as well. The layer followed by the fat layer is the muscle layer which includes 

ligaments/tendons and has the same overall relative permittivity value. Altogether it is considered 

a single muscle layer in the human voxel model.  
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                     Figure 26. Graphical representation of the simplified human knee model 

 

The last layer is bone, which resembles the same structural anatomy of knee bones having shinbone 

and thigh bone. There is no gap between the shinbone and thigh bone in the voxel model, as shown 

in Fig.25 (b), which is the case of osteoarthritis. So, for the proposed technique, this knee voxel 

model is considered as the case of a patient knee with an osteoarthritis problem. The electrical 

properties of skin, fat, and bone are assigned as described in Table 24, and muscle with a dielectric 

permittivity close to 82 considering the case of synovial fluid accumulation for the patient with 

osteoarthritis. The depth (in mm) at five locations from the skin's outer surface to the bone is also 

measured and described in Fig. 25(c). This information will be used in the other section to compute 

the depth from the skin layer to the surface of the bone and the gap between the shinbone and thigh 

bone. 
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(a) 

 

 
(b) 

 

Figure 27. Simplified normal knee characteristics (5 cm gap between the thigh bone and 

shinbone) 

 

 
 

(a) 

 
 

(b) 

 

 

Figure 28. Simplified knee with osteoarthritis characteristics (No Gap between the thigh bone 

and shinbone) 
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Further, two simplified knees are modeled in CST to test the methodology more efficiently a) 

Normal knee and b) Knee with osteoarthritis. Fig.26 shows the graphical representation of the 

simplified human knee model. The dimensions of the knees are similar to that of the voxel knee 

model. The average skin and fat layer thickness are assigned as 2 mm and 6 mm, respectively. In 

the case of the normal knee, as shown in Fig. 27, the electrical properties of skin, fat, bone, and 

muscle layers are assigned as described in Table 24. Spacing of 5 mm is maintained between the 

shinbone and thigh bone for the normal knee. There is a gap between these bones for the healthy 

patient. On the other hand, relative permittivity values for knee with osteoarthritis, as shown in 

Fig.28, are assigned the same as the human knee voxel model, and there is no gap between the 

shinbone and thigh bone. 

 

3.3 Experimental setup for knee imaging using SAR-focused 

microwave reflection tomography 
 

A systemic experimental diagram for microwave knee imaging is shown in Fig.29. A pair of UWB 

Vivaldi antennas are mounted on the automatic shaft. The antenna pair can move from one end to 

another at a different position on the shaft. In order to create a linear array of transmitters and 

receivers, 25 locations are considered on the shaft. The system is cost-effective as only one pair of 

antennas is used, substituting 25 transmitters and 25 receivers. Moving the antenna’s pair from 

one location to another synchronized with the transmitted and received pulses makes this system 

cost-effective. Further, the shaft is connected to the supporting bar connected to the motor. The 

motor is linked with the automatic measurement system that rotates at a step angle of 20o to 
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complete a full 360o in 18 motions. The motor is installed at the center of the rectangular box. The 

subject can be placed at the center and on the surface of the rectangular box. 

 

Figure 29. Experimental setup for knee imaging 

         

3.4 Simulation setups for knee imaging  
 

This section illustrates the microwave imaging techniques used to compute the gap between the 

thigh bone and shinbone. The most popular microwave technique used to image an object is the 

circular synthetic aperture radar (CSAR) [104]. In the CSAR measurement, the imaging is done 

by collecting an aperture of a specific slice of the object. The aperture consists of N locations, and 

at each location, data is collected. Once the data is collected using full-wave simulation, the image 

is reconstructed. Many algorithms can be used to obtain the reconstructed image. The most basic 
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algorithm that can be used is the global back-projection technique [105]. In this section, the 

analysis  

 

 

(a) 

 
 

(b) 

 
 

(c) 

 

Figure 30. (a) Cross-section view at the joint of the normal knee (b) reconstructed 

image(colored) and (c) reconstructed image (grayscale) 

 

is first done on simplified models to demonstrate the proof of concept for CSAR imaging 

reconstruction, followed by the analysis of the human voxel model available in CST software. The 

normal knee and knee with osteoarthritis simplified models, as shown in Fig. 27 and Fig.28, 

respectively, are developed in CST Microwave Studio. The shapes are extended along the z-axis 
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in both directions by 13.5 cm. Simulations are used as the proof of concept because all the 

dimensions of the simplified knee models are very close to the human voxel knee model. The 

material properties for the simulated structures are assigned as discussed in section II. Fig.30 (a) 

shows the simplified shape of the normal knee depicting a cross-section of the knee joint. In the 

case of a normal knee, there is a gap between the thigh bone and shinbone. As a result, the cross-

section cut of the knee joint is through a skinny muscle layer, not bone, and the image enclosed in 

a red rectangular box is used as the reference. The knee joint consisting of bones has an edge-to-

edge dimension of 95 mm (in the horizontal direction) and 65 mm (in the vertical direction).   

          As shown in Fig. 30 (b), the reconstructed image is obtained through the CSAR imaging 

process. The purple, blue, and gray encircled area represents the curved edge of the thigh bone, 

and the outlines of the edges are very well obtained in the reconstructed image. Compared with 

the original bone, the estimated accuracy for the reconstructed edge-to-edge dimension of bone is 

within 5mm. The data also contain energy from other locations along the z-axis, due to which 

smearing is observed around the thigh bone in the reconstructed image. Fig.30 (c) represents the 

reconstructed cross-section image of a normal knee joint in grayscale format. 

          Further, the image of the knee joint of a simplified knee model with an osteoarthritis 

problem is reconstructed using the same technique. Fig.31 (a) shows the simplified shape of the 

knee with osteoarthritis depicting a cross-section of the knee joint. Since, there is no gap between 

the thigh bone and shinbone. As a result, the cross-section cut of the knee joint is through bone 

and its surrounding muscle layer. The cross-section image enclosed in a red rectangular box is 

used as the reference 
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(a) 

 
 

(b) 

 
 

(c) 
 

Figure 31. (a) Cross-section view at the joint of the knee with Osteoarthritis (b) reconstructed 

image(colored) and (c) reconstructed image (grayscale) 

 

         In the reconstructed image, as shown in Fig.32 (b), the purple, blue, and gray encircled area 

represents the outline of the curved edge of the thigh bone, and they are very well obtained in the 

reconstructed image. The area enclosed in light blue is the central part of the thigh bone and is also 

obtained in the reconstructed image. Here also, the estimated accuracy for the reconstructed edge-

to-edge dimension of bone is within 5mm compared to the original bone. Fig.33 (c) represents the 

reconstructed cross-section image of a knee joint with osteoarthritis in grayscale format. 
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(a) 

 
(b) 

 

Figure 32. (a) Image registration of knee with osteoarthritis and normal knee (b) Subtracted 

image (grayscale) 

 

The reconstructed images for the knee with osteoarthritis show similar results to the normal knee. 

However, the images are not identical, and there are differences. The normal knee and knee with 

osteoarthritis are registered over each other to prove the differences in the reconstructed grayscale 

image, as shown in Fig. 32 (a). Further, the subtraction of images is performed pixel-by-pixel along 

the x-axis and y-axis in MATLAB. It is observed that there are some remaining artifacts at the 

center of the reconstructed image encircled in a pale-yellow area. These artifacts are due to the 

knee bone in the osteoarthritis case as there is no gap between the thigh bone and shinbone. 

              Further, to demonstrate the CSAR technique for a more realistic scenario than the 

simplified models, we repeat the simulation for an accepted biological model known as Gustav, 

an adult man from the CST voxel family. The tissues are segmented, and the knee region is selected 

for imaging. The knee voxel is considered the case for osteoarthritis problems where there is no 

gap between the thigh bone and shinbone. The knee voxel model includes skin, fat, and bone 

layers, and their properties are assigned as discussed in Table 24. The muscle dielectric 
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permittivity is assigned a value of 82, which corresponds to the accumulation of synovial fluid 

around the knee joint. 

 

(a) 

 
(b) 

    
(c) 

 

Figure 33. (a) Cross-section view of human voxel knee joint (b) reconstructed image(colored) and (c) 

reconstructed image (grayscale) 

 

        The entire knee is 27 cm in height and is included in the simulation. Fig. 33(a) shows the 

cross-section view of the knee joint at the height of the probe receiver and is used as the reference. 

Fig. 33(b) shows the reconstructed knee joint using the CSAR image reconstruction technique. 

The sky-blue encircled area in the reconstructed image is due to the fat tissue embedded in the 
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muscle layer. The difference in the permittivity of fat and muscle layer containing synovial fluid 

is high. As a result, the microwave energy is absorbed by muscle and skin layers but scattered by 

the low dielectric fat tissue and the bones. The navy blue and red encircled area represent the bones 

at the knee joint. It is observed that the outline of the knee joint bone structure is not adequately 

imaged and missing vital information by showing the single bone as two separate elongated bones. 

 

 

 

Figure 34. Simulation setup for voxel knee phantom in CST software 

 

     In order to obtain more details about the knee joint and image it more adequately, we 

proposed a new method known as SAR-focused microwave reflection tomography. Fig. 34 shows 

a scenario for SAR-focused microwave reflection tomography measurements for voxel knee 

imaging in the x-y plane. The plane wave of 3 cm pulse-spatial width is applied to the simulation 

with incident direction towards the knee joint. Twenty-five probes acting as receivers are placed 
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15cm away from the knee model and are spaced apart by 2cm, measuring the reflections for a 

48cm span. Fig. 33 (a) shows the cross-section view of the knee joint and is used as the reference. 

 

Figure 35. Flowchart of SAR focused microwave reflection tomography algorithm 

 

         When the plane wave is incident on the knee joint at a specific angle, it goes through 

scattering. The data collected by each receiver for each projection is recorded and is used for image 

reconstruction. Fig.36 (a) shows the reconstructed knee joint using SAR-focused reflection 

microwave tomography. The navy blue and red encircled area represent the bones at the knee joint. 

The reconstructed image shows the outlines of the bone structure quite well. The sky-blue 

encircled area in the reconstructed image is due to the fat tissue embedded in the muscle layer. The 

voxel knee model is not homogenous along the z-axis, and the SAR technique is only applied for 

the x-axis, so the reconstructed image also contains scattered energy from other z-axis locations. 

As a result, there is some smearing of the image around the location of the knee bones. Fig.36 (b) 
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shows the reconstructed image of the voxel knee with osteoarthritis(grayscale). 

 

 

 
(a) 

 
(b) 

 

      Figure 36. (a) SAR focused microwave reflection tomography reconstructed image(colored) 

and (b) reconstructed image (grayscale) 

 

          Since the image obtained by SAR-focused microwave tomography shows more important 

details of the knee joint than the CSAR method, the proposed technique can be used to image the 

main characteristics of the knee joint, and the reconstructed images can then be used to add 

context to other methods that can uncover the extent of the osteoarthritis.  

 

3.5 Knee permittivity and depth computation using ultrawideband 

radar technique 
 

UWB radar techniques can measure the properties of tissues such as skin, fat, muscle, 

ligament/tendon, and bone. The estimation of dielectric permittivity is associated with the reflected 

electromagnetic waves scattered by an object [106] [107] [108]. This section uses the UWB radar 

technique with a genetic algorithm to compute the knee muscle permittivity, depth from skin to 

the bone, and spacing between the thigh bone and shinbone. Fig.37 (a) and Fig.37 (b) show the 
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simulation setup for measuring knee permittivity and depth. A metal plate with a circular aperture 

of 2 cm is placed around the knee phantoms to precisely identify tissue properties in a specific 

area. The antenna system consisting of two Vivaldi antennas is located 5 cm from the metal plate. 

A Gaussian pulse of 100 ps with a normalized amplitude of 1 V is fed to the antenna system. 

  

 

(a)                                                                        (b) 

Figure 37. Simulation Setup for permittivity and depth computation for (a) Voxel knee phantom 

and (b) Simplified knee phantoms 

 

Using the proposed technique, the permittivity of the muscle is analyzed at the knee joint, while to 

compute the depth from skin to bone and the gap between the thigh bone and shinbone, the antenna 

system is scanned on the knee at five different positions(P1-P5) as shown in figure 38. 
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Figure 38. Representation of antenna scanning on human voxel knee from position 1- 5 to 

compute the permittivity and depth 

 

The knee tissues can be represented as a multi-section transmission line, as shown in Fig.39. 

Around the knee joint for positions 2, 3, and 4, it can be considered as shown in Fig. 39 (a) as there 

is no fat layer present, while for positions 1 and 5, it can be shown as in Fig.39 (b). The theoretical 

input impedance for Positions 2, 3, and 4 can be calculated  as follows: 

The theoretical input impedance for Positions 2, 3, and 4 can be calculated  as follows: 

                                                    𝛤𝑅 =
𝑍𝑖𝑚1−𝑍𝑎

𝑍𝑖𝑚1+𝑍𝑎
                                                                           (3.1) 

                                      𝑍𝑖𝑚1 = 𝑍𝑆
𝑍𝑖𝑚2+𝑍𝑠 𝑡𝑎𝑛ℎ(𝛾𝑠𝑑𝑠)

𝑍𝑠+ 𝑍𝑖𝑚2 𝑡𝑎𝑛ℎ(𝛾𝑠𝑑𝑠) 
                                                                (3.2) 
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(a) 

 
 

(b) 
 

Figure 39. Knee tissues as a multi-section transmission line for a) Position 2,3 and 4 b) Position 

1 and 5 

 

                                   𝑍𝑖𝑚2 = 𝑍𝑚
𝑍𝑖𝑚3+𝑍𝑚 𝑡𝑎𝑛ℎ(𝛾𝑚𝑑𝑚)

𝑍𝑚+ 𝑍𝑖𝑚3 𝑡𝑎𝑛ℎ(𝛾𝑚𝑑𝑚) 
                                                              (3.3) 

                                               𝑍𝑖𝑚3 = 𝑍𝑏=  377
√휀𝑏

⁄                                                                  (3.4) 

                                        𝛾𝑠 = 𝑗
2𝜋𝑓√𝜀𝑠

𝑐
,   𝛾𝑚 = 𝑗

2𝜋𝑓√𝜀𝑚

𝑐
                                                            (3.5) 

where  𝑍𝑖𝑚1, 𝑍𝑖𝑚2 and 𝑍𝑖𝑚3 are the input impedance of the skin, muscle, and bone layer. 𝛾𝑠, 𝑑𝑠, 

𝑍𝑠 and 휀𝑠 are the propagation constant, length, characteristic impedance, and the complex 

permittivity of the skin layer, respectively, whereas 𝛾𝑚, 𝑑𝑚, 𝑍𝑚 and 휀𝑚 corresponds to the muscle 

layer properties. 휀𝑏 is the complex permittivity of the bone layer, and 𝑍𝑏  is the characteristic 

impedance of the bone layer, which is considered infinitely extended, so it is equivalent to  𝑍𝑖𝑚3. 

𝑐 is the speed of light in a vacuum, 𝑓 is the frequency of operation, 𝑍𝑎 is the characteristic 

impedance of air, and 𝛤𝑅 is the complex reflection coefficient of the three-layer knee tissues. The 
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aim is to minimize the absolute difference between the measured frequency-dependent reflection 

coefficient and the corresponding theoretical value [109] and can be written as follows:  

                                   𝑄0 = 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒{||𝛤𝑅 (𝑈)| −  |𝛤𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑||}                                            (3.6) 

                                           𝑈 = [ 𝑑𝑠,  휀𝑠, 𝑑𝑚 , 휀𝑚, 휀𝑏 ]                                                                (3.7) 

In Eq. (3.1), the complex reflection coefficient is a function of 𝑍𝑖𝑚1, which is a function of  

𝑑𝑠,  휀𝑠, 𝑑𝑚 , 휀𝑚, 휀𝑏. After achieving measurements and theoretical reflection coefficients, a genetic 

algorithm is applied to minimize 𝑄0 and to find unknowns in vector U. The genetic algorithm is 

coded with a maximum generation value of 10000, a cross-over rate of 50%, a population size of 

400, and a migration rate of 20. The averaged complex permittivity, depth, and gap between the 

bones are computed over the frequency span of 4-9 GHz and shown in tables discussed further in 

this section. The same can be derived and computed for positions 1 and 5, where the fat layer is 

also present.        

        The proposed technique is tested for all three knee models: a) Voxel knee (osteoarthritis), 

b) knee (osteoarthritis), and c) normal knee. Fig. 40 (a) and Fig.41 (b) represent the antenna 

scanning scenario from positions 1 to 5 for normal knee and knee with osteoarthritis, 

respectively. As discussed in Table 24, the skin, fat, bone, and muscle complex permittivity for 

normal and voxel knee models are assigned with actual average human tissue properties.  
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(a) 

 
(b) 

 

Figure 40. Representation of antenna scanning on a) Normal knee and b) Knee with osteoarthritis 

from position 1- 5 to compute the permittivity and depth 

 

Table 25. Estimated average relative permittivity using the proposed technique and error 

calculations 

Case (True) 

ԑr 

(Est) 

ԑr 

Error 

Voxel knee(Osteoarthritis) 82-0.13i 83.06-0.2i 1.29% 

Knee(Osteoarthritis) 82-0.13i 84.40-0.25i 2.92% 

Normal Knee 34.45-0.01i 33.55-0.12i 2.68% 

 

 

The estimated average permittivity with error calculations of muscle and ligament/tendon tissue 

around the knee joint is summarized in Table 25. The error values for voxel knee (osteoarthritis) 

and knee (osteoarthritis) are 1.29% and 2.92%, respectively, showing promising results. 
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Figure 41. The plot of relative permittivity vs. frequency for simplified and voxel knee with 

osteoarthritis 

 

      Fig.41 shows the plot of relative permittivity variation with frequency for simplified and voxel 

knee models with osteoarthritis. In the normal knee case, when the permittivity is close to actual 

muscle permittivity, the error is estimated to be 2.68%. The plot of relative permittivity with 

respect to frequency is shown in Fig.42. 

 

 
 

Figure 42. The plot of relative permittivity vs. frequency for normal knee joint 
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The depth from the skin to the bone and the gap between the thigh bone and shinbone is computed 

at five different positions (1-5). In the simulation model, there is no gap between the thigh bone 

and shinbone for the voxel knee (osteoarthritis) and knee model (osteoarthritis), and the distance 

from the skin to the bone is calculated as 14 mm and 18 mm, respectively. 

 

Table 26. Estimated Depth using proposed technique and error calculations for voxel knee 

having osteoarthritis 

Positi

on 

(True) 

(mm) d1 

(Est) 

(mm) d3 

Error (True) 

(mm) d1 

(Est) 

(mm) d3 

Error 

 P1  21   19 9.52%  15   14.5 3.33% 

 P2  10.5  11.1 5.71%  8     7 12.5% 

 P3  14  13.5 3.57%  18    17 5.55% 

 P4  13    13 0%  18   17.5  2.77% 

 P5  27   25 7.40%  27    25 7.40% 

 

 

 
 

Figure 43. The plot of depth vs. position for all simplified and voxel knee cases 
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After scanning the antenna and applying the proposed technique, the estimated depth (in mm) for 

both osteoarthritis cases is illustrated in Table 26. The error for position 3 (knee joint) is around 

3.57% and 5.55 % for the voxel and simplified knee model with osteoarthritis. The total depth is 

the addition of the unknown vectors 𝑑𝑠 and 𝑑𝑚 found using the proposed technique for positions 

2,3 and 4, where it is the addition of unknown vectors 𝑑𝑠 , 𝑑𝑓 and 𝑑𝑚 for positions 1 and 5. In a 

normal knee case, when there is a gap between the thigh bone and shinbone, the measured signal 

received is the reflection from the skin and muscle layer only. The signal enters the skin layer, then 

the muscle layer, and goes through the gap between the bones to reflect again from the muscle-

skin interface. As a result, in the case of the normal knee, a spike of a value of 68.5 mm is achieved. 

Fig.43 shows the depth (in mm) for all the knee cases at positions 1-5. It can be concluded that 

when the patient is healthy, there is some gap between the thigh and shinbone at the knee joint, 

and the permittivity of muscle around the knee is close to actual muscle permittivity. 

           The analysis of permittivity and depth computation for all three cases concludes that the 

UWB radar technique equipped with a genetic algorithm can uncover the additional aspects of 

osteoarthritis. Hence, combined results of microwave imaging, permittivity, and depth calculation 

can provide vital information about the knee osteoarthritis of the patient.  

 

3.6 Conclusion 
 

This chapter proposes a non-invasive ultra-wideband microwave imaging technique to study knee 

osteoarthritis. The proposed method was validated using full-wave simulations CST software. 

First, simplified knee models are created in simulation software and studied. Then, the same setup 
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is also used to study the voxel knee model. The image obtained using SAR-focused microwave 

reflection tomography was comparable to the actual cross-section image of the voxel knee joint. 

Subsequently, the permittivity and depth computation for all the models are evaluated and 

analyzed. The results agree with the reference values of electrical properties and depth from skin 

to bone within 10 % for all the cases. In the case of osteoarthritis, the dielectric constant of muscle 

is close to 82 due to the accumulation of synovial fluid, and there is no gap between the thigh bone 

and shinbone. By analyzing combined results of microwave imaging, permittivity, and depth 

calculation, it is possible to conclude the knee osteoarthritis problem in the person. Hence, this 

study showed the feasibility of the proposed technique to determine knee osteoarthritis in the 

human body.  
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Chapter 4 
 

Conclusion and Future work  
 

 

4.1 Conclusion 
 

In this thesis, the feasibility of the UWB radar technique to analyze obesity and knee osteoarthritis 

is established and studied. The capability of the UWB radar system to determine the brown and 

white fat in the body depending on their percentage is investigated through several simulations 

and experimental measurements. The knee osteoarthritis study using a UWB microwave imaging 

system based on the change in muscle permittivity and the gap between the thigh bone and 

shinbone is scrutinized. It was shown that the UWB radars are safe, cost-effective, and non-

invasive techniques for biomedical applications.  

 

4.2 Future Work 
 

The techniques discussed in this thesis provide an alternative approach for determining obesity 

and knee osteoarthritis through permittivity and imaging data. In the future, the fat analysis can be 
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improved by imaging the white and brown adipose tissues as they have permittivity differences. 

In case of osteoarthritis, multiple images at different locations along the knee joint can be 

reconstructed to obtain a 3D tomographic image that can effectively analyze the gap between the 

thigh bone and shinbone. The resolution of the images obtained can be improved further if a 30 

picosecond pulse is used in the simulation. The two techniques can be clinically tested on humans 

worldwide to evaluate the practicality of the UWB radar system for biomedical applications. 
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