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ABSTRACT

The finite-difference time-domain (FDTD) algorithm is a very useful numerical technique used to solve

Maxwell’s equations in either the time or frequency domain by approximating the derivatives. This work

focuses on biomedical applications of the algorithm with and without dispersive media representing human

tissues. The use of dispersive media requires adaptations to the FDTD algorithm since the material

properties change with frequency. This is a unique challenge faced by today’s 5G biomedical applications of

FDTD that use human biological tissues. One of the most efficient and powerful ways to apply dispersive

media such as human tissues in FDTD is with the Debye model. Once the human tissues are fully

characterized accordingly using Debye, a dispersive FDTD formulation can be used to accurately assess the

performance of the model.

The goal of this thesis is to characterize the Debye parameters for several human tissues up to 100 GHz

and apply them to the FDTD algorithm to evaluate practical 5G biomedical applications. The applications

focus on the wireless charging optimization of 5G biomedical devices using dielectric cylinders placed above

the human tissues. The device would be installed, for example, on the surface of a patient’s wrist. The

application is explored in the 2D space as well as 3D space for the same relative model dimensions.

As a first step and quick analysis, a 2D application is developed that uses the traditional FDTD

algorithm in the time domain with the dielectric properties of the human tissues. A reflector antenna is

included in the 2D analysis to focus the incident wave on the tissue area. Next, a practical 3D application

is developed that uses the dispersive FDTD adaptation of the algorithm with the Debye parameters of the

human tissues included in the model. The results show approximately 3 to 8 dB of gain in general and at

certain positions the gain can reach 10 dB with the use of the optimized dielectric cylinders placed on the

first tissue layer. The resulting incident E-field is focused on the surface of the tissue layers. This thesis

shows the practical advantages of using the Debye model for human tissues and how to increase the

performance of 5G biomedical applications.
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CHAPTER 1

INTRODUCTION

The finite difference time domain (FDTD) method has been well characterized for computational

electromagnetic simulations for various multi-dimensional 5G applications involving near-field and far-field

sources [1]. However, as frequencies increase in wireless communication applications, the need for

increasingly complex electromagnetic solvers is also required. Several 5G applications use the WiFi bands

of 2.45 and 5.8 GHz though this work will primarily focus on applications at the high frequency bands of

24 GHz (n258 band), 28 GHz, and 29 GHz (n257 and n261 bands) [2]. This thesis demonstrates the

optimization of the FDTD algorithm for biomedical applications at one of the upper ranges of 5G

frequencies.

The motivation is based on the increasing demand for emerging 5G device technologies to provide the

necessary capacity and performance for increasing data rates of mobile data traffic [2]. A solution to

enhance capacity and data rates is through the bandwidth. Technologies that use 2.45 GHz or lower are

limited in not just bandwidth but also available space, thus, high frequency allocated bands are of interest.

The use of mm-wave bands enhances wireless communication quality but also provides more compact

designs. However, some challenges with higher frequency devices include higher path loss, increased

sensitivity to manufacturing defects and tolerances, and health concerns regarding specific absorption rate

(SAR) with no standard in place at frequencies above 24 GHz. Some of these challenges can be addressed

with the design; the path loss can be reduced with high directive gain radiation patterns with respect to

the direction of propagation and the health effects can be evaluated by measuring the power density [2].

Despite these considerations, there is a need for research and demonstrated performance of 5G devices at

the higher frequency range.

1.1 Literature Review

A literature review is conducted on the wearable design constraints, current designs and technologies,

and computational electromagnetic modeling for human tissues.

1.1.1 Advances in 5G Biomedical Technology

The healthcare industry is rapidly transitioning from a traditional hospital approach to a

patient-focused approach. Wireless communication technologies have enabled patients to receive remote

medical care. As the smart healthcare market expands within the 5G network, the number of applications

connected to the network will create demands in terms of bandwidth and data rates. The 5G network can
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meet the demands by providing high bandwidth, high efficiency, reliability, and low latency, as well as

increased cellular coverage, potential data rates of Gb/s, and added security benefits [3].

The primary focus area for biomedical applications is 5G wearable antennas for medical devices and

remote monitoring of patient health. The number of wearable devices has increased from 325 million in

2016 to approximately 720 million in 2019 and is predicted to grow to over 1.1 billion [2]. Wearable devices

such as sensors and smart watches collect data such as blood pressure, heart rate, amount of sleep, and

continuous monitoring of patients with chronic illnesses [3].

The 5G network must have smart biomedical devices that support high dense networks due to many

devices within a given area and high energy consumption. The typical 5G antenna devices typically focus

on the industrial, scientific, and medical (ISM) bands of 902 to 928 MHz, 2.4 to 2.5 GHz, and 5.725 to

5.875 GHz [4]. However, higher 5G bands of 20 GHz and above offer unused bandwidth to meet these

needs [3]. The 20 to 30 GHz band is considered appropriate for wearable technology according to the

WiGig protocol (IEEE 802.11ad) [4]. The most promising bands include 28 to 30 GHz for local multi-point

distribution, 60 GHz for license-free requirements, 71 to 76 GHz, 81 to 86 GHz, and 92 to 95 GHz [5]. The

mm-wave bands have potential to provide exceptionally high energy efficiency given reasonable power

consumption estimates which could prove useful for biomedical devices with power transfer limitations [5].

However, the 5G wearable devices described here for biomedical applications are primarily based below the

mm-wavelengths of 1 to 10 mm or 30 to 300 GHz [6].

Some of the challenges faced by mm-wave antenna designs at 5G frequencies of 30 GHz or higher

include fabrication tolerance issues affecting performance, lack of SAR data, large path loss, narrow

beam-width, and sensitive operation [2]. This higher frequency band also includes the intense rate of

heating and potentially unsafe SAR values, or radiation exposure on the human body, despite an average

power density of less than 20 mW/cm2 [6]. However, a textile-based mm-wave antenna is described in [7]

that operates within the 24.9 to 31.1 GHz band with a gain of 8.2 dBi. The researchers also explore using a

13 by 13 element array that showed potential for a power reception that is six times higher than a

traditional patch antenna [7].

Wireless power transfer and energy harvesting are crucial areas of research for remotely monitored

devices [8]. They enable wireless charging of the wearable devices to either extend battery life or prevent

the need for batteries. Wearable biomedical devices such as a wristband sensor are low power and consume

approximately 0.83 mW whereas implantable devices such as a pacemaker consume 1 uW [8]. Wireless

power transfer is where the electric power is transferred from a source to load such as through a time

oscillating electromagnetic field. It can be classified as far-field radiative systems or near-field non-radiative

systems. The most well-known techniques for wireless power transfer are inductive coupling, magnetic
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resonant coupling, as well as electromagnetic radiation. However, it is often used for static devices rather

than mobile devices due to the short-range limit and line of sight issues [8]. Energy harvesting techniques

scavenge power from various sources and convert it to electric energy. Potential energy harvesting sources

include light or vibration energies, body warmth, solar, wind, piezoelectricity, heartbeat, and radio

frequency energy. The energy harvester source is converted as applicable with AC-DC and DC-DC

converters, the output voltage level is maintained with voltage regulators, and the energy is stored as

specified by the application [8].

Wireless power transfer technology has performed well for sub 6 GHz systems with high efficiency. The

near-field systems are applicable for wearable biomedical devices as the transmitted wavelength is larger

than the receiver distance [8]. The power is transferred by capacitive coupling with an electric field or

inductive coupling with a magnetic field. For small multi-band antennas, antenna booster technology has

been recently used to excite currents in the ground plane of IoT devices using a matching network with

passive components [9].

Energy harvesting technologies prevent the need to replace batteries and are promising for wearable

biomedical devices to extend their lifespan of use. Some of the main energy harvesters include triboelectric

nano generators (TENG), piezoelectric generators (PEG), and thermoelectric generators (TEG) that are

typically transducers. However, these technologies struggle to produce efficient output power and are

limited to certain areas of the body such as joints [8], [10]. Another area of energy harvesting that may

solve this issue is body coupled power transmission to deliver power to the body and harvest energy from

coupled ambient electromagnetic waves at the same time [10]. In [10], a body-coupling mechanism uses a

TX and RX integrated circuits (IC) design for energy harvesting and power transmission for the entire

body area independent of body placement. However, this mechanism operates at 40 MHz rather than 5G

to minimize the path loss.

Another important topic of remotely monitored 5G biomedical devices is the wireless body area

network (WBAN) as a wireless technology expected to revolutionize real-time monitoring capabilities of

biomedical sensors [8]. WBAN is a subset of the Wireless Sensor Network (WSN) consisting of low power

devices. It connects sensors situated on the body or implanted under the skin that typically applies to the

whole human body with the sensors connected using a wireless communication channel [11]. The sensors

collect, process, and send data to a medical server [8]. The sensor nodes gather medical parameters such as

Electrocardiogram (ECG) and transmit to an intermediate router node or coordinator node [11]. Two

types of communication occur either between the sensors or between the central node and an external

access point [12].
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1.1.2 Wearable 5G Antennas

Wearable antennas have special design constraints to accommodate to the human body. Current

applicable 5G antenna designs include microstrip patch antennas, dual-band antennas, multiple-input

multiple-output (MIMO) antennas, wide-band antennas, and radio frequency identification (RFID) tags

[13]. They must be made of flexible, robust materials and perform with minimal degradation next to

human tissue. Conductive textiles have potential for shielding electrical components and are a practical

medium for antennas and circuits. Insulating textiles refer to substrates for antennas and include natural

as well as synthetic materials [13]. Substrates typically consist of Flame Retardant-4 (FR4),

Polydimethylsiloxane (PDMS), Polyethylene Terephtalate (PET), Indium Tin Oxide (ITO), or paper [14].

The conductive layer is typically Copper, Aluminum, Silver ink, Nickel/Copper fabrics, or Nickel-plated

Polyester cloth [14]. Meta-materials are periodic artificial materials with electrical properties that depend

on the material structure often used for high efficiency wearable medical systems [15]. Fabrication

techniques of flexible antennas primarily consist of embroidery or printing technologies for seamless

integration and light weight design. Wearable devices must also be compact in size, within safety limits for

users, and provide efficient power transfer [13]. The antenna may also be deformed or bent when worn and

performance must not be degraded. The coupling between the antenna and human body can cause

dangerous electromagnetic exposure [16]. Though most 5G biomedical devices show safe SAR exposure

levels at sub 6 GHz bands, higher frequencies require further assessment. However, a recent study shows

safe SAR exposure limits with realistic input power levels for a wearable antenna operating at 26.5 GHz

[12]. Another challenge is that human tissues are lossy and affect antenna efficiency and gain [2].

Microstrip rectangular patch antennas and arrays are often used at 5G frequencies and can use a

polymer substrate and conductive nanoparticles for flexibility and robust performance. However,

miniaturization of the materials is a challenge near mm-wave frequencies. A common solution is to increase

the dielectric constant of the substrate which cannot be implemented with a textile material. A rectangular

patch antenna is described in [14] which uses denim cloth with a dielectric constant of 1.7 and stacked

photo paper with a dielectric constant of 5.2 as the textile materials for the substrates. The antenna shows

optimal performance at 3 GHz and 6 GHz for denim and paper, respectively. The antenna fabricated with

denim shows a gain of 8.71 dB for denim and 2.45 dB for photo paper [14]. An alternative solution to the

constraints of the textile uses an electromagnetic band gap (EBG) structure to prevent propagation at

certain frequencies [13]. A recent study uses two different single patch antennas with EBG applied in a

mushroom pattern operating at 3.5 GHz and 26.5 GHz, respectively, to evaluate the SAR exposure for

wearable devices [12]. The antennas are simulated using FDTD with 3D human body models and situated
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on the surface of the chest with a 2 mm distance from the tissue to simulate a wearable device. The input

power of the antennas are set to 1 W and exposure levels all comply with the International Commission on

Non-Ionizing Radiation Protection (ICNIRP) guidelines [12]. Another recent design of a photo-acoustic

patch uses VCSEL laser diodes and piezoelectric transducers to optimize optical energy intensity and

image quality of bio-molecules in deep tissues, respectively [17]. The patch is made of a soft and flexible

elastomer substrate for comfortable long-term monitoring of applications such as low blood perfusion that

may cause organ dysfunction. Unlike many antenna designs, bending, twisting, and other mechanical

deformations do not affect the performance [17]. The need for 5G antennas for biomedical applications

operating at low power consumption has led to designs at higher frequencies. A recent design of a

four-element patch antenna array with a self-switching Graphene diode operating at 28 GHz shows

promising results with an RF input power of approximately 500 uW [18].

Circular patch antennas utilizing meta-materials are a recent design approach shown to have

comparably higher efficiency for medical systems, better symmetry, and more effective ability to create

circular polarization [15]. A stacked circular patch with a circular split-ring resonator (CSRR) operating at

2.6 GHz has been shown to have a gain of approximately 8.5 dB and 95% efficiency. For circular patch

antennas with CSRR, the gain is 2 to 3 dB higher than without when considering the dielectric properties

of the human tissues for placement on the patient’s stomach [15].

Dual-band antennas operate at dual 5G frequencies and have minimal degradation when bent or

shifted, which works well for wearable devices [13]. A design for a compact dual-band patch antenna for

biomedical sensors operating at 2.4 and 5.4 GHz is described in [19] which uses a SRR and EBG to show a

higher gain of 7.22 dB and 7.39 dB and efficiency of 62.3% and 64.7% at 2.4 and 5.4 GHz, respectively.

When bent 22.3 degrees, the gain is 4.21 dB and 6.22 dB and efficiency is 37.3% and 52.45% for 2.4 and 5.4

GHz, respectively. The results are simulated on a geometric model of the human arm tissue including their

dielectric properties [19]. A design for an ultra wide-band (UWB) flexible dual-band notched antenna with

notches at 2.4 to 3.7 GHz and 5.15 to 5.725 GHz is proposed in [20]. The antenna covers a bandwidth of

2.05 to 14 GHz with a high gain of 12.7 dB at 8.4 GHz. The UWB design allows for an acceptable level of

frequency shifting as bending of the structure occurs for biomedical device applications [20].

Wide-band antennas are also common for wearable applications due to the wide bandwidth and

acceptable performance in gain and efficiency when bent about the human body [21]. A low-profile

wide-band antenna operating at 2.4 GHz is shown in [21] and the bandwidth, gain, efficiency, and SAR 1 g

values are compared for the free space and human body model. The design is a rectangular patch with

rectangular slots added and a partial ground plane to improve the bandwidth. The parameters are

simulated for the antenna on the chest, leg, and arm tissue. Experimental results show decreased fractional
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bandwidths than free space but still optimal for wearable applications. The resonant frequency is lower

than free space as expected due to the high permittivity of human tissue [21].

MIMO antennas are a new application of nanotechnology which utilize a flexible metallic mesh as the

conductor, flexible dielectrics, and an overall compact design [13]. MIMO technology uses multiple

receivers to receive a transmitted signal and the best among the receivers is processed for the data [13]. A

wearable, two-dimensional meta-material MIMO antenna consisting of six elements operating at 5.6 GHz is

proposed in [22] with a maximum gain of 7.95 dB and SAR values below the limit of less than 1.6 W/kg for

1 g of human tissue when simulated 10 mm from the surface of a human phantom model. Again, the

human tissue model accounts for the dielectric properties of each tissue layer. A design for a silicone

rubber wristband MIMO antenna is described in [23] covering a frequency range of 2.75 to 12 GHz. The

gain is 3.41 dB, efficiency 89.3%, and SAR of 0.536 W/kg per 1 g of tissue. The wristband uses UWB up

to 12 GHz as recommended for medical therapeutic technologies. The antenna is modeled with a

cylindrical human wrist model consisting of the dielectric properties at 3, 6, and 10 GHz [23].

RFID technology is used in various industries including patient monitoring in the biomedical and

healthcare sectors. Passive RFID tags do not have a power supply and use fixed readers for detection,

whereas active RFID tags are battery powered. Chipless RFID is suggested to have lower cost and

maintenance with lower power requirements. Passive RFID has incredible potential for sensors such as

monitoring the patient’s healing status by inserting the RFID tag close to the wounded tissue during the

last stage of the surgery [24]. However, these tags often are considered for implantable technologies with

biodegradable materials that may have lasting effects on patients after use. They are also often proposed

for wearable devices such as a smartwatch with e-skin sensors using electric field coupling through the

patient’s body. Though most RFID tags used for this application operate in the ultra-high frequency

(UHF) band, this passive RFID tag operated far below 5G at 13.6 MHz [25].

Another methodology for 5G wireless devices is implementing perfectly conducting targets above a

human tissue model using a far-field source [16]. The model uses the electrical properties of muscle, and

the source operates at 2.4 GHz and 28 GHz. The study aims to understand the role of unwanted objects,

such as jewelry, close to a wearable antenna. The model uses a 2D cylindrical wave approach with cross

sections of conductive cylinders, a plane-wave source, and the biological tissue. The results include cases

for one, three, five, and seven cylinders of various radii sizes for 2.4 GHz and seven cylinders for 28 GHz.

For TM polarization, the conductive cylinders have a shielding effect to penetration of the electric field

source for the muscle tissue. For TE polarization, the penetration of the electric field is enhanced [16].

The approach with conductive cylinders can also be applied to dielectric cylinders. The study of the

effects of a plane wave source on dielectric cylinders has several applications such as microwave heating and
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near-field optics [26]. The formulation determines the plane-wave scattering by the dielectric cylinder on a

plane surface to calculate the field inside the cylinder. Dielectric cylinders can also be used with a human

tissue model to enhance focusing of the electric field source for wireless power transfer of wearable devices

[27]. The formulation in [26] is applied to the human tissue model in [27] using the 2D cylindrical wave

approach at 24 GHz for over 6 dB of gain. This work is further extended in this thesis.

1.1.3 Modeling Human Tissue

Several of the designs discussed thus far involve human tissue models for analysis of wearable antenna

technologies. Most of these models focus on the dielectric properties of the tissues consisting of the

electrical permittivity, conductivity, and loss tangent. The primary purpose has been to analyze the

frequency, bandwidth, wireless power transfer, and SAR values for safe exposure limits.

A notable parameter to also consider is the dielectric dispersive nature of human tissues. FDTD

modeling of antennas with human tissues is affected by such dispersive media and requires algorithms using

either the Debye or Lorentz models. The Debye formulation is used in [28] to determine the necessary

Debye parameters using a frequency domain approach. They are computed for each biological tissue at

certain frequency ranges that can be applied to a human tissue model to account for the dispersion of the

complex permittivity [28]. A similar model has been obtained confirming strong correlation between

measured complex permittivity and relaxation time from human tissue phantoms scanned with MRI. The

model provides insight into computing accurate dielectric properties based on application relaxation times

of the human body [29]. The Cole-Cole model can also be used to fit the data for human tissues, however,

implementation into FDTD is more difficult than using the Debye model [30]. The Debye model can

change the fit of the data with a set number poles within the formulation. If the number of poles is

increased, the accuracy of the fit is likely to increase. From poles two to four, the deviation of the Debye

model is shown to decrease with a low relative error [30]. Increasing the poles above four does not

significantly improve the fitting of the data. In [30], the measured complex permittivity for the human

hand of 22 volunteers for a frequency range of 5 to 67 GHz is used to determine if there is an effect on 5G

antenna performance. The antenna array operates at a band of 5.9 to 7.1 GHz. The S parameters and

radiation efficiency are minimally affected by the variation in dielectric properties [30].

Another parameter is the impact of a human tissue model consisting of layers of tissue or a 3D voxel

model of the human body. Most of the designs discussed here use a human tissue model with layers to

account for a cross section of the human body. In [31], a wearable meandered loop antenna is simulated

with an imported 3D voxel model as well as simplified human tissue model for 3D modeling in CST

Microwave Studio. The results are in good agreement suggesting either approach can be used depending on
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the biomedical application. In [32], the voxel model is constructed using transverse grey scale images of the

human body with MRI scans. The images are re-scaled for applicable spatial resolution of the voxels.

1.2 Thesis Layout

The goal of this thesis is to provide practical analyses and validation for 5G biomedical applications.

The biomedical applications described here include human tissue image processing based on MRI

technologies, a human wrist phantom model, as well as optimization of wireless charging of wearable

biomedical devices with 2D FDTD and 3D dispersive FDTD computational analyses [1].

The first step before addressing these applications is to analyze the dielectric properties of the human

tissues, compute the necessary parameters for the analyses, and discretize the tissues. Chapter 2 describes

these human tissue model characteristics. Human tissue characterization has been successfully performed

from 100 MHz to 100 GHz and applied to the first higher frequency band of 5G [33]. The dielectric

properties are provided for several allocated 5G frequency bands including 1 GHz to 5 GHz, 5 GHz to 20

GHz, 20 GHz to 30 GHz, 30 GHz to 40 GHz, and 40 GHz to 90 GHz. The Debye expansion coefficients are

computed based on a two-step numerical solver and provided for 100 MHz to 2 GHz, 2 GHz to 20 GHz,

and 20 GHz to 100 GHz [33]. These Debye parameters predict the complex permittivity of the

experimental data to be used for FDTD applied to dispersive tissue mediums for analysis. The tissues are

discretized in the computational domain at various resolutions based on MRI medical image processing.

The next step is to use the human tissue model for FDTD models. Chapter 3 describes the 2D FDTD

applications. The FDTD method is used in a 2D domain at the higher 5G frequencies for wireless charging

of wearable biomedical device applications. The results are validated for 28 GHz. Chapter 4 describes the

3D FDTD applications. The FDTD method and human tissue model are used for a 3D domain simulation

for dispersive media using the Debye expansion coefficients. Chapter 5 includes the conclusion and future

work. This thesis provides an example of the process and analysis tools required for the new biomedical

technologies emerging at 5G frequencies of interest.

1.3 Main Contributions

The author’s main contributions to this thesis consist of characterization of human tissues described

here as well as implementation to FDTD simulations for the energy harvesting application of wireless

charging near a human wrist tissue model for the 2D and 3D cases. The collection of the dielectric

properties, computation of Debye parameters from 100 MHz to 100 GHz, and comparison for accuracy is

the author’s own work described in [33]. The author’s Debye parameters are applied to the evaluation of a

human head model to determine the SAR values and temperature rise in the head tissue up to 100 GHz as
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described in [34]. The SAR1g, SAR10g, and temperature rise values are below the specified limits above

which would cause physiological damage to the tissues [34]. The use of the Debye parameters and

evaluation of the human wrist tissue model for image discretization accuracy in MATLAB are the author’s

contributions to the research described in [35]. The human tissue parameters and 3D model of the human

wrist are then used to simulate a model setup with seven dielectric cylinders to determine the energy

harvesting potential gain using the FDTD algorithm. This model is applied to non-dispersive 2D FDTD

code as well as dispersive 3D FDTD code. The model setup with the human tissue parameters and

evaluation of the relative gain for the respective cases is the author’s own work.
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CHAPTER 2

HUMAN TISSUE MODEL

Before the FDTD method can be used for biomedical applications, the human tissue model must first

be studied to determine the properties of the tissues and proper discretization for accurate computational

analysis. This process is conducted for 55 human tissues. The process consists of collecting the dielectric

properties of the tissues, computing the Debye expansion coefficients to be used for dispersive models, and

optimizing the imported human tissue model in MATLAB.

2.1 Human Tissue Characterization

First, the human tissue model must be characterized for various tissue parameters for accurate analysis.

The first step is to collect the dielectric properties for each tissue obtained from available literature [36].

Next, the tissue properties are applied to a two-step numerical solver in MATLAB to obtain the equivalent

Debye parameters that can be used for FDTD simulations requiring dispersive media [33]. The Debye

model is particularly useful for providing computational efficiency for a large range of frequencies in a

simulation. The process described here has been completed by the author in [33] for 55 human tissues from

100 MHz to 100 GHz.

2.1.1 Dielectric Properties

The properties for human tissues include the relative permittivity and electric conductivity for each

frequency of interest. The tissues used for these biomedical applications include blood, bone cortical, bone

marrow, fat, muscle, and skin. The dielectric properties are acquired from [36] based on measured data.

The dielectric properties for blood are shown in Table 2.1 through Table 2.5. The dielectric properties for

bone cortical are shown in Table 2.6 through Table 2.10. The dielectric properties for bone marrow are

shown in Table 2.11 through Table 2.15. The dielectric properties for fat are shown in Table 2.16 through

Table 2.20. The dielectric properties for muscle are shown in Table 2.21 through Table 2.25. The dielectric

properties for skin dry are shown in Table 2.26 through Table 2.30. The dielectric properties for the rest of

the human tissues are shown in APPENDIX A.
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Table 2.1 Dielectric Properties of Blood from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 61.063 1.583
2 59.022 2.186
3 57.34 3.058
4 55.665 4.142
5 53.94 5.403

Table 2.2 Dielectric Properties of Blood from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 53.94 5.403
6 52.175 6.802
7 50.389 8.303
8 48.605 9.876
9 46.839 11.493
10 45.107 13.133
11 43.421 14.777
12 41.774 16.425
13 40.201 18.036
14 38.692 19.617
15 37.249 21.16
16 35.873 22.66
17 34.562 24.115
18 33.316 25.522
19 32.133 26.88
20 31.011 28.189

Table 2.3 Dielectric Properties of Blood from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 31.011 28.189
21 29.946 29.451
22 28.937 30.664
23 27.982 31.831
24 27.077 32.951
25 26.219 34.027
26 25.407 34.061
27 24.637 36.053
28 23.907 37.006
29 23.215 37.922
30 22.559 38.801

11



Table 2.4 Dielectric Properties of Blood from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 22.559 38.801
31 21.936 39.647
32 21.344 40.46
33 20.781 41.241
34 20.246 41.994
35 19.738 42.718
36 19.253 43.415
37 18.792 44.087
38 18.352 44.735
39 17.933 45.36
40 17.533 45.963

Table 2.5 Dielectric Properties of Blood from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 17.533 45.963
50 14.376 50.997
60 12.275 54.716
70 10.804 57.585
80 9.733 59.88
90 8.925 61.77

Table 2.6 Dielectric Properties of Bone Cortical from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 12.363 0.156
2 11.654 0.310
3 11.061 0.508
4 10.528 0.729
5 10.037 0.964
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Table 2.7 Dielectric Properties of Bone Cortical from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 10.037 0.964
6 9.585 1.204
7 9.169 1.444
8 8.789 1.681
9 8.439 1.912
10 8.119 2.136
11 7.826 2.352
12 7.554 2.562
13 7.307 2.762
14 7.079 2.953
15 6.869 3.136
16 6.675 3.312
17 6.495 3.480
18 6.329 3.641
19 6.174 3.796
20 6.030 3.944

Table 2.8 Dielectric Properties of Bone Cortical from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 6.030 3.944
21 5.896 4.087
22 5.771 4.223
23 5.653 4.355
24 5.544 4.481
25 5.441 4.603
26 5.344 4.720
27 5.253 4.833
28 5.167 4.943
29 5.086 5.048
30 5.010 5.150

Table 2.9 Dielectric Properties of Bone Cortical from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 5.010 5.150
31 4.937 5.249
32 4.869 5.344
33 4.804 5.437
34 4.742 5.527
35 4.684 5.614
36 4.628 5.698
37 4.575 5.780
38 4.524 5.860
39 4.476 5.938
40 4.430 6.013
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Table 2.10 Dielectric Properties of Bone Cortical from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 4.430 6.013
50 4.062 6.674
60 3.810 7.206
70 3.628 7.649
80 3.491 8.028
90 3.384 8.360

Table 2.11 Dielectric Properties of Bone Marrow from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 5.485 0.043
2 5.348 0.076
3 5.237 0.121
4 5.135 0.175
5 5.037 0.234

Table 2.12 Dielectric Properties of Bone Marrow from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 5.037 0.234
6 4.944 0.298
7 4.854 0.366
8 4.768 0.436
9 4.685 0.506
10 4.607 0.578
11 4.532 0.650
12 4.460 0.721
13 4.393 0.792
14 4.329 0.861
15 4.268 0.930
16 4.210 0.997
17 4.155 1.063
18 4.102 1.127
19 4.053 1.190
20 4.005 1.252
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Table 2.13 Dielectric Properties of Bone Marrow from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 4.005 1.252
21 3.961 1.312
22 3.918 1.371
23 3.877 1.428
24 3.838 1.483
25 3.801 1.538
26 3.766 1.591
27 3.732 1.642
28 3.700 1.692
29 3.670 1.741
30 3.640 1.789

Table 2.14 Dielectric Properties of Bone Marrow from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 3.640 1.789
31 3.612 1.835
32 3.585 1.881
33 3.560 1.925
34 3.535 1.968
35 3.511 2.010
36 3.489 2.051
37 3.467 2.092
38 3.446 2.131
39 3.426 2.169
40 3.406 2.207

Table 2.15 Dielectric Properties of Bone Marrow from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 3.406 2.207
50 3.247 2.539
60 3.133 2.811
70 3.049 3.040
80 2.983 3.236
90 2.932 3.408

Table 2.16 Dielectric Properties of Fat from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 5.447 0.054
2 5.328 0.086
3 5.223 0.130
4 5.124 0.183
5 5.029 0.243
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Table 2.17 Dielectric Properties of Fat from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 5.029 0.243
6 4.936 0.307
7 4.847 0.374
8 4.762 0.443
9 4.680 0.514
10 4.602 0.585
11 4.527 0.657
12 4.456 0.728
13 4.389 0.799
14 4.325 0.868
15 4.264 0.937
16 4.207 1.004
17 4.152 1.069
18 4.100 1.134
19 4.050 1.197
20 4.003 1.258

Table 2.18 Dielectric Properties of Fat from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 4.003 1.258
21 3.958 1.318
22 3.916 1.377
23 3.875 1.434
24 3.836 1.489
25 3.799 1.543
26 3.764 1.596
27 3.731 1.648
28 3.699 1.698
29 3.668 1.747
30 3.639 1.794

Table 2.19 Dielectric Properties of Fat from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 3.639 1.794
31 3.611 1.841
32 3.584 1.886
33 3.558 1.930
34 3.533 1.973
35 3.510 2.015
36 3.487 2.057
37 3.465 2.097
38 3.444 2.136
39 3.424 2.174
40 3.405 2.211
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Table 2.20 Dielectric Properties of Fat from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 3.405 2.211
50 3.246 2.543
60 3.132 2.815
70 3.048 3.044
80 2.982 3.240
90 2.931 3.411

Table 2.21 Dielectric Properties of Muscle from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 54.810 0.978
2 53.290 1.454
3 52.048 2.148
4 50.812 3.022
5 49.532 4.051

Table 2.22 Dielectric Properties of Muscle from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 49.532 4.051
6 48.211 5.208
7 46.860 6.466
8 45.493 7.802
9 44.123 9.195
10 42.762 10.627
11 41.419 12.083
12 40.090 13.562
13 38.805 15.027
14 37.557 16.481
15 36.348 17.918
16 35.181 19.331
17 34.058 20.716
18 32.978 22.070
19 31.943 23.390
20 30.951 24.673
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Table 2.23 Dielectric Properties of Muscle from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 30.951 24.673
21 30.000 25.921
22 29.092 27.131
23 28.224 28.303
24 27.395 29.437
25 26.603 30.534
26 25.848 31.595
27 25.127 32.619
28 24.440 33.609
29 23.783 34.565
30 23.157 35.487

Table 2.24 Dielectric Properties of Muscle from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 23.157 35.487
31 22.559 36.379
32 21.988 37.239
33 21.442 38.070
34 20.921 38.873
35 20.423 39.649
36 19.947 40.398
37 19.492 41.123
38 19.056 41.823
39 18.639 42.501
40 18.239 43.156

Table 2.25 Dielectric Properties of Muscle from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 18.239 43.156
50 15.037 48.688
60 12.856 52.826
70 11.308 56.036
80 10.169 58.606
90 9.304 60.721

Table 2.26 Dielectric Properties of Skin Dry from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 40.934 0.900
2 38.568 1.265
3 37.443 1.745
4 36.582 2.345
5 35.769 3.066
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Table 2.27 Dielectric Properties of Skin Dry from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 35.769 3.066
6 34.942 3.896
7 34.08 4.821
8 33.181 5.827
9 32.248 6.897
10 31.289 8.015
11 30.313 9.166
12 29.319 10.346
13 28.335 11.523
14 27.358 12.695
15 26.396 13.853
16 25.454 14.990
17 24.536 16.100
18 23.647 17.178
19 22.788 18.220
20 21.962 19.224

Table 2.28 Dielectric Properties of Skin Dry from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 21.962 19.224
21 21.168 20.190
22 20.409 21.114
23 19.684 21.998
24 18.993 22.841
25 18.335 23.644
26 17.709 24.408
27 17.115 25.134
28 16.552 25.824
29 16.017 26.478
30 15.510 27.099

Table 2.29 Dielectric Properties of Skin Dry from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 15.510 27.099
31 15.029 27.688
32 14.573 28.246
33 14.142 28.776
34 13.732 29.278
35 13.345 29.755
36 12.977 30.207
37 12.628 30.636
38 12.297 31.043
39 11.983 31.429
40 11.685 31.797
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Table 2.30 Dielectric Properties of Skin Dry from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 11.685 31.797
50 9.402 34.619
60 7.975 36.397
70 7.038 37.577
80 6.395 38.397
90 5.936 38.989
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2.1.2 Debye Parameters of Human Tissues

The next step for human tissue characterization is to determine the Debye expansion coefficients using

the dielectric properties. The Debye model is shown in compact form in equation 2.1 where N is the

number of Debye terms, ϵ∞ is the permittivity at high frequency, ∆ϵk is the pole weight, and τk is the

relaxation time [33].

ϵr(ω) = ϵ∞ +

N∑
k=1

∆ϵk
1 + jωτk

,∆ϵk = Ak(ϵs − ϵ∞) (2.1)

Equation 2.1 is used with the tissue parameters to calculate the Debye parameters. The relative

permittivity and conductivity for each human tissue is used to calculate the complex permittivity by

finding the real and imaginary parts of the permittivity given by equation 2.2. The necessary number of

points are interpolated and the frequency transfer function of the complex permittivity is obtained and

shown in equation 2.3 where N is the number of poles for the numerical fit and ak and bk are coefficients.

The transfer function can then be used to determine the poles and weights for the Debye parameters in

MATLAB using the “invfreqs” function [33].

ϵr(ω) = ϵ′ − jϵ′′ (2.2)

ϵr(ω) =

∑N
k=1 bk=1ω

k=1∑N+1
k=1 ak=1ωk=1

(2.3)

The coefficients produced from the “invfreqs” function are then used to perform partial fraction

expansion as shown in equation 2.4 using the “residues” function in MATLAB [33]. The residues, poles,

and constant term produced are used to calculate the values of the Debye parameters. The ϵ∞ is given by

the constant term and the values of ∆ϵ and τ are calcuated using the residues and poles [33]. The Debye

parameters are then re-evaluated using equation 2.1 for comparison to ensure accurate fitting of the model

as shown in Figure 2.1.

ϵr(ω) = R+
rN

(jω)− pN
+

rN−1

(jω)− pN−1
+ ...+

r1
(jω)− p1

(2.4)
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Figure 2.1 The Debye parameters based on measured data are compared to the computed parameters for
the real and imaginary permittivity for the aorta tissue from 20 to 100 GHz [33].

Once accurate fitting is confirmed for all the tissues, the maximum percent error for the real and

imaginary components of the complex permittivity is collected for each tissue. The final three-term Debye

parameters and maximum real and imaginary errors are shown in Table 2.31 through Table 2.33 for all 55

human tissues from 100 MHz to 100 GHz [33].
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Table 2.31 Debye Parameters from 100 MHz to 2 GHz

Tissue ϵ∞ ∆ϵ1 ∆ϵ2 ∆ϵ3 τ1[e
−9] τ2[e

−9] τ3[e
−9] Re[%] Im[%]

Aorta 24.7 19.9 10.2 960.3 0.02478 0.7992 19.11 0.5126 1.252
Bladder 10.53 8.297 2.39 1690 0.02394 0.5471 51.4 0.3673 0.9379
Blood 33.1 27.87 9.087 6379 0.02375 0.5866 46.23 0.4125 0.8723
BloodVessel 24.7 19.9 10.27 960.3 0.02478 0.7992 19.11 0.5126 1.252
BodyFluid 4.242 64.77 0.04378 2107000 0.007269 0.6161 12410 0.002546 0.00754
BoneCancelllous 11.05 9.606 4.265 301.5 0.03801 0.485 15.79 0.5389 1.561
BoneCortical 6.915 5.487 1.653 94.31 0.03378 0.4537 13.19 0.3855 1.772
BoneMarrow 4.162 1.321 0.4162 26.08 0.02899 0.501 10.14 0.2234 1.35
BrainGreyMatter 31.79 20.03 14.85 638.5 0.03123 0.5744 10.24 0.6013 1.508
BrainWhiteMatter 23.68 14.57 9.495 323.1 0.03072 0.5444 8.889 0.5489 1.668
BreastFat 3.208 2.23 0.1457 253.3 0.0261 0.3441 75.37 0.1064 0.598
Cartilage 20.43 22.02 7.746 1135 0.03186 0.527 21.51 0.4988 1.123
Cerebellum 30.95 17.3 21.36 845.2 0.03889 0.6029 9.594 0.7802 1.319
CerebralFluid 33.52 34.97 34.48 121800 0.01843 1.426 534.2 0.1367 0.367
Cervix 27.08 22.46 5.644 3149 0.02201 0.5786 37.78 0.3488 0.931
Colon 34.76 22.32 15.12 1285 0.03087 0.5667 17.1 0.6 1.434
Cornea 33.11 21.43 13.5 3641 0.02986 0.5813 31.58 0.5909 1.136
Duodenum 34.71 30.03 7.386 4018 0.02195 0.5593 39.93 0.3374 0.958
Dura 26.41 17.83 7.700 1811 0.02735 0.6939 22.02 0.5037 1.049
EyeSclera 30.66 24.26 7.66 4343 0.0234 0.5725 42.95 0.3904 0.961
Fat 4.113 1.341 0.2853 119.3 0.02728 0.4887 29.28 0.1986 1.067
GallBladder 22.41 36.42 37.7 62890 0.01285 1.525 613.2 0.06222 0.286
GallBladderBile 25.98 43.81 47.27 130700 0.01282 1.53 821.2 0.06094 0.246
Gland 31.2 28.25 5.498 4707 0.0209 0.5381 52.9 0.2895 0.893
Heart 36.73 22.03 20.28 1181 0.03574 0.5659 14.65 0.71 1.473
Kidney 36.46 20.85 25.46 1099 0.04118 0.575 12.35 0.8162 1.515
Lens 25.09 21.28 4.771 2627 0.02135 0.5625 39.11 0.3106 0.938
Liver 27.45 18.57 14.11 698.6 0.03305 0.56 13.02 0.6477 1.525
LungDeflated 30.13 20.73 10.15 1379 0.02733 0.5585 22.28 0.4968 1.362
LungInflated 13.75 7.931 6.006 633 0.03199 0.5813 18.71 0.6173 1.337
Lymph 31.2 28.25 5.498 4707 0.0209 0.5381 52.9 0.2895 0.893
MucousMembrane 28.12 17.26 12.6 903.2 0.03132 0.5755 15.65 0.6096 1.458
Muscle 31.45 23.27 6.746 3101 0.02212 0.5729 39.26 0.3504 1.04
Nail 6.915 5.487 1.653 94.31 0.03378 0.4537 13.19 0.3855 1.772
Nerve 20.51 11.48 9.357 506.1 0.0333 0.5663 13.58 0.6227 1.513
Oesophagus 34.71 30.03 7.386 4018 0.02195 0.5593 39.93 0.3374 0.958
Ovary 30.42 19.03 23.32 999.7 0.04421 0.5884 12.12 0.8647 1.506
Pancreas 31.2 28.25 5.498 4707 0.0209 0.5381 52.9 0.2895 0.893
Prostate 33.7 26.43 9.073 3634 0.0239 0.5762 35.75 0.4115 1.036
Retina 30.66 24.26 7.66 4343 0.0234 0.5725 42.95 0.3904 0.961
SkinDry 27.44 12.73 17.1 417.9 0.0366 0.5684 7.581 0.7085 1.635
Skin 28.12 17.26 12.6 903.2 0.03132 0.5755 15.65 0.6096 1.458
SmallIntestine 37.16 21.26 23.62 5010 0.03722 0.6228 27.28 0.8121 1.002
SpinalCord 20.51 11.48 9.357 506.1 0.0333 0.5663 13.58 0.6227 1.513
Spleen 35.13 20.93 19.78 1163 0.03508 0.5828 13.11 0.7042 1.395
Stomach 34.71 30.03 7.386 4018 0.02195 0.5593 39.93 0.3374 0.958
Tendon 19.2 26.69 3.937 1733 0.02353 0.5869 31.6 0.3248 0.880
Testis 33.7 26.43 9.073 3634 0.0239 0.5762 35.75 0.4115 1.036
Thymus 31.2 28.25 5.498 4707 0.0209 0.5381 52.9 0.2895 0.893
Thyroid 31.2 28.25 5.498 4707 0.0209 0.5381 52.9 0.2895 0.893
Tongue 30.57 24.34 7.567 2354 0.02328 0.5664 31.32 0.3824 1.099
Tooth 6.915 5.487 1.653 94.31 0.03378 0.4537 13.19 0.3855 1.772
Trachea 23.68 17.97 6.957 1897 0.02526 0.5573 31.12 0.4453 1.177
Uterus 34.76 25.81 10.72 2891 0.02542 0.5807 27.5 0.4648 1.105
VitreousHumor 4.242 64.77 0.04378 2107000 0.007269 0.6161 12410 0.002546 0.0075
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Table 2.32 Debye Parameters from 2 GHz to 20 GHz

Tissue ϵ∞ ∆ϵ1 ∆ϵ2 ∆ϵ3 τ1[e
−9] τ2[e

−9] τ3[e
−9] Re[%] Im[%]

Aorta 5.819 26.080 11.258 53.960 0.007 0.018 0.709 0.116 1.396
Bladder 3.247 10.599 4.413 41.039 0.007 0.019 0.967 0.121 1.230
Blood 6.713 37.992 14.367 201.858 0.007 0.018 1.183 0.124 1.099
BloodVessel 5.819 26.080 11.258 53.960 0.007 0.018 0.709 0.116 1.396
BodyFluid -91950 91950 64.974 2.1e8 0.000 0.007 1.2e6 0.004 0.004
BoneCancelllous 3.896 7.689 7.343 14.049 0.007 0.024 0.319 0.222 2.040
BoneCortical 3.176 4.255 4.161 4.913 0.007 0.023 0.261 0.176 2.096
BoneMarrow 2.793 1.660 0.872 1.759 0.006 0.020 0.355 0.092 2.274
BrainGreyMatter 6.384 32.024 10.792 59.363 0.007 0.019 0.532 0.135 1.558
BrainWhiteMatter 5.728 22.838 7.788 32.142 0.007 0.019 0.452 0.130 1.680
BreastFat 2.576 1.049 1.703 2.698 0.010 0.023 0.556 0.085 1.226
Cartilage 5.932 17.545 16.476 43.234 0.008 0.022 0.479 0.193 1.642
Cerebellum 6.237 29.242 9.442 93.588 0.007 0.021 0.618 0.159 1.366
CerebralFluid 7.169 44.000 16.091 708.896 0.007 0.017 2.688 0.103 0.690
Cervix 6.253 31.035 10.926 106.461 0.007 0.018 1.009 0.113 1.246
Colon 6.660 35.631 11.957 72.886 0.007 0.019 0.574 0.138 1.535
Cornea 6.552 34.203 11.316 139.747 0.007 0.019 0.874 0.140 1.252
Duodenum 6.999 41.358 14.592 119.872 0.007 0.018 0.918 0.115 1.309
Dura 6.996 24.648 10.924 95.339 0.006 0.019 0.878 0.148 1.453
EyeSclera 6.527 34.692 12.042 130.552 0.007 0.018 1.007 0.119 1.226
Fat 2.796 1.666 0.858 3.261 0.006 0.020 0.548 0.096 2.026
GallBladder 5.354 43.362 9.641 351.276 0.007 0.015 2.663 0.052 0.541
GallBladderBile 5.626 52.059 11.543 642.375 0.007 0.015 3.285 0.053 0.468
Gland 6.736 37.787 13.432 106.528 0.007 0.018 0.940 0.112 1.317
Heart 6.771 36.303 11.957 78.334 0.007 0.020 0.527 0.153 1.555
Kidney 6.720 34.780 11.305 89.380 0.007 0.021 0.523 0.169 1.502
Lens 6.086 28.850 10.254 79.431 0.007 0.018 0.915 0.110 1.318
Liver 5.927 26.720 10.724 50.459 0.007 0.020 0.494 0.146 1.571
LungDeflated 6.331 31.639 10.839 59.528 0.007 0.019 0.603 0.127 1.543
LungInflated 3.464 12.883 4.264 35.470 0.007 0.019 0.664 0.136 1.420
Lymph 6.736 37.787 13.432 106.528 0.007 0.018 0.940 0.112 1.317
MucousMembrane 6.060 27.752 9.311 56.367 0.007 0.019 0.567 0.135 1.528
Muscle 6.706 35.825 10.710 92.328 0.006 0.017 0.884 0.108 1.356
Nail 3.176 4.255 4.161 4.913 0.007 0.023 0.261 0.176 2.096
Nerve 5.401 18.661 6.223 35.601 0.007 0.020 0.518 0.134 1.578
Oesophagus 6.999 41.358 14.592 119.872 0.007 0.018 0.918 0.115 1.309
Ovary 7.079 25.127 12.690 79.958 0.007 0.022 0.499 0.208 1.622
Pancreas 6.736 37.787 13.432 106.528 0.007 0.018 0.940 0.112 1.317
Prostate 6.782 38.191 13.251 122.390 0.007 0.018 0.908 0.120 1.287
Retina 6.527 34.692 12.042 130.552 0.007 0.018 1.007 0.119 1.226
SkinDry 4.124 32.553 1.934 82.391 0.007 0.048 0.854 0.039 0.250
Skin 6.060 27.752 9.311 56.367 0.007 0.019 0.567 0.135 1.528
SmallIntestine 6.768 36.417 11.573 252.957 0.007 0.020 1.006 0.162 1.063
SpinalCord 5.401 18.661 6.223 35.601 0.007 0.020 0.518 0.134 1.578
Spleen 6.624 34.695 11.376 90.449 0.007 0.020 0.597 0.150 1.455
Stomach 6.999 41.358 14.592 119.872 0.007 0.018 0.918 0.115 1.309
Tendon 5.446 21.617 17.416 53.271 0.008 0.020 0.712 0.134 1.314
Testis 6.782 38.191 13.251 122.390 0.007 0.018 0.908 0.120 1.287
Thymus 6.736 37.787 13.432 106.528 0.007 0.018 0.940 0.112 1.317
Thyroid 6.736 37.787 13.432 106.528 0.007 0.018 0.940 0.112 1.317
Tongue 6.512 34.588 12.139 81.015 0.007 0.018 0.779 0.116 1.400
Tooth 3.176 4.255 4.161 4.913 0.007 0.023 0.261 0.176 2.096
Trachea 4.449 26.562 9.147 64.550 0.007 0.018 0.742 0.126 1.420
Uterus 6.818 38.444 13.181 123.441 0.007 0.018 0.864 0.125 1.302
VitreousHumor -91950 91950 64.974 2.1e8 0.000 0.007 1.2e6 0.004 0.004
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Table 2.33 Debye Parameters from 20 GHz to 100 GHz

Tissue ϵ∞ ∆ϵ1 ∆ϵ2 ∆ϵ3 τ1[e
−9] τ2[e

−9] τ3[e
−9] Re[%] Im[%]

Aorta 4.325 2.311 20.134 19.363 0.002 0.006 0.017 0.068 0.127
Bladder 2.635 0.969 8.610 7.917 0.002 0.006 0.019 0.063 0.122
Blood 4.498 3.684 32.111 26.674 0.002 0.006 0.021 0.079 0.126
BloodVessel 4.325 2.311 20.134 19.363 0.002 0.006 0.017 0.068 0.127
BodyFluid 3.999 32.423 32.423 21010 0.007 0.007 116.700 0.009 5.1e-3
BoneCancelllous 2.817 1.411 4.954 11.316 0.001 0.006 0.021 0.084 0.212
BoneCortical 2.647 0.695 2.683 6.163 0.001 0.006 0.019 0.060 0.190
BoneMarrow 2.565 0.335 1.158 1.407 0.001 0.005 0.016 0.032 0.261
BrainGreyMatter 4.428 3.123 25.887 20.355 0.002 0.006 0.019 0.073 0.141
BrainWhiteMatter 4.315 2.212 18.093 14.502 0.002 0.006 0.018 0.068 0.146
BreastFat 2.513 0.074 0.555 2.391 0.002 0.007 0.021 0.016 0.062
Cartilage 4.371 2.030 11.251 25.934 0.001 0.006 0.020 0.084 0.132
Cerebellum 4.403 2.954 24.443 20.383 0.002 0.006 0.023 0.078 0.124
CerebralFluid 4.614 4.717 39.895 31.694 0.002 0.006 0.024 0.084 0.119
Cervix 4.410 3.058 25.632 19.530 0.002 0.006 0.018 0.073 0.139
Colon 4.477 3.485 28.886 22.688 0.002 0.006 0.019 0.075 0.139
Cornea 4.465 3.452 28.828 22.807 0.002 0.006 0.022 0.078 0.129
Duodenum 4.542 4.036 33.756 25.919 0.002 0.006 0.018 0.075 0.142
Dura 4.602 3.754 19.037 19.513 0.001 0.006 0.019 0.087 0.207
EyeSclera 4.460 3.447 28.933 22.031 0.002 0.006 0.019 0.075 0.137
Fat 2.566 0.339 1.182 1.424 0.001 0.005 0.017 0.034 0.271
GallBladder 4.246 2.373 42.606 16.075 0.002 0.007 0.024 0.049 0.057
Gland 4.494 3.673 30.674 23.645 0.002 0.006 0.017 0.073 0.143
Heart 4.499 3.591 29.594 23.813 0.002 0.006 0.020 0.078 0.136
Kidney 4.491 3.497 28.628 24.139 0.002 0.006 0.022 0.080 0.128
Lens 4.376 2.803 23.427 18.053 0.002 0.006 0.017 0.070 0.143
Liver 4.345 2.401 20.938 20.001 0.002 0.006 0.019 0.073 0.125
LungDeflated 4.418 3.061 25.394 19.870 0.002 0.006 0.018 0.072 0.141
LungInflated 2.674 1.279 10.640 8.385 0.002 0.006 0.020 0.067 0.135
Lymph 4.494 3.673 30.674 23.645 0.002 0.006 0.017 0.073 0.143
MucousMembrane 4.368 2.711 22.538 17.662 0.002 0.006 0.019 0.072 0.141
Muscle 4.490 3.793 29.742 19.355 0.002 0.006 0.017 0.071 0.157
Nail 2.647 0.695 2.683 6.163 0.001 0.006 0.019 0.060 0.190
Nerve 4.251 1.827 15.117 11.972 0.002 0.006 0.019 0.067 0.135
Oesophagus 4.542 4.036 33.756 25.919 0.002 0.006 0.018 0.075 0.142
Ovary 4.618 3.608 19.036 24.768 0.002 0.006 0.022 0.095 0.181
Pancreas 4.494 3.673 30.674 23.645 0.002 0.006 0.017 0.073 0.143
Prostate 4.504 3.766 31.554 24.101 0.002 0.006 0.019 0.075 0.139
Retina 4.460 3.447 28.933 22.031 0.002 0.006 0.019 0.075 0.137
SkinDry 4.030 0.125 32.419 22.833 0.001 0.007 0.161 0.008 0.008
Skin 4.368 2.711 22.538 17.662 0.002 0.006 0.019 0.072 0.141
SmallIntestine 4.506 3.796 31.520 28.688 0.002 0.006 0.027 0.083 0.106
SpinalCord 4.251 1.827 15.117 11.972 0.002 0.006 0.019 0.067 0.135
Spleen 4.472 3.454 28.636 22.944 0.002 0.006 0.021 0.078 0.132
Stomach 4.542 4.036 33.756 25.919 0.002 0.006 0.018 0.075 0.142
Tendon 4.251 1.611 14.119 27.539 0.002 0.007 0.018 0.068 0.090
Testis 4.504 3.766 31.554 24.101 0.002 0.006 0.019 0.075 0.139
Thymus 4.494 3.673 30.674 23.645 0.002 0.006 0.017 0.073 0.143
Thyroid 4.494 3.673 30.674 23.645 0.002 0.006 0.017 0.073 0.143
Tongue 4.451 3.348 27.925 21.646 0.002 0.006 0.017 0.072 0.144
Tooth 2.647 0.695 2.683 6.163 0.001 0.006 0.019 0.060 0.190
Trachea 2.851 2.590 21.581 16.693 0.002 0.006 0.018 0.077 0.143
Uterus 4.511 3.804 31.844 24.425 0.002 0.006 0.019 0.076 0.138
VitreousHumor 2.603 18.869 74.775 -11802 0.004 0.014 5.215 3.047 3.958
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2.2 Human Tissue Discretization

Once the dielectric properties and Debye parameters have been determined, the next step requires

discretization of the tissues in the computational domain. This methodology for the human tissue model

can be used for various biomedical applications.

The specific application used to illustrate this discretization is a wrist phantom model that consists of

skin, fat, muscle, blood, bone cortical, and bone marrow. The three-term Debye parameters are used from

Table 2.32 in the dispersive FDTD method [35].

2.2.1 Image Processing

The tissue model is based on a 3D voxel volume model from [32] that uses the colormap command in

MATLAB. The image source is an MRI image of the cross-section of a human wrist. The MRI 3D model is

accessed using an online database and is imported into MATLAB [35]. The 3D model is first evaluated as a

2D cross section for optimal cell resolution and model accuracy. The cell resolution is assigned using the

number of cells in the x, y, and z coordinates. The image cells corresponding to each tissue are assigned a

value which corresponds to colors based on the appropriate RGB values as shown in Figure 2.2. The image

resolution shown is 2 mm per cell. The images are processed for both the horizontal cross section in the x -y

plane as well as the vertical cross section in the x -z plane as shown in Figure 2.3.

Figure 2.2 Wrist image at 2 mm resolution labeled with the corresponding human tissues [35].

The images are also analyzed using 3.6 mm resolution per cell for comparison. The same procedure is

used to assign the cells for each tissue to a value that then is used with colormap to assign the colors. As

expected, the detail is much less defined for the tissues as shown in Figure 2.4. The 2 mm resolution model
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(a) Horizontal Cross Section (b) Vertical Cross Section

Figure 2.3 Wrist images using 2 mm resolution of male voxel model (a) Horizontal Cross Section of x-y
plane. (b) Vertical Cross Section of x-z plane [35].

is more useful for biomedical applications requiring fine detail of the cells to detect cancer tissue and other

abnormalities. Further resolutions of 0.5 mm are achieved with this model for FDTD formulations [35].

The 3D voxel model is imported into the computational electromagnetics simulator (CEMS) as a series of

layers of tissues of cells. The Debye parameters of the human tissues are entered into the model for the

frequency range of 20 to 100 GHz. The model is successfully run for 7000 time steps at this resolution of x

= 0.5 mm, y = 0.5 mm, and z = 0.5mm for a dual-band textile antenna model at 2.4 and 5.8 GHz in [35]

with the wrist model shown in Figure 2.5.

(a) Horizontal Cross Section (b) Vertical Cross Section

Figure 2.4 Wrist images using 3.6 mm resolution of male voxel model (a) Horizontal Cross Section of x -y
plane. (b) Vertical Cross Section of x -z plane [35].
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Figure 2.5 The CEMS 3D human wrist model with the general dimensions in mm.

This application demonstrates how the human tissue MRI image can be set up using the tissue

parameters in the computational domain with specific resolution for further analysis with 2D or 3D FDTD

programs. Please see APPENDIX B for the MATLAB code for the 2 mm resolution of the x -z plane.
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CHAPTER 3

2D FDTD BIOMEDICAL APPLICATIONS

The FDTD formulation requires an understanding of the Yee grid of the electromagnetic field

components and materials within the domain [37]. A Yee grid is used for FDTD simulations to discretize

the domain with Yee cells that designates the field and material components for 2D and 3D simulations as

shown in Figure 3.1.

Figure 3.1 The Yee grid for the E-field and H-field components based on formulation described in [37].
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3.1 Maxwell’s Equations

The best place to start when describing electromagnetic solvers such as FDTD is Maxwell’s equations.

For computational electromagnetics, they are solved by using approximations to the exact formulation.

Equations 3.1, 3.2, 3.3, and 3.4 show Maxwell’s equations in the time domain where
→
H is the magnetic field

strength vector,
→
D is the electric displacement vector in [C/m],

→
J is the electric current density in [A/m2],

→
E is the electric field vector in [V/m],

→
B is the magnetic flux density vector in [T],

→
M is the magnetic

current density vector in [V/m2], ρe is the electric charge density, and ρm is the virtual magnetic charge

density. Equations 3.5 and 3.6 show the relations used for how electromagnetic fields penetrate certain

mediums where ϵ is the permittivity and µ is the permeability of the material.

∇×
→
H =

∂
→
D

∂t
+

→
J (3.1)

∇×
→
E = −∂

→
B

∂t
+

→
M (3.2)

∇ ·
→
D = ρe (3.3)

∇ ·
→
B = ρm (3.4)

→
D = ϵ

→
E (3.5)

→
B = µ

→
H (3.6)

Maxwell’s equations are then applied in the FDTD method in component form from vector form using

equations 3.7 through 3.12, calculus-based derivative approximations can then be applied with a

computational domain discretized with the necessary number of cells to achieve accurate response of the

fields.

∂Ex

∂t
=

1

ϵx
(
∂Hz

∂y
− ∂Hy

∂z
− σe

xEx − Jix) (3.7)

∂Ey

∂t
=

1

ϵy
(
∂Hx

∂z
− ∂Hz

∂x
− σe

yEy − Jiy ) (3.8)

∂Ez

∂t
=

1

ϵz
(
∂Hy

∂x
− ∂Hx

∂y
− σe

zEz − Jiz ) (3.9)

∂Hx

∂t
=

1

µx
(
∂Ey

∂z
− ∂Ez

∂y
− σm

x Hx −Mix) (3.10)

∂Hy

∂t
=

1

µy
(
∂Ez

∂x
− ∂Ex

∂z
− σm

y Hy −Miy ) (3.11)
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∂Hz

∂t
=

1

µz
(
∂Ex

∂y
− ∂Ey

∂x
− σm

z Hz −Miz ) (3.12)

The equations for FDTD are applied to the 2D case by simplifying for no variation in the z direction.

This means the derivative with respect to z is 0. In addition, the equations can be applied for either the

transverse electric (TE) or transverse magnetic (TM) wave propagation cases. In this case, TM

propagation is used where the magnetic field is perpendicular to the incident wave. Thus, the Ez, Hx, and

Hy fields are solved using the updating equations shown in 3.13 through 3.15.

ϵz
∂Ez

∂t
+ σe

z × Ez =
∂Hy

∂x
− ∂Hx

∂y
(3.13)

µx
∂Hx

∂t
+ σm

x ×Hx = −∂Ez

∂y
(3.14)

µy
∂Hy

∂t
+ σm

y ×Hy =
∂Ez

∂x
(3.15)

3.2 Advantages of FDTD

The FDTD method is useful for solving Maxwell’s equations because it applies a complete time domain

solution to a wide frequency range in a single run. Some solvers apply Maxwell’s equations using the

frequency domain, which requires less computational resources, however, they only solve for one frequency

per simulation. This is the case for the finite-difference frequency-domain (FDFD) or the commonly used

method of moments (MoM) formulation. Since FDTD uses the time domain, only one simulation is

required to compute at all time steps the field components’ responses, which are converted to the frequency

domain using a Fourier transform at the target frequencies [1].

3.3 FDTD Approximations

In order to solve Maxwell’s equations in the computational domain, a numerical technique must be

applied to solve the differential equations using approximations. Finite difference can be used to

approximate the numerical derivatives. The derivations can be formulated to be accurate up to second

order with a minimal error rate [37].

The approximation for the derivative is based on the Taylor series expansion for a point x with spacing

∆x. The approximation for the FDTD central difference After simplifying the Taylor series terms, the

general second order approximation is given in equation 3.16 [37].

f ′(x) ≈ f(x+∆x− f(x−∆x)

2∆x
(3.16)

Applying the second order derivative approximation to FDTD analysis, the Taylor series is calculated

for each point [37]. It is used for the space and time derivatives. The finite differences can then be used to
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Figure 3.2 The approximation for the FDTD central difference based on the Taylor series for a point
centered at x with spacing ∆x as described in [37].

formulate the 6 FDTD updating equations for the 3D electric and magnetic fields shown in equations 3.17

through 3.22. Note that the coefficients such as Cexe represent the compact form of the updating

equations. For more details, please see chapter 1 in [1].

En+1
x (i, j, k) = Cexe(i, j, k)E

n
x (i, j, k) + Cexhz(i, j, k)(H

n+ 1
2

z (i, j, k)−H
n+ 1

2
z (i, j − 1, k))

+Cexhy(i, j, k)(H
n+ 1

2
y (i, j, k)−H

n+ 1
2

y (i, j, k − 1)) + Cexj(i, j, k)J
n+ 1

2
ix (i, j, k)

(3.17)

En+1
y (i, j, k) = Ceye(i, j, k)E

n
y (i, j, k) + Ceyhx(i, j, k)(H

n+ 1
2

x (i, j, k)−H
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2
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+Ceyhz(i, j, k)(H
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2
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2

z (i− 1, j, k)) + Ceyj(i, j, k)J
n+ 1

2
iy (i, j, k)

(3.18)
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n
z (i, j, k) + Cezhy(i, j, k)(H

n+ 1
2

y (i, j, k)−H
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2
y (i− 1, j, k))

+Cezhx(i, j, k)(H
n+ 1

2
x (i, j, k)−H

n+ 1
2

x (i, j − 1, k)) + Cezj(i, j, k)J
n+ 1

2
iz (i, j, k)

(3.19)

H
n+ 1

2
x (i, j, k) = Chxh(i, j, k)H

n− 1
2

x (i, j, k) + Chxey(i, j, k)(E
n
y (i, j, k + 1)− En

y (i, j, k))

+Chxez(i, j, k)(E
n
z (i, j + 1, k)− En

z (i, j, k)) + Chxm(i, j, k)Mn
ix(i, j, k)

(3.20)

H
n+ 1

2
y (i, j, k) = Chyh(i, j, k)H

n− 1
2

y (i, j, k) + Chyez(i, j, k)(E
n
z (i+ 1, j, k)− En

z (i, j, k))

+Chyex(i, j, k)(E
n
x (i, j, k + 1)− En

x (i, j, k)) + Chym(i, j, k)Mn
iy(i, j, k)

(3.21)

H
n+ 1

2
z (i, j, k) = Chzh(i, j, k)H

n− 1
2

z (i, j, k) + Chzex(i, j, k)(E
n
x (i, j + 1, k)− En

x (i, j, k))

+Chzey(i, j, k)(E
n
y (i+ 1, j, k)− En

y (i, j, k)) + Chzm(i, j, k)Mn
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(3.22)
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The updating equations are applied to the 2D case for TM wave propagation for the Ez, Hx, and Hy

fields as shown in 3.23 through 3.25.

En+1
z (i, j, k) = Ceze(m)En

z (i, j, k) + Cezhy(m)(H
n+ 1

2
y (i, j, k)−H

n+ 1
2

y (i− 1, j, k))

−Cezhx(m)(H
n+ 1

2
x (i, j, k)−H

n+ 1
2

x (i, j − 1, k))− Cezj(m)J
n+ 1

2
zi (i, j, k)

(3.23)

H
n+ 1

2
x (i, j, k) = Chxh(m)H

n− 1
2

x (i, j, k) + Chxey(m)(En
y (i, j, k + 1)− En

y (i, j, k))

−Chxez(m)(En
z (i, j + 1, k)− En

z (i, j, k))− Chxm(m)Mn
xi(i, j, k)

(3.24)

H
n+ 1

2
y (i, j, k) = Chyh(m)sH

n− 1
2

y (i, j, k) + Chyez(m)(En
z (i+ 1, j, k)− En

z (i, j, k))

−Chyex(m)(En
x (i, j, k + 1)− En

x (i, j, k))− Chym(m)Mn
yi(i, j, k)

(3.25)

3.4 Wireless Charging Application - 2D Model

In recent years, the focus of many 5G applications has been centered around wearable, miniaturized

biomedical devices that can be wirelessly charged for efficient utilization. Such devices would allow

healthcare providers to monitor their patients’ health remotely, even from home. This technology could be

life changing for patients suffering from chronic diseases and provide a means of reducing the physical and

economic burden placed on hospitals. This research usually involves the analysis using human tissue

parameters or their approximation. At high frequencies, the accurate analysis of the depth of wave

penetration in such frequency dependent tissues is challenging.

In this work, we present a numerical solution for focusing the fields due to an incident electromagnetic

wave on a group of dielectric cylinders positioned above a medium comprised of parallel layers

characterized as human tissues using the FDTD technique [1]. The analysis is conducted at two 5G

frequencies, namely, 28 GHz and 29 GHz. A similar model is used in [27] but at 24 GHz for wireless

charging applications for biomedical devices. In [27] a different configuration for the cylinders and a

different methodology for the solution based on a much more complex analytical solution for a fixed

configuration is presented. This reported method is not easy to adapt for different configurations as

wearable antennas are changing in shape over time based on applications. Thus, the use of a FDTD

method with accurate tissue parameters would be much more practical for such applications. The results

based on the FDTD method with the optimized configuration of the cylinders and their properties along

with the proper tissue parameters at higher frequencies show a gain of 8 dB of focused electric field which

is a 2 dB enhancement over reported data for charging wearable sensors and antennas [27].

The model analyzed here is composed of a multi-layered medium to solve for the E-field that is focused

above and within the first layer [27]. The medium consists of cotton, skin, fat, and muscle layers. The

layers are assigned their dielectric properties consisting of the relative permittivity and electric

conductivity that depend on the frequency of interest shown in Table 3.1, which are based on the work
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reported in [33]. The dielectric cylinders are assigned relative permittivities that range from 2 to 10 with

the most dielectric constant cylinder at the center. The tapered distribution of the dielectric constant is

considered for enhancing the focusing gain. The cylinders are identified by the letters “a” to “g” with the

center cylinder identified as cylinder “d”. The radius of cylinder “d” is 0.4 mm and its center is located at

(0.4,0). The radius of cylinders “c” and “e” is 0.3 mm. The radius of cylinders “b” and “f” is 0.2 mm. The

radius of cylinders “a” and “g” is 0.1 mm. The total width of the cylinders is x = 3.2 mm and the length is

y = 20 mm. Again, the tapered radius of cylinders helps in focusing the field along the negative x

direction. All cylinders are positioned such that they are touching each other and touching the y axis

which is the first boundary of the cotton layer. The source of the electromagnetic field is a line source

positioned along the x axis with x = 3 mm and radiates a cylindrical wave towards the multi-layer tissue

structure. The radiated E-field is solved using the FDTD method for TM wave propagation and the

frequency domain values of the E field are computed at 28 GHz and 29 GHz. These frequencies are chosen

to support one of the upper bands for 5G of n257 and n261 bands [2]. The dielectric properties consisting

of the relative permittivity and electrical conductivity are entered for each human tissue at 28 and 29 GHz,

respectively. Thus, each simulation is run at the target frequency of either 28 or 29 GHz depending on the

human tissue model. The FDTD simulations are performed with a cell resolution of x and y = 0.02 mm to

provide the necessary cells per wavelength. For an approximate frequency of 30 GHz and relative

permittivity of 25, this is 2 mm for the wavelength. Thus, this resolution allows for approximately 100 cells

per wavelength in the x and y planes. The smallest radius of the cylinders is 0.1 mm which allows for 10

cells across the diameter. Thus, all cylinders are accounted for in the model for this resolution. The source

waveform is selected to support the desired frequencies of interest. Each simulation is executed for 4,000

time steps to ensure sufficient decay of the energy injected in the system. The resulting E-field is sampled

for positions E1 through E4 within the different tissues as pointed out in Figure 3.3.
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Figure 3.3 The model used for 2D analysis with the multilayer medium, dielectric cylinders, and source.
The positions of the sampled fields are identified by each x.

The results for six different cases are computed and tabulated, starting with the source radiating in free

space for case 1. Case 2 includes the tissue layers. Case 3 adds the dielectric cylinders. Case 4 includes a

source radiating in free space but with a reflector antenna included to focus the field in the negative x

direction. Case 5 adds the tissue layers to case four while case 6 adds the cylinders to case 5 and is

considered the main configuration of this work. All cases are analyzed for 28 GHz and 29 GHz separately

using the respective frequency dependent tissue parameters listed in Table 3.1.

Table 3.1 Dielectric Properties of Application Tissues from 28 GHz to 29 GHz

Frequency [GHz] Tissue Permittivity Conductivity [S/m]

Cotton 1.3 0
28 Skin Dry 16.552 25.824
29 Skin Dry 16.017 26.478
28 Fat 3.699 1.698
29 Fat 3.668 1.747
28 Muscle 24.44 33.609
29 Muscle 23.783 34.565
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The results for the six cases are provided for 28 and 29 GHz. The E-field values are normalized using

the maximum incident wave source. For cases 1 through 3, this source is without the reflector placed 3 mm

from the model. For cases 4 through 6, this source includes the reflector antenna, which focuses the E-field.

The E-field values for the incident wave source for cases 1 and 4 in free space are shown in Table 3.2. The

summary of the results from the six cases are shown in Table 3.3 and Table 3.4 for 28 GHz and 29 GHz,

respectively. Following the procedure in [27], the E-field gain is calculated using case 1 as well as case 2

results as a baseline against the rest of the cases. Note that the sampled E1 field decreases from case 1 to

case 2 but increases in case 3, as expected since case 3 includes the dielectric cylinders. The same trend

occurs for cases 4 through 6. Note that the E-field decreases more from cases 4 to 5 and increases more for

case 6 than case 3 due to the reflector antenna placed at the source. The gain is approximately 6 dB for

case 3 against case 2 for both 28 and 29 GHz. The gain is greater than 8 dB for case 6 with the reflector

antenna and dielectric cylinders. Table 3.5 shows the comparison of these results relative to those reported

in [27]. Both models have the same dimensions and dielectric properties for the tissue models and use the

TM mode for the wave propagation to solve for the E-field. In [27], the 2D cylindrical wave approach is

used to analyze six dielectric cylinders placed at the surface of the model with different dimensions and

dielectric properties for the cylinders compared to the seven dielectric cylinders presented here. Note that

better results are achieved in this model with a gain of 8 dB at E1 position which is a good representation

for a wearable antenna position.

This analysis demonstrates that the 6 dB E-field gain previously reported can be increased to 8 dB to

achieved better charging of biomedical devices placed just above the skin layer for 5G bands of 28 and 29

GHz. This enhancement of E-field gain is achieved by using the proper selection of the dielectric cylinders’

permittivity and the placing of the conductive reflector behind the source.
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Table 3.2 Cases 1 through 6 at 28 GHz

Case Einc at 28 GHz [e−17V/m] Einc at 29 GHz [e−17V/m]

C1 1.455 1.481
C4 1.055 1.158

Table 3.3 Cases 1 through 6 at 28 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 3.451
C2 0.672 -3.451 0
C3 1.346 2.579 6.030
C4 1.000 -2.792 0.659
C5 0.451 -9.701 -6.250
C6 2.500 5.168 8.620

Table 3.4 Cases 1 through 6 at 29 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 3.342
C2 0.681 -3.342 0
C3 1.317 2.39 5.731
C4 1.000 -2.137 1.205
C5 0.539 -7.506 -4.164
C6 2.212 4.757 8.099
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Table 3.5 Results Comparison at 28 and 29 GHz with Results from [27]

Gain C6/C2 at 28 GHz [dB] Gain C6/C2 at 29 GHz [dB] Gain x = 0.4 mm at 24 GHz [dB] [27]

8.620 8.099 6.431

The first case is case 1 at 28 GHz in free space with the source as identified as J1 in Figure 3.4. This

case is used as a baseline for calculating the focused gain at the sampled E-field points E1 through E4.

Figure 3.5 shows the results for the E-field in the x -y plane. As expected, these results do not change for

all frequencies. The E-field decreases from E1 to E4 further away from the source.

Figure 3.4 Case 1 setup for model.
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Figure 3.5 E-field 2D results for case 1 at 28 GHz.

The next case is case 1 at 29 GHz in free space. Again, this case is used as a baseline for calculating the

focused gain at the sampled E-field points E1 through E4. The results are very similar for case 1 for 28 and

29 GHz. Figure 3.6 shows the E-field results at 29 GHz for the model geometry in the x -y plane.
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Figure 3.6 E-field 2D results for case 1 at 29 GHz.

The next case is case 2 for 28 GHz with the tissue layers of the medium. The layers are assigned the

dielectric properties at this frequency. Figure 3.7 shows the model geometry for case 2. Figure 3.8 shows

the E-field results at 28 GHz in the x -y plane. As expected, the sampled E-field is less than case 1 due to

the absorption of the scattered E-field within the medium.
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Figure 3.7 Case 2 setup for model.

Figure 3.8 E-field 2D results for case 2 at 28 GHz.
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The next case is case 2 for 29 GHz with the tissue layers of the medium. The layers are assigned the

dielectric properties at this frequency. Figure 3.9 shows the scattered E-field for 29 GHz which is very

similar to 28 GHz. As expected, the sampled E-field is less than case 1 due to the absorption of the

scattered E-field within the medium.

Figure 3.9 E-field 2D results for case 2 at 29 GHz.
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The next case is case 3 for 28 GHz with the tissue layers of the medium. Figure 3.10 shows model

geometry for case 3. The layers are assigned the dielectric properties at this frequency and the dielectric

cylinders are included. Figure 3.11 shows the E-field results for the model setup in the x -y plane. Note

that the E-field is focused just above (0, 0) at the surface of the medium. As expected, the sampled E-field

is greater than the previous cases due to the presence of the cylinders.

Figure 3.10 Case 3 setup for model.
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Figure 3.11 E-field 2D results for case 3 at 28 GHz.

The next case is case 3 for 29 GHz with the tissue layers of the medium. The layers are assigned the

dielectric properties at this frequency and the dielectric cylinders are included. Figure 3.12 shows the

E-field results at 29 GHz for the model in the x -y plane. Again, the E-field is focused just above the

surface of the medium. As expected, the sampled E-field is greater than the previous cases due to the

presence of the cylinders.
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Figure 3.12 E-field 2D results for case 3 at 29 GHz.

The next case is case 4 for 28 GHz with free space and the reflector antenna. Figure 3.13 shows model

geometry for case 4. Figure 3.14 shows the E-field results for the model setup in the x -y plane. The E-field

is less than case 1 due to the presence of the reflector.
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Figure 3.13 Case 4 setup for model.

Figure 3.14 E-field 2D results for case 4 at 28 GHz.
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The next case is case 4 for 29 GHz with free space and the reflector antenna. Figure 3.15 shows model

geometry for case 4 in the x -y plane. Again, the E-field is focused at (0, 0) at the surface of the medium.

Figure 3.15 E-field 2D results for case 4 at 29 GHz.
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The next case is case 5 for 28 GHz with the layers of the medium included and the reflector antenna.

Figure 3.16 shows model geometry for case 5. Figure 3.17 shows the E-field results for the model setup in

the x -y plane. The E-field is less than case 4 due to the dielectric tissue layers of the medium.

Figure 3.16 Case 5 setup for model.
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Figure 3.17 E-field 2D results for case 5 at 28 GHz.

The next case is case 5 for 29 GHz with the layers of the medium included and the reflector antenna.

Figure 3.18 shows the E-field results for the model in the x -y plane.
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Figure 3.18 E-field 2D results for case 5 at 29 GHz.

The next case is case 6 for 28 GHz with the dielectric cylinders, layers of the medium, and the reflector

antenna. Figure 3.19 shows model geometry for case 6. Figure 3.20 shows the E-field results for the model

setup in the x -y plane. Note that the E-field is concentrated above the tissue layers at approximately (0,0).

The E-field is greater than case 4 and case 5 due to the presence of the dielectric cylinders.
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Figure 3.19 Case 6 setup for model.

Figure 3.20 E-field 2D results for case 6 at 28 GHz.
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The last case is case 6 for 29 GHz with the dielectric cylinders, layers of the medium, and the reflector

antenna. Figure 3.21 shows the E-field results for the model setup in the x -y plane. Again, the E-field is

concentrated above the tissue layers at approximately (0,0).

Figure 3.21 E-field 2D results for case 6 at 29 GHz.

52



CHAPTER 4

3D FDTD BIOMEDICAL APPLICATIONS

4.1 FDTD Simulations with Dispersive Media

Human tissues are one of the well-known categories of materials that are characterized as dispersive

media. Their electromagnetic properties change depending on the frequency of the source.

Dispersive media can be evaluated using a variety of models, including the Lorentz model, Drude

model, Cole-Cole model, and Debye model. The Debye model is commonly used for biological tissue

simulations to improve computational efficiency for a wide range of frequencies.

For the dispersive FDTD formulation, the electric flux density changes depending on the permittivity as

shown in equation 3.5. The E-fields change based on the permittivities of the human tissues. Thus, the

FDTD algorithm is adapted to include updating equations for the D-fields so the Debye model can be

applied to develop the E-fields using an auxilary differential equation (ADE) procedure for the updating

equation of the E-field as shown in 4.1 and polarization current J as shown in 4.2 as described for the

algorithm in chapter 13 in [1].

J̄n+1
k =

(2τk −∆t)

(2τk +∆t)
J̄n
k +

2ζk
(2τk +∆t)

(Ēn+1 − Ēn) (4.1)

Ēn+1 =
2∆t

2ϵ0ϵ∞ + σ∆t+ ξ
∇× H̄n+0.5 +

2ϵ0ϵ∞ − σ∆t+ ξ

2ϵ0ϵ∞ + σ∆t+ ξ
Ēn − 2∆t

2ϵ0ϵ∞ + σ∆t+ ξ

p∑
k=1

2τk
2τk +∆t

J̄n
k (4.2)

4.2 Wireless Charging Application - 3D Model

The next application to consider is the more realistic 3D dispersive analysis of the tissue model setup as

an extension to the 2D wireless charging application. The 2D model uses the traditional FDTD algorithm

along the x and y planes. The 3D model, however, uses the dispersive FDTD algorithm with the Debye

parameters listed in chapter 2 for human tissues. The Debye parameters are used for the frequency range

of 20 to 100 GHz to account for the target frequencies of 28 and 29 GHz. Each simulation is run to capture

the E-fields for 28 and 29 GHz at the same time rather than separately as for the 2D application. The

plane wave source is set up for the same incident direction as in the 2D simulation cases.

The analysis is performed using CEMS as in [1] rather than the developed 2D MATLAB code to allow

for realistic 3D modeling of the application. The material parameters are set for each tissue layer of

dispersive model using the ϵ∞, ∆ϵ1, ∆ϵ2, ∆ϵ3, τ1, τ2, τ3 terms which can be set from 20 to 100 GHz.
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The wrist model is imported into CEMS from the 3D voxel model described in [35] and described in

chapter 2. The model consists of six tissue layers of skin, fat, muscle, blood, bone cortical, and bone

marrow as shown in Figure 4.1. The x, y, and z dimensions are based on a scan of an actual human wrist.

The general dimensions are x = 70 mm, y = 84 mm, and z = 80 mm. The data is collected by scanning an

average human body and the cell resolution for the cubic voxels is originally 2 mm per cell [32]. The

resolution used for this model is determined based on the dimensions of the dielectric cylinders. The

dielectric cylinders have a length of 15 mm along the z direction and width of 10 mm. The general setup is

shown in Figure 4.2. The dielectric cylinders are assigned the same relative permittivities as for the 2D

model that range from 2 to 10 with the most dielectric constant cylinder at the center. The dimensions of

each cylinder radius are adapted based on the procedure developed in the 2D model. The cylinders are

placed 1 mm away from the surface of the wrist to account for a layer of fabric such as cotton that is not

present in this simulation. The cylinders are identified by the letters “a” to “g” with the center cylinder

identified as cylinder “d”. The radius of cylinder “d” is 0.9 mm. The radius of cylinders “c” and “e” is 0.8

mm. The radius of cylinders “b” and “f” is 0.7 mm. The radius of cylinders “a” and “g” is 0.6 mm. As

with the 2D model, the tapered radius of cylinders helps focus the field along the negative x direction. The

cell resolution for this analysis is set to x = 0.1 mm, y = 0.1 mm, and z = 0.25 mm. This resolution

satisfies the necessary cells per wavelength based on the largest relative permittivity of the tissues, muscle,

at the frequencies of interest. For an approximate frequency of 30 GHz and relative permittivity of 25, this

is 2 mm for the wavelength. Thus, this resolution allows for approximately 20 cells per wavelength in the x

and y planes and 8 cells per wavelength in the z plane. The smallest dielectric cylinder has a radius of 0.6

mm which allows for 12 cells across the diameter of the cylinder in the x and y planes. At this resolution,

all seven cylinders are included in the material mesh for the simulations. The total problem space size is

217,535,736 cells, which requires approximately 9 hours of CPU run time per simulation.

The simulations consist of seven different positions of the cylinders around the wrist model. The

cylinders are adapted to the same general position along z but different positions in x and y around the

wrist as shown in Figure 4.3. Each position is shown in Figure 4.4 through Figure 4.10. This setup

accounts for the effects of the tissues and bones on the E-field and thus the achieved gain. For each

position, the same cases 1, 2, and 3 are executed for the 2D model. The output sampled E-fields for E1

through E4 are set at the same approximate locations as for the 2D model. However, this thesis will focus

here on presenting results for the field values at E1 from case 1, 2, and 3. At these dimensions and cell

resolution, the model is set to run for 7,000 time steps to ensure convergence in the time domain as shown

in Figure 4.11.
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Figure 4.1 The tissue layers in the cross section of the 3D wrist model.

Figure 4.2 The setup for the wrist model, cylinders, and plane wave excitation.
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Figure 4.3 The seven positions of the dielectric cylinders for the simulations.

Figure 4.4 Position 1 setup for tissues, cylinders, and the plane wave excitation model.
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Figure 4.5 Position 2 setup for tissues, cylinders, and the plane wave excitation model.

Figure 4.6 Position 3 setup for tissues, cylinders, and the plane wave excitation model.
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Figure 4.7 Position 4 setup for tissues, cylinders, and the plane wave excitation model.

Figure 4.8 Position 5 setup for tissues, cylinders, and the plane wave excitation model.
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Figure 4.9 Position 6 setup for tissues, cylinders, and the plane wave excitation model.

Figure 4.10 Position 7 setup for tissues, cylinders, and the plane wave excitation model.

59



Figure 4.11 Position 1 case 3 time domain data for 7,000 time steps.

The results for cases 1 through 3 with the plane wave excitation are provided for all seven positions.

Table 4.1 and Table 4.2 show the summary of the gains at 28 and 29 GHz for the seven positions. The

results of cases 1 through 3 for each position are shown in Table 4.3 through Table 4.16 for 28 GHz and 29

GHz, respectively. The E-field values are normalized using the E-field values of the maximum incident

plane wave at 28 and 29 GHz shown in Figure 4.12. The E-field for the incident plane wave is calculated in

the time domain and transformed to the frequency domain just like the output E-field values for the model.

Following the procedure in [27], the E-field gain is calculated using case 2 as a baseline against the rest of

the cases. The maximum gain values are for case 3 for both 28 and 29 GHz as expected. The positions

with the largest gains are position 1, 3, and 4, and these cases also have the largest attenuation due to the

dielectric tissues. Position 1 has the largest gain for case 3 against case 2 of approximately 10 dB for both

28 GHz and 29 GHz. Position 1 also has the largest attenuation of case 2 against case 1 of approximately

-10 dB as expected.

Table 4.1 Gain for Positions 1 through 7 at 28 GHz

Position Gain C2/C1 [dB] Gain C3/C2 [dB]

1 -10.308 9.426
2 -5.041 2.472
3 -6.220 5.921
4 -6.301 6.287
5 -4.743 1.543
6 -2.905 5.513
7 -2.066 4.416
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Table 4.2 Gain for Positions 1 through 7 at 29 GHz

Position Gain C2/C1 [dB] Gain C3/C2 [dB]

1 -10.014 9.848
2 -5.354 2.688
3 -7.882 7.920
4 -5.468 3.992
5 -4.413 2.192
6 -3.140 2.924
7 -1.728 3.915

Figure 4.12 The incident plane wave source for 7,000 time steps at 28 and 29 GHz.

Table 4.3 Position 1 Cases 1 through 3 at 28 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 10.308
C2 0.305 -10.308 0
C3 0.903 -0.882 9.426

Table 4.4 Position 1 Cases 1 through 3 at 29 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 10.014
C2 0.316 -10.014 0
C3 0.981 -0.167 9.848
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Table 4.5 Position 2 Cases 1 through 3 at 28 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 5.041
C2 0.560 -5.041 0
C3 0.744 -2.570 2.472

Table 4.6 Position 2 Cases 1 through 3 at 29 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 5.354
C2 0.540 -5.354 0
C3 0.736 -2.666 2.688

Table 4.7 Position 3 Cases 1 through 3 at 28 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 6.220
C2 0.489 -6.220 0
C3 0.966 -0.300 5.921

Table 4.8 Position 3 Cases 1 through 3 at 29 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 7.882
C2 0.404 -7.882 0
C3 1.004 0.038 7.920

Table 4.9 Position 4 Cases 1 through 3 at 28 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 6.301
C2 0.484 -6.301 0
C3 0.998 -0.014 6.287

Table 4.10 Position 4 Cases 1 through 3 at 29 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 5.468
C2 0.533 -5.468 0
C3 0.844 -1.476 3.992
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Table 4.11 Position 5 Cases 1 through 3 at 28 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 4.743
C2 0.579 -4.743 0
C3 0.692 -3.199 1.543

Table 4.12 Position 5 Cases 1 through 3 at 29 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 4.413
C2 0.602 -4.413 0
C3 0.774 -2.222 2.192

Table 4.13 Position 6 Cases 1 through 3 at 28 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 2.905
C2 0.716 -2.905 0
C3 1.350 2.609 5.513

Table 4.14 Position 6 Cases 1 through 3 at 29 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 3.140
C2 0.697 -3.140 0
C3 0.975 -0.216 2.924

Table 4.15 Position 7 Cases 1 through 3 at 28 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 2.066
C2 0.788 -2.066 0
C3 1.311 2.350 4.416

Table 4.16 Position 7 Cases 1 through 3 at 29 GHz

Case E1 Gain C/C1 [dB] Gain C/C2 [dB]

C1 1.000 0 1.728
C2 0.820 -1.728 0
C3 1.286 2.188 3.915
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In comparison at 28 GHz, the gain is approximately 10 dB for case 3 against case 2, improved from 6

dB for the 2D application. This change in the results is affected by the more accurate representation of the

wrist tissue model using the dispersive FDTD approach. The 3D model accounts for more tissues,

including bone cortical and bone marrow, which affects the reflection of the E-field through the tissue.

Note that the largest gains are achieved for positions 1, 3, and 4. These positions are the closest to the

bone tissues as shown for position 1 in Figure 4.13. The E-field is reflected due to the bone tissues,

increasing the gain. The smallest gains occur at positions 2 and 5 further from the bone tissues as shown

for position 2 in Figure 4.14. As the E-field penetrates through the lossy tissue model, less gain is achieved

for these positions.

Figure 4.13 Position 1 setup with just the bone tissues shown.
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Figure 4.14 Position 2 setup with just the bone tissues shown.

The 3D application consists of simulations of the wrist model for seven different positions to determine

the output E-fields E1 through E4. The largest gain achieved is 10 dB for both 28 and 29 GHz for case 3

against case 2 for position 1. The results demonstrate effective maximum gain can be achieved using an

accurate dispersive FDTD simulation with tissues and bones imported from a realistic wrist model.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

This thesis has accomplished many aspects of accurate implementation of human tissues for wearable 5G

biomedical wireless applications. However, there are still areas where future work is required.

5.1 Accomplishments

This thesis demonstrates practical implementation of the FDTD algorithm to biomedical wireless

charging applications at 5G frequencies. As the biomedical wireless device industry grows, so will the need

for efficient power transfer to these devices. Some of the challenges with higher frequency devices include

higher path loss, increased sensitivity to manufacturing defects and tolerances, and health concerns

regarding specific absorption rate (SAR) with no standard in place at frequencies above 24 GHz. This

technology not only requires efficient design of wireless technologies, but also a thorough understanding of

the effects on human tissues.

The human tissues described in this thesis are characterized according to their dielectric properties.

The relative permittivity and conductivity for each tissue are collected based on measured data in [36] for

frequencies from 100 MHz to 100 GHz. This data is very useful as biomedical applications are moving into

higher frequencies in the 5G bands. The dielectric properties are then used to calculate the Debye

coefficients using the methodology described in [33]. The Debye parameters are required for each tissue to

run the FDTD algorithm for dispersive mediums and more accurate modeling.

The human tissues are then discretized into the computational domain. This step determines proper

setup of the 3D human tissue model and image processing. The images are processed for both the

horizontal cross section in the x -y plane as well as the vertical cross section in the x -z plane Figure 2.3.

The 3D voxel model of the human wrist is imported from [32] into CEMS. The Debye parameters of the

tissues are entered into the model. The cell resolution, time steps, and other factors are adjusted to allow

for accurate results.

The 2D and 3D models in this thesis successfully analyze the E-field results of a plane wave source due

to human tissues of the wrist and their dielectric properties. The models replicate the effects of a wireless

sensor attached to a user’s wrist. Both models utilize dielectric cylinders placed above the wrist that

provide intensification of the E-field for power transmission. Dielectric cylinders are chosen because they

can easily be integrated into the fabric of a user’s clothing. The 2D model uses cylinders with a width of x

= 3.2 mm and length of y = 20 mm. The 3D model uses cylinders with a width of 10 mm and length of z

= 15 mm. Thus, both models are compact in size yet still have great potential for fabrication. The gain
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achieved for the 2D model is 8 dB, 2 dB higher than the gain achieved in the comparable model described in

[27]. The 3D model shows a gain of up to 10 dB depending on the position of the cylinders above the wrist.

The 3D model accounts for the effects of tissue as well as bone within a realistic human wrist. Thus,

the high maximum gain is due to the effects of bone on the reflection of the E-field. Most of the research

with wearable antennas or other similar applications in this area utilize simplified human tissue models

with cross sections of human tissue rather than more realistic 3D models using the approach in this thesis.

This thesis demonstrates an application where an accurate 3D model is used to allow for more thorough

understanding of the potential gain that can be achieved for charging a wireless biomedical device.

5.2 Future Work

While many aspects of the FDTD algorithm and human tissue model were explored for this application,

future work is needed.

The models explored only account for wearable technologies and do not include the potential of

embedded devices. Many biomedical applications are moving towards embedded bio-compatible devices.

An understanding of the potential power transfer of embedded devices could apply to improvement of

common devices such as pacemakers. However, embedded technologies are more complex as far as size

limitations, path loss, safety, and other factors.

The models also require further optimization. The 2D model reflector antenna design could be

improved by using a corner reflector for a more focused beam and hence higher gain. The 3D model could

include a fabric substrate layer and more experimentation with the output E-field point placements within

the wrist tissue. Placing the output E-field points deeper into the tissue would provide more detail on the

reflection and transmission of the E-field through the wrist. Such a model would require a very large

number of time steps to eliminate the error of the output E-fields.

The extension of this study is to calculate the SAR and temperature rise in the human tissues to

understand the safety limitations of the 5G wireless device similar to the work in [38]. The maximum

SAR1g, SAR10g, and temperature rise values in the head are obtained for the antenna placed in two

different positions in a pair of smart glasses. The model also uses the dispersive FDTD algorithm to

compute the results. The SAR1g, SAR10g, and temperature rise values would determine the best position

of the dielectric cylinders and the input power that could be used to stay within the RF exposure

guidelines and standards [38].
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APPENDIX A

HUMAN TISSUE PARAMETERS

A.1 Dielectric Properties of Human Tissues

Table A.1 Dielectric Properties of Aorta from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 44.56 0.729
2 43.089 1.171
3 41.855 1.808
4 40.597 2.607
5 39.295 3.533

Table A.2 Dielectric Properties of Aorta from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 39.295 3.533
6 37.963 4.556
7 36.619 5.649
8 35.28 6.787
9 33.961 7.952
10 32.673 9.127
11 31.425 10.298
12 30.223 11.456
13 29.07 12.593
14 27.97 13.703
15 26.922 14.782
16 25.926 15.827
17 24.982 16.835
18 24.089 17.807
19 23.244 18.742
20 22.445 19.64
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Table A.3 Dielectric Properties of Aorta from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 22.445 19.64
21 21.691 20.501
22 20.978 21.328
23 20.305 22.12
24 19.67 22.879
25 19.069 23.606
26 18.502 24.303
27 17.966 24.971
28 17.458 25.611
29 16.978 26.225
30 16.524 26.814

Table A.4 Dielectric Properties of Aorta from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 16.524 26.814
31 16.093 27.379
32 15.685 27.921
33 15.298 28.442
34 14.931 28.943
35 14.581 29.424
36 14.25 29.887
37 13.934 30.333
38 13.634 30.762
39 13.348 31.176
40 13.075 31.575

Table A.5 Dielectric Properties of Aorta from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 13.075 31.575
50 10.934 34.895
60 9.52 37.34
70 8.535 39.224
80 7.819 40.731
90 7.281 41.973

Table A.6 Dielectric Properties of Bladder from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 18.85 0.397
2 18.234 0.578
3 17.716 0.838
4 17.2 1.161
5 16.671 1.533
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Table A.7 Dielectric Properties of Bladder from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 16.671 1.533
6 16.132 1.944
7 15.59 2.382
8 15.051 2.839
9 14.52 3.306
10 14.003 3.776
11 13.453 4.292
12 13.02 4.71
13 12.557 5.165
14 12.116 5.609
15 11.696 6.041
16 11.297 6.46
17 10.915 6.867
18 10.557 7.256
19 10.218 7.631
20 9.899 7.99

Table A.8 Dielectric Properties of Bladder from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 9.899 7.99
21 9.596 8.335
22 9.31 8.667
23 9.04 8.984
24 8.786 9.288
25 8.545 9.58
26 8.318 9.859
27 8.103 10.127
28 7.899 10.384
29 7.707 10.63
30 7.525 10.866

Table A.9 Dielectric Properties of Bladder from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 7.525 10.866
31 7.352 11.092
32 7.189 11.31
33 7.033 11.518
34 6.886 11.719
35 6.746 11.912
36 6.613 12.098
37 6.487 12.277
38 6.366 12.449
39 6.252 12.615
40 6.142 12.775
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Table A.10 Dielectric Properties of Bladder from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 6.142 12.775
50 5.284 14.107
60 4.717 15.088
70 4.322 15.844
80 4.035 16.45
90 3.819 16.949

Table A.11 Dielectric Properties of Blood Vessel from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 44.560 0.729
2 43.089 1.171
3 41.845 1.814
4 40.588 2.613
5 39.287 3.539

Table A.12 Dielectric Properties of Blood Vessel from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 39.287 3.539
6 37.956 4.562
7 36.613 5.653
8 35.276 6.791
9 33.958 7.955
10 32.672 9.128
11 31.425 10.298
12 30.214 11.466
13 29.062 12.601
14 27.963 13.710
15 26.916 14.787
16 25.922 15.831
17 24.979 16.838
18 24.087 17.809
19 23.243 18.743
20 22.445 19.640
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Table A.13 Dielectric Properties of Blood Vessel from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 22.445 19.640
21 21.691 20.501
22 20.978 21.328
23 20.305 22.120
24 19.670 22.879
25 19.069 23.606
26 18.502 24.303
27 17.966 24.971
28 17.458 25.611
29 16.978 26.225
30 16.524 26.814

Table A.14 Dielectric Properties of Blood Vessel from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 16.524 26.814
31 16.093 27.379
32 15.685 27.921
33 15.298 28.442
34 14.931 28.943
35 14.581 29.424
36 14.250 29.887
37 13.934 30.333
38 13.634 30.762
39 13.348 31.176
40 13.075 31.575

Table A.15 Dielectric Properties of Blood Vessel from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 13.075 31.575
50 10.934 34.895
60 9.520 37.340
70 8.535 39.224
80 7.819 40.731
90 7.281 41.973

Table A.16 Dielectric Properties of Body Fluid from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 68.875 1.668
2 68.472 2.156
3 67.811 2.963
4 66.916 4.058
5 65.803 5.420
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Table A.17 Dielectric Properties of Body Fluid from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 65.803 5.420
6 64.495 7.020
7 63.020 8.825
8 61.406 10.801
9 59.680 12.913
10 57.870 15.128
11 56.002 17.414
12 54.082 19.764
13 52.166 22.109
14 50.255 24.448
15 48.365 26.761
16 46.508 29.034
17 44.695 31.253
18 42.934 33.408
19 41.231 35.493
20 39.590 37.501

Table A.18 Dielectric Properties of Body Fluid from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 39.590 37.501
21 38.013 39.432
22 36.502 41.281
23 35.058 43.048
24 33.681 44.733
25 32.370 46.338
26 31.123 47.865
27 29.938 49.315
28 28.813 50.692
29 27.745 51.999
30 26.733 53.238

Table A.19 Dielectric Properties of Body Fluid from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 26.733 53.238
31 25.773 54.412
32 24.864 55.525
33 24.002 56.581
34 23.184 57.581
35 22.410 58.529
36 21.676 59.427
37 20.979 60.280
38 20.319 61.088
39 19.692 61.855
40 19.097 62.583
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Table A.20 Dielectric Properties of Body Fluid from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 19.097 62.583
50 14.544 68.156
60 11.704 71.632
70 9.844 73.909
80 8.571 75.467
90 7.665 76.575

Table A.21 Dielectric Properties of Bone Cancellous from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 20.583 0.364
2 19.086 0.652
3 17.935 1.009
4 16.939 1.402
5 16.045 1.814

Table A.22 Dielectric Properties of Bone Cancellous from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 16.045 1.814
6 15.235 2.234
7 14.499 2.653
8 13.829 3.066
9 13.218 3.468
10 12.661 3.860
11 12.150 4.238
12 11.679 4.605
13 11.249 4.956
14 10.854 5.293
15 10.489 5.617
16 10.152 5.929
17 9.840 6.228
18 9.550 6.516
19 9.281 6.792
20 9.030 7.059
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Table A.23 Dielectric Properties of Bone Cancellous from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 9.030 7.059
21 8.795 7.315
22 8.576 7.563
23 8.370 7.801
24 8.177 8.031
25 7.996 8.253
26 7.826 8.468
27 7.665 8.675
28 7.513 8.876
29 7.370 9.071
30 7.234 9.259

Table A.24 Dielectric Properties of Bone Cancellous from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 7.234 9.259
31 7.106 9.442
32 6.983 9.620
33 6.867 9.792
34 6.757 9.960
35 6.652 10.123
36 6.552 10.281
37 6.457 10.436
38 6.366 10.586
39 6.279 10.733
40 6.196 10.876

Table A.25 Dielectric Properties of Bone Cancellous from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 6.196 10.876
50 5.528 12.137
60 5.065 13.167
70 4.726 14.036
80 4.468 14.787
90 4.266 15.449

Table A.26 Dielectric Properties of Brain Grey Matter from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 52.280 0.986
2 49.692 1.511
3 48.037 2.225
4 46.570 3.097
5 45.138 4.106
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Table A.27 Dielectric Properties of Brain Grey Matter from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 45.138 4.106
6 43.712 5.223
7 42.288 6.424
8 40.874 7.685
9 39.479 8.987
10 38.111 10.311
11 36.777 11.645
12 35.472 12.987
13 34.222 14.305
14 33.020 15.603
15 31.866 16.875
16 30.762 18.117
17 29.708 19.325
18 28.703 20.498
19 27.745 21.634
20 26.834 22.732

Table A.28 Dielectric Properties of Brain Grey Matter from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 26.834 22.732
21 25.967 23.794
22 25.143 24.818
23 24.361 25.805
24 23.618 26.755
25 22.912 27.670
26 22.242 28.551
27 21.606 29.399
28 21.002 30.214
29 20.427 30.999
30 19.881 31.755

Table A.29 Dielectric Properties of Brain Grey Matter from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 19.881 31.755
31 19.362 32.482
32 18.867 33.183
33 18.397 33.858
34 17.949 34.508
35 17.522 35.134
36 17.116 35.738
37 16.728 36.321
38 16.357 36.884
39 16.004 37.427
40 15.666 37.952
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Table A.30 Dielectric Properties of Brain Grey Matter from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 15.666 37.952
50 12.986 42.350
60 11.188 45.617
70 9.924 48.144
80 8.998 5.017
90 8.299 5.184

Table A.31 Dielectric Properties of Brain White Matter from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 38.576 0.622
2 36.732 1.001
3 35.532 1.515
4 34.471 2.141
5 33.437 2.863

Table A.32 Dielectric Properties of Brain White Matter from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 33.437 2.863
6 32.411 3.663
7 31.388 4.522
8 30.374 54.229
9 29.374 63.526
10 28.394 7.299
11 27.440 8.251
12 26.506 9.209
13 25.613 10.150
14 24.754 11.077
15 23.930 11.985
16 23.142 12.871
17 22.389 13.733
18 21.671 14.571
19 20.987 15.381
20 20.337 16.165
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Table A.33 Dielectric Properties of Brain White Matter from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 20.337 16.165
21 19.718 16.923
22 19.130 17.654
23 18.571 18.359
24 18.041 19.037
25 17.537 19.691
26 17.059 20.320
27 16.605 20.925
28 16.173 21.508
29 15.763 22.068
30 15.374 22.608

Table A.34 Dielectric Properties of Brain White Matter from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 15.374 22.608
31 15.003 23.128
32 14.650 23.628
33 14.314 24.110
34 13.995 24.575
35 13.690 25.023
36 13.400 25.455
37 13.123 25.871
38 12.858 26.274
39 12.606 26.662
40 12.365 27.037

Table A.35 Dielectric Properties of Brain White Matter from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 12.365 27.037
50 10.451 30.185
60 9.167 32.525
70 8.263 34.339
80 7.602 35.794
90 7.101 36.995

Table A.36 Dielectric Properties of Breast Fat from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 5.408 0.053
2 5.232 0.106
3 5.037 0.180
4 4.838 0.263
5 4.644 0.350
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Table A.37 Dielectric Properties of Breast Fat from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 4.644 0.350
6 4.461 0.437
7 4.293 0.521
8 4.140 0.601
9 4.003 0.675
10 3.880 0.743
11 3.771 0.807
12 3.672 0.865
13 3.585 0.918
14 3.507 0.967
15 3.437 1.012
16 3.374 1.054
17 3.318 1.092
18 3.267 1.127
19 3.221 1.160
20 3.179 1.190
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Table A.38 Dielectric Properties of Breast Fat from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 3.179 1.190
21 3.141 1.219
22 3.106 1.245
23 3.075 1.270
24 3.045 1.293
25 3.019 1.315
26 2.994 1.335
27 2.971 1.354
28 2.950 1.372
29 2.931 1.390
30 2.913 1.406

Table A.39 Dielectric Properties of Breast Fat from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 2.913 1.406
31 2.900 1.422
32 2.880 1.436
33 2.866 1.450
34 2.852 1.464
35 2.839 1.476
36 2.827 1.489
37 2.816 1.500
38 2.805 1.512
39 2.795 1.522
40 2.785 1.533
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Table A.40 Dielectric Properties of Breast Fat from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 2.785 1.533
50 2.714 1.618
60 2.669 1.682
70 2.639 1.731
80 2.618 1.772
90 2.602 1.806

Table A.41 Dielectric Properties of Cartilage from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 42.315 0.829
2 39.759 1.423
3 37.589 2.212
4 35.553 3.116
5 33.614 4.091

Table A.42 Dielectric Properties of Cartilage from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 33.614 4.091
6 31.782 5.099
7 30.066 6.112
8 28.469 7.111
9 26.992 8.084
10 25.629 9.024
11 24.374 9.925
12 23.211 10.793
13 22.151 11.612
14 21.177 12.391
15 20.280 13.130
16 19.455 13.832
17 18.693 14.498
18 17.991 15.130
19 17.341 15.730
20 16.739 16.301
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Table A.43 Dielectric Properties of Cartilage from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 16.739 16.301
21 16.180 16.844
22 15.661 17.360
23 15.178 17.853
24 14.727 18.322
25 14.307 18.771
26 13.915 19.199
27 13.547 19.609
28 13.202 20.002
29 12.879 20.378
30 12.575 20.739

Table A.44 Dielectric Properties of Cartilage from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 12.575 20.739
31 12.288 21.086
32 12.018 21.419
33 11.764 21.740
34 11.523 22.049
35 11.295 22.347
36 11.080 22.635
37 10.875 22.912
38 10.681 23.181
39 10.496 23.440
40 10.321 23.692

Table A.45 Dielectric Properties of Cartilage from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 10.321 23.692
50 8.951 25.831
60 8.045 27.482
70 7.408 28.816
80 6.938 29.930
90 6.580 30.885

Table A.46 Dielectric Properties of Cerebellum from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 48.855 1.308
2 45.668 1.823
3 43.883 2.488
4 42.417 3.286
5 41.045 4.200
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Table A.47 Dielectric Properties of Cerebellum from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 41.045 4.200
6 39.708 5.208
7 38.392 6.289
8 37.097 7.422
9 35.826 8.589
10 34.586 9.776
11 33.379 10.970
12 32.201 12.172
13 31.076 13.351
14 29.995 14.511
15 28.958 15.649
16 27.967 16.759
17 27.021 17.839
18 26.119 18.887
19 25.261 19.902
20 24.444 20.884

Table A.48 Dielectric Properties of Cerebellum from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 24.444 20.884
21 23.668 21.833
22 22.930 22.747
23 22.230 23.629
24 21.565 24.479
25 20.933 25.296
26 20.334 26.083
27 19.764 26.841
28 19.223 27.570
29 18.709 28.271
30 18.221 28.947

Table A.49 Dielectric Properties of Cerebellum from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 18.221 28.947
31 17.756 29.597
32 17.315 30.223
33 16.894 30.826
34 16.493 31.407
35 16.112 31.967
36 15.748 32.508
37 15.401 33.029
38 15.070 33.532
39 14.754 34.018
40 14.452 34.487
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Table A.50 Dielectric Properties of Cerebellum from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 14.452 34.487
50 12.055 38.422
60 10.448 41.348
70 9.317 43.613
80 8.489 45.430
90 7.863 46.929

Table A.51 Dielectric Properties of Cerebral Spinal Fluid from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 68.437 2.455
2 66.910 3.074
3 65.378 4.014
4 63.718 5.205
5 61.941 6.606

Table A.52 Dielectric Properties of Cerebral Spinal Fluid from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 61.941 6.606
6 60.083 8.172
7 58.176 9.866
8 56.250 11.650
9 54.327 13.497
10 52.426 15.380
11 50.562 17.278
12 48.730 19.191
13 46.971 21.071
14 45.274 22.923
15 43.643 24.738
16 42.079 26.512
17 40.584 28.238
18 39.156 29.914
19 37.796 31.537
20 36.500 33.106
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Table A.53 Dielectric Properties of Cerebral Spinal Fluid from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 36.500 33.106
21 35.267 34.623
22 34.094 36.087
23 32.980 37.497
24 31.921 38.856
25 30.916 40.163
26 29.960 41.422
27 29.053 42.633
28 28.191 43.798
29 27.371 44.920
30 26.592 45.999

Table A.54 Dielectric Properties of Cerebral Spinal Fluid from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 26.592 45.999
31 25.851 47.038
32 25.146 48.038
33 24.474 49.002
34 23.835 49.930
35 23.226 50.824
36 22.645 51.687
37 22.091 52.519
38 21.563 53.321
39 21.058 54.096
40 20.576 54.844

Table A.55 Dielectric Properties of Cerebral Spinal Fluid from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 20.576 54.844
50 16.750 61.111
60 14.184 65.757
70 12.381 69.344
80 11.063 72.212
90 10.067 74.571

Table A.56 Dielectric Properties of Cervix from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 49.582 0.993
2 48.161 1.451
3 46.946 2.115
4 45.706 2.953
5 44.416 3.935
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Table A.57 Dielectric Properties of Cervix from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 44.416 3.935
6 43.088 5.030
7 41.736 6.211
8 40.378 7.455
9 39.026 8.742
10 37.693 10.053
11 36.389 11.374
12 35.120 12.693
13 33.891 14.000
14 32.707 15.288
15 31.569 16.551
16 30.479 17.784
17 29.437 18.984
18 28.443 20.149
19 27.495 21.278
20 26.593 22.369

Table A.58 Dielectric Properties of Cervix from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 26.593 22.369
21 25.736 23.422
22 24.920 24.439
23 24.146 25.418
24 23.410 26.361
25 22.711 27.269
26 22.047 28.143
27 21.417 28.984
28 20.817 29.794
29 20.248 30.572
30 19.707 31.322

Table A.59 Dielectric Properties of Cervix from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 19.707 31.322
31 19.192 32.043
32 18.702 32.738
33 18.236 33.407
34 17.792 34.052
35 17.368 34.673
36 16.965 35.272
37 16.580 35.850
38 16.213 36.408
39 15.862 36.946
40 15.527 37.466
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Table A.60 Dielectric Properties of Cervix from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 15.527 37.466
50 12.870 41.821
60 11.088 45.051
70 9.835 47.546
80 8.919 49.542
90 8.227 51.185

Table A.61 Dielectric Properties of Colon from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 57.482 1.127
2 54.729 1.709
3 52.932 2.495
4 51.310 3.464
5 49.723 4.585

Table A.62 Dielectric Properties of Colon from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 49.723 4.585
6 48.139 5.827
7 46.557 7.162
8 44.985 8.565
9 43.434 10.013
10 41.912 11.486
11 40.429 12.970
12 38.990 14.450
13 37.600 15.916
14 36.262 17.360
15 34.979 18.775
16 33.750 20.157
17 32.577 21.502
18 31.459 22.806
19 30.394 24.070
20 29.380 25.292
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Table A.63 Dielectric Properties of Colon from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 29.380 25.292
21 28.417 26.472
22 27.501 27.610
23 26.632 28.707
24 25.806 29.763
25 25.022 30.780
26 24.278 31.759
27 23.571 32.701
28 22.899 33.608
29 22.260 34.480
30 21.653 35.320

Table A.64 Dielectric Properties of Colon from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 21.653 35.320
31 21.076 36.128
32 20.527 36.907
33 20.004 37.657
34 19.507 38.379
35 19.032 39.076
36 18.580 39.747
37 18.149 40.395
38 17.737 41.021
39 17.344 41.624
40 16.969 42.207

Table A.65 Dielectric Properties of Colon from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 16.969 42.207
50 13.990 47.097
60 11.992 50.728
70 10.587 53.538
80 9.559 55.790
90 8.782 57.646

Table A.66 Dielectric Properties of Cornea from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 54.835 1.438
2 52.390 1.984
3 50.742 2.729
4 49.229 3.652
5 47.733 4.722
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Table A.67 Dielectric Properties of Cornea from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 47.733 4.722
6 46.232 5.910
7 44.728 7.188
8 43.231 8.530
9 41.751 9.916
10 40.298 11.327
11 38.881 12.748
12 37.505 14.166
13 36.175 15.571
14 34.895 16.955
15 33.667 18.311
16 32.491 19.635
17 31.368 20.923
18 30.297 22.174
19 29.277 23.385
20 28.306 24.556

Table A.68 Dielectric Properties of Cornea from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 28.306 24.556
21 27.384 25.687
22 26.507 26.777
23 25.674 27.828
24 24.883 28.841
25 24.132 29.815
26 23.418 30.753
27 22.741 31.656
28 22.097 32.525
29 21.485 33.361
30 20.904 34.166

Table A.69 Dielectric Properties of Cornea from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 20.904 34.166
31 20.351 34.940
32 19.825 35.686
33 19.324 36.405
34 18.847 37.097
35 18.392 37.765
36 17.959 38.408
37 17.546 39.029
38 17.151 39.628
39 16.775 40.206
40 16.415 40.765
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Table A.70 Dielectric Properties of Cornea from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 16.415 40.765
50 13.561 45.448
60 11.647 48.924
70 10.300 51.614
80 9.316 53.768
90 8.571 55.543

Table A.71 Dielectric Properties of Duodenum from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 64.797 1.232
2 62.892 1.844
3 61.268 2.729
4 59.611 3.848
5 57.890 5.157

Table A.72 Dielectric Properties of Duodenum from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 57.890 5.157
6 56.118 6.617
7 54.315 8.192
8 52.503 9.851
9 50.700 11.566
10 48.923 13.314
11 47.184 15.075
12 45.491 16.834
13 43.853 18.577
14 42.274 20.295
15 40.757 21.978
16 39.304 23.623
17 37.914 25.223
18 36.588 26.776
19 35.325 28.280
20 34.123 29.735
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Table A.73 Dielectric Properties of Duodenum from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 34.123 29.735
21 32.979 31.140
22 31.892 32.495
23 30.859 33.800
24 29.878 35.058
25 28.946 36.269
26 28.061 37.434
27 27.220 38.555
28 26.421 39.634
29 25.662 40.673
30 24.940 41.672

Table A.74 Dielectric Properties of Duodenum from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 24.940 41.672
31 24.254 42.634
32 23.601 43.560
33 22.979 44.452
34 22.387 45.312
35 21.823 46.140
36 21.285 46.939
37 20.772 47.709
38 20.282 48.453
39 19.815 49.170
40 19.368 49.863

Table A.75 Dielectric Properties of Duodenum from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 19.368 49.863
50 15.825 55.670
60 13.449 59.975
70 11.778 63.302
80 10.557 65.964
90 9.634 68.154

Table A.76 Dielectric Properties of Duodenum from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 44.201 0.993
2 42.622 1.420
3 41.340 2.015
4 40.096 2.746
5 38.859 3.582
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Table A.77 Dielectric Properties of Dura from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 38.859 3.582
6 37.632 4.498
7 36.421 5.473
8 35.235 6.488
9 34.081 7.529
10 32.963 8.584
11 31.884 9.643
12 30.848 10.698
13 29.854 11.743
14 28.904 12.773
15 27.997 13.785
16 27.132 14.775
17 26.308 15.743
18 25.523 16.686
19 24.777 17.604
20 24.067 18.497

Table A.78 Dielectric Properties of Dura from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 24.067 18.497
21 23.392 19.363
22 22.750 20.204
23 22.139 21.020
24 21.558 21.810
25 21.006 22.577
26 20.479 23.319
27 19.978 24.039
28 19.500 24.736
29 19.045 25.412
30 18.611 26.067

Table A.79 Dielectric Properties of Dura from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 18.611 26.067
31 18.197 26.702
32 17.802 27.318
33 17.424 27.915
34 17.063 28.494
35 16.718 29.056
36 16.388 29.602
37 16.071 30.132
38 15.769 30.647
39 15.478 31.147
40 15.200 31.634
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Table A.80 Dielectric Properties of Dura from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 15.200 31.634
50 12.950 35.845
60 11.386 39.146
70 10.252 41.819
80 9.400 44.044
90 8.739 45.937

Table A.81 Dielectric Properties of Eye Sclera from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 55.017 1.206
2 53.271 1.725
3 51.859 2.468
4 50.448 3.404
5 48.996 4.499

Table A.82 Dielectric Properties of Eye Sclera from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 48.996 4.499
6 47.506 5.718
7 45.994 7.033
8 44.477 8.418
9 42.969 9.849
10 41.484 11.308
11 40.030 12.777
12 38.617 14.244
13 37.249 15.698
14 35.931 17.131
15 34.664 18.535
16 33.451 19.906
17 32.292 21.241
18 31.186 22.536
19 30.132 23.791
20 29.128 25.004
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Table A.83 Dielectric Properties of Eye Sclera from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 29.128 25.004
21 28.174 26.175
22 27.267 27.305
23 26.406 28.394
24 25.587 29.443
25 24.810 30.453
26 24.072 31.424
27 23.370 32.360
28 22.704 33.260
29 22.071 34.126
30 21.469 34.959

Table A.84 Dielectric Properties of Eye Sclera from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 21.469 34.959
31 20.896 35.761
32 20.351 36.534
33 19.833 37.278
34 19.339 37.995
35 18.868 38.685
36 18.420 39.352
37 17.992 39.994
38 17.584 40.614
39 17.194 41.213
40 16.821 41.791

Table A.85 Dielectric Properties of Eye Sclera from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 16.821 41.791
50 13.866 46.634
60 11.884 50.226
70 10.491 53.002
80 9.472 55.222
90 8.702 57.050

Table A.86 Dielectric Properties of Gall Bladder from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 58.997 1.288
2 58.039 1.758
3 57.100 2.496
4 56.006 3.472
5 54.763 4.653
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Table A.87 Dielectric Properties of Gall Bladder from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 54.763 4.653
6 53.398 6.006
7 51.936 7.500
8 50.405 9.104
9 48.829 10.788
10 47.229 12.528
11 45.623 14.301
12 44.027 16.087
13 42.454 17.869
14 40.913 19.634
15 39.414 21.370
16 37.961 23.068
17 36.560 24.723
18 35.212 26.328
19 33.919 27.881
20 32.682 29.380

Table A.88 Dielectric Properties of Gall Bladder from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 32.682 29.380
21 31.501 30.822
22 30.374 32.208
23 29.302 33.538
24 28.281 34.813
25 27.311 36.034
26 26.389 37.202
27 25.513 38.319
28 24.682 39.388
29 23.892 40.409
30 23.143 41.386

Table A.89 Dielectric Properties of Gall Bladder from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 23.143 41.386
31 22.431 42.319
32 21.755 43.211
33 21.113 44.065
34 20.503 44.881
35 19.923 45.661
36 19.372 46.408
37 18.848 47.124
38 18.348 47.809
39 17.873 48.465
40 17.421 49.094

98



Table A.90 Dielectric Properties of Gall Bladder from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 17.421 49.094
50 13.890 54.164
60 11.601 57.666
70 10.043 60.203
80 8.937 62.119
90 8.124 63.618

Table A.91 Dielectric Properties of Gall Bladder Bile from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 70.010 1.876
2 68.849 2.440
3 67.719 3.325
4 66.406 4.496
5 64.915 5.913
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Table A.92 Dielectric Properties of Gall Bladder Bile from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 64.915 5.913
6 63.277 7.537
7 61.523 9.330
8 59.686 11.254
9 57.794 13.276
10 55.874 15.364
11 53.947 17.491
12 52.032 19.634
13 50.144 21.772
14 48.296 23.890
15 46.496 25.973
16 44.753 28.011
17 43.071 29.997
18 41.454 31.923
19 39.902 33.787
20 38.418 35.585

Table A.93 Dielectric Properties of Gall Bladder Bile from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 38.418 35.585
21 37.000 37.316
22 35.649 38.979
23 34.362 40.575
24 33.137 42.105
25 31.973 43.570
26 30.866 44.971
27 29.816 46.312
28 28.818 47.595
29 27.871 48.820
30 26.971 49.992

Table A.94 Dielectric Properties of Gall Bladder Bile from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 26.971 49.992
31 26.117 51.112
32 25.306 52.183
33 24.535 53.207
34 23.803 54.186
35 23.108 55.123
36 22.446 56.019
37 21.817 56.877
38 21.218 57.699
39 20.648 58.487
40 20.105 59.242
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Table A.95 Dielectric Properties of Gall Bladder Bile from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 20.105 59.242
50 15.868 65.326
60 13.121 69.528
70 11.251 72.572
80 9.924 74.871
90 8.949 76.670

Table A.96 Dielectric Properties of Gland from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 59.470 1.079
2 57.850 1.633
3 56.403 2.441
4 54.906 3.464
5 53.342 4.661

Table A.97 Dielectric Properties of Gland from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 53.342 4.661
6 51.726 5.998
7 50.080 7.440
8 48.424 8.960
9 46.776 10.531
10 45.150 12.132
11 43.558 13.746
12 42.008 15.357
13 40.509 16.954
14 39.063 18.527
15 37.673 20.070
16 36.342 21.576
17 35.070 23.043
18 33.855 24.466
19 32.698 25.844
20 31.597 27.177
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Table A.98 Dielectric Properties of Gland from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 31.597 27.177
21 30.549 28.464
22 29.553 29.706
23 28.607 30.902
24 27.708 32.054
25 26.855 33.164
26 26.044 34.232
27 25.273 35.259
28 24.542 36.248
29 23.846 37.199
30 23.185 38.115

Table A.99 Dielectric Properties of Gland from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 23.185 38.115
31 22.556 38.996
32 21.957 39.845
33 21.388 40.662
34 20.845 41.450
35 20.328 42.209
36 19.835 42.941
37 19.365 43.646
38 18.917 44.328
39 18.488 44.985
40 18.079 45.620

Table A.100 Dielectric Properties of Gland from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 18.079 45.620
50 14.833 50.940
60 12.656 54.885
70 11.125 57.933
80 10.006 60.370
90 9.161 62.377

Table A.101 Dielectric Properties of Heart from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 59.290 1.284
2 55.816 1.912
3 53.737 2.729
4 51.961 3.722
5 50.274 4.863
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Table A.102 Dielectric Properties of Heart from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 50.274 4.863
6 48.620 6.122
7 46.986 7.473
8 45.374 8.889
9 43.790 10.350
10 42.241 11.835
11 40.735 13.329
12 39.277 14.819
13 37.870 16.295
14 36.518 17.747
15 35.222 19.171
16 33.982 20.561
17 32.799 21.913
18 31.671 23.225
19 30.597 24.496
20 29.576 25.724

Table A.103 Dielectric Properties of Heart from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 29.576 25.724
21 28.606 26.910
22 27.684 28.055
23 26.809 29.157
24 25.978 30.220
25 25.188 31.242
26 24.439 32.227
27 23.727 33.174
28 23.051 34.086
29 22.409 34.963
30 21.798 35.808

Table A.104 Dielectric Properties of Heart from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 21.798 35.808
31 21.218 36.622
32 20.665 37.405
33 20.139 38.159
34 19.639 38.886
35 19.161 39.587
36 18.707 40.263
37 18.273 40.915
38 17.859 41.544
39 17.464 42.152
40 17.086 42.739
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Table A.105 Dielectric Properties of Heart from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 17.086 42.739
50 14.089 47.665
60 12.078 51.327
70 10.664 54.165
80 9.628 56.441
90 8.845 58.319

Table A.106 Dielectric Properties of Kidney from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 57.939 1.450
2 53.852 2.090
3 51.588 2.891
4 49.751 3.849
5 48.059 4.942

Table A.107 Dielectric Properties of Kidney from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 48.059 4.942
6 46.430 6.144
7 44.839 7.429
8 43.281 8.775
9 41.758 10.160
10 40.275 11.567
11 38.836 12.983
12 37.445 14.393
13 36.106 15.790
14 34.820 17.164
15 33.588 18.511
16 32.411 19.825
17 31.288 21.103
18 30.219 22.344
19 29.201 23.545
20 28.234 24.707
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Table A.108 Dielectric Properties of Kidney from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 28.234 24.707
21 27.314 25.828
22 26.441 26.910
23 25.612 27.953
24 24.825 28.957
25 24.078 29.924
26 23.369 30.855
27 22.696 31.750
28 22.056 32.613
29 21.448 33.442
30 20.870 34.241

Table A.109 Dielectric Properties of Kidney from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 20.870 34.241
31 20.321 35.010
32 19.798 35.751
33 19.301 36.465
34 18.827 37.153
35 18.376 37.816
36 17.946 38.455
37 17.535 39.072
38 17.144 39.668
39 16.770 40.243
40 16.413 40.799

Table A.110 Dielectric Properties of Kidney from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 16.413 40.799
50 13.578 45.463
60 11.676 48.936
70 10.337 51.629
80 9.356 53.792
90 8.614 55.579

Table A.111 Dielectric Properties of Lens from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 46.399 0.824
2 45.126 1.249
3 44.013 1.866
4 42.867 2.646
5 41.671 3.561
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Table A.112 Dielectric Properties of Lens from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 41.671 3.561
6 40.437 4.581
7 39.180 5.682
8 37.915 6.842
9 36.657 8.042
10 35.415 9.264
11 34.199 10.496
12 33.017 11.726
13 31.871 12.946
14 30.767 14.147
15 29.707 15.325
16 28.690 16.475
17 27.719 17.594
18 26.791 18.681
19 25.908 19.733
20 25.067 20.751

Table A.113 Dielectric Properties of Lens from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 25.067 20.751
21 24.267 21.734
22 23.507 22.681
23 22.784 23.595
24 22.098 24.475
25 21.446 25.322
26 20.827 26.137
27 20.239 26.921
28 19.680 27.676
29 19.149 28.402
30 18.644 29.101

Table A.114 Dielectric Properties of Lens from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 18.644 29.101
31 18.164 29.774
32 17.707 30.422
33 17.272 31.046
34 16.858 31.648
35 16.463 32.227
36 16.087 32.786
37 15.728 33.324
38 15.386 33.844
39 15.059 34.346
40 14.746 34.831
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Table A.115 Dielectric Properties of Lens from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 14.746 34.831
50 12.268 38.892
60 10.606 41.903
70 9.437 44.229
80 8.583 46.090
90 7.938 47.621

Table A.116 Dielectric Properties of Liver from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 46.401 0.897
2 43.822 1.404
3 42.165 2.076
4 40.689 2.893
5 39.260 3.828

Table A.117 Dielectric Properties of Liver from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 39.260 3.828
6 37.849 4.853
7 36.456 5.942
8 35.086 7.073
9 33.748 8.228
10 32.450 9.391
11 31.198 10.549
12 29.995 11.694
13 28.846 12.816
14 27.750 13.912
15 26.708 14.976
16 25.719 16.007
17 24.783 17.001
18 23.898 17.960
19 23.061 18.882
20 22.270 19.767
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Table A.118 Dielectric Properties of Liver from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 22.270 19.767
21 21.524 20.617
22 20.819 21.432
23 20.154 22.213
24 19.526 22.962
25 18.933 23.679
26 18.372 24.367
27 17.843 25.026
28 17.342 25.658
29 16.868 26.263
30 16.419 26.845

Table A.119 Dielectric Properties of Liver from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 16.419 26.845
31 15.994 27.403
32 15.591 27.938
33 15.209 28.453
34 14.846 28.948
35 14.501 29.423
36 14.174 29.881
37 13.862 30.322
38 13.566 30.746
39 13.283 31.155
40 13.014 31.550

Table A.120 Dielectric Properties of Liver from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 13.014 31.550
50 10.900 34.840
60 9.503 37.267
70 8.528 39.143
80 7.820 40.647
90 7.286 41.890

Table A.121 Dielectric Properties of Lung Deflated from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 51.102 0.897
2 49.059 1.395
3 47.604 2.085
4 46.232 2.943
5 44.859 3.941
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Table A.122 Dielectric Properties of Lung Deflated from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 44.859 3.941
6 43.472 5.050
7 42.077 6.244
8 40.685 7.499
9 39.306 8.796
10 37.951 10.116
11 36.628 11.445
12 35.343 12.772
13 34.101 14.087
14 32.905 15.382
15 31.757 16.652
16 30.658 17.891
17 29.607 19.097
18 28.606 20.268
19 27.651 21.402
20 26.743 22.498

Table A.123 Dielectric Properties of Lung Deflated from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 26.743 22.498
21 25.880 23.556
22 25.060 24.577
23 24.280 25.561
24 23.540 26.509
25 22.837 27.422
26 22.169 28.300
27 21.535 29.145
28 20.933 29.958
29 20.360 30.741
30 19.816 31.494

Table A.124 Dielectric Properties of Lung Deflated from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 19.816 31.494
31 19.298 32.220
32 18.806 32.918
33 18.337 33.591
34 17.891 34.239
35 17.465 34.863
36 17.060 35.466
37 16.673 36.047
38 16.304 36.607
39 15.951 37.149
40 15.615 37.671
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Table A.125 Dielectric Properties of Lung Deflated from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 15.615 37.671
50 12.943 42.054
60 11.151 45.307
70 9.891 47.823
80 8.969 49.837
90 8.273 51.496

Table A.126 Dielectric Properties of Lung Inflated from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 21.825 0.474
2 20.791 0.685
3 20.130 0.969
4 19.541 1.318
5 18.966 1.722

Table A.127 Dielectric Properties of Lung Inflated from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 18.966 1.722
6 18.394 2.170
7 17.823 2.650
8 17.256 3.156
9 16.697 3.677
10 16.149 4.207
11 15.614 4.741
12 15.096 5.274
13 14.595 5.802
14 14.113 6.322
15 13.651 6.832
16 13.209 7.329
17 12.786 7.813
18 12.384 8.283
19 12.000 8.738
20 11.635 9.177

110



Table A.128 Dielectric Properties of Lung Inflated from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 11.635 9.177
21 11.288 9.602
22 10.959 10.012
23 10.646 10.406
24 10.349 10.787
25 10.066 11.153
26 9.798 11.505
27 9.544 11.844
28 9.302 12.171
29 9.072 12.485
30 8.853 12.787

Table A.129 Dielectric Properties of Lung Inflated from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 8.853 12.787
31 8.646 13.078
32 8.448 13.358
33 8.260 13.628
34 8.081 13.888
35 7.910 14.139
36 7.747 14.381
37 7.592 14.614
38 7.444 14.839
39 7.302 15.056
40 7.167 15.266

Table A.130 Dielectric Properties of Lung Inflated from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 7.167 15.266
50 6.095 17.026
60 5.376 18.332
70 4.870 19.344
80 4.500 20.154
90 4.220 20.821

Table A.131 Dielectric Properties of Lymph from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 59.470 1.079
2 57.850 1.633
3 56.403 2.441
4 54.906 3.464
5 53.342 4.661
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Table A.132 Dielectric Properties of Lymph from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 53.342 4.661
6 51.726 5.998
7 50.080 7.440
8 48.424 8.960
9 46.776 10.531
10 45.150 12.132
11 43.558 13.746
12 42.008 15.357
13 40.509 16.954
14 39.063 18.527
15 37.673 20.070
16 36.342 21.576
17 35.070 23.043
18 33.855 24.466
19 32.698 25.844
20 31.597 27.177

Table A.133 Dielectric Properties of Lymph from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 31.597 27.177
21 30.549 28.464
22 29.553 29.706
23 28.607 30.902
24 27.708 32.054
25 26.855 33.164
26 26.044 34.232
27 25.273 35.259
28 24.542 36.248
29 23.846 37.199
30 23.185 38.115

Table A.134 Dielectric Properties of Lymph from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 23.185 38.115
31 22.556 38.996
32 21.957 39.845
33 21.388 40.662
34 20.845 41.450
35 20.328 42.209
36 19.835 42.941
37 19.365 43.646
38 18.917 44.328
39 18.488 44.985
40 18.079 45.620
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Table A.135 Dielectric Properties of Lymph from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 18.079 45.620
50 14.833 50.940
60 12.656 54.885
70 11.125 57.933
80 10.006 60.370
90 9.161 62.377

Table A.136 Dielectric Properties of Mucous Membrane from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 45.711 0.882
2 43.520 1.336
3 42.112 1.947
4 40.847 2.702
5 39.611 3.574

Table A.137 Dielectric Properties of Mucous Membrane from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 39.611 3.574
6 38.378 4.542
7 37.146 5.582
8 35.922 6.675
9 34.714 7.803
10 33.528 8.951
11 32.373 10.107
12 31.252 11.260
13 30.169 12.403
14 29.127 13.528
15 28.127 14.631
16 27.170 15.707
17 26.256 16.755
18 25.384 17.772
19 24.554 18.756
20 23.765 19.708
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Table A.138 Dielectric Properties of Mucous Membrane from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 23.765 19.708
21 23.014 20.628
22 22.301 21.514
23 21.623 22.369
24 20.980 23.192
25 20.369 23.984
26 19.788 24.747
27 19.237 25.481
28 18.714 26.187
29 18.216 26.867
30 17.743 27.521

Table A.139 Dielectric Properties of Mucous Membrane from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 17.743 27.521
31 17.294 28.151
32 16.866 28.757
33 16.458 29.342
34 16.071 29.904
35 15.701 30.447
36 15.349 30.970
37 15.013 31.475
38 14.692 31.962
39 14.386 32.432
40 14.093 32.886

Table A.140 Dielectric Properties of Mucous Membrane from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 14.093 32.886
50 11.773 36.693
60 10.216 39.519
70 9.121 41.706
80 8.321 43.457
90 7.715 44.900

Table A.141 Dielectric Properties of Nail from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 12.363 0.156
2 11.654 0.310
3 11.066 0.506
4 10.532 0.728
5 10.040 0.962
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Table A.142 Dielectric Properties of Nail from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 10.040 0.962
6 9.587 1.203
7 9.171 1.443
8 8.790 1.680
9 8.440 1.912
10 8.120 2.136
11 7.826 2.352
12 7.556 2.561
13 7.308 2.760
14 7.080 2.952
15 6.870 3.136
16 6.676 3.311
17 6.496 3.480
18 6.329 3.641
19 6.174 3.796
20 6.030 3.944

Table A.143 Dielectric Properties of Nail from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 6.030 3.944
21 5.896 4.087
22 5.771 4.223
23 5.653 4.355
24 5.544 4.481
25 5.441 4.603
26 5.344 4.720
27 5.253 4.834
28 5.167 4.943
29 5.086 5.048
30 5.010 5.150
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Table A.144 Dielectric Properties of Nail from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 5.010 5.150
31 4.937 5.249
32 4.869 5.344
33 4.804 5.437
34 4.742 5.527
35 4.684 5.614
36 4.628 5.698
37 4.575 5.780
38 4.524 5.860
39 4.476 5.938
40 4.430 6.014

Table A.145 Dielectric Properties of Nail from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 4.430 6.014
50 4.062 6.674
60 3.810 7.206
70 3.628 7.649
80 3.491 8.029
90 3.384 8.360

Table A.146 Dielectric Properties of Nerve from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 32.252 0.600
2 30.627 0.914
3 29.620 1.330
4 28.739 1.839
5 27.890 2.426
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Table A.147 Dielectric Properties of Nerve from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 27.890 2.426
6 27.050 3.076
7 26.216 3.773
8 25.389 4.506
9 24.575 5.261
10 23.778 6.030
11 23.002 6.803
12 22.249 7.575
13 21.523 8.339
14 20.824 9.092
15 20.154 9.829
16 19.513 10.549
17 18.901 11.250
18 18.317 11.930
19 17.762 12.588
20 17.233 13.225

Table A.148 Dielectric Properties of Nerve from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 17.233 13.225
21 16.731 13.839
22 16.253 14.432
23 15.800 15.004
24 15.370 15.554
25 14.961 16.084
26 14.573 16.594
27 14.204 17.085
28 13.854 17.557
29 13.521 18.012
30 13.205 18.449
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Table A.149 Dielectric Properties of Nerve from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 13.205 18.449
31 12.904 18.871
32 12.618 19.276
33 12.345 19.667
34 12.086 20.044
35 11.839 20.407
36 11.603 20.757
37 11.378 21.094
38 11.164 21.420
39 10.959 21.735
40 10.763 22.039

Table A.150 Dielectric Properties of Nerve from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 10.763 22.039
50 9.211 24.587
60 8.170 26.481
70 7.437 27.947
80 6.901 29.121
90 6.496 30.090

Table A.151 Dielectric Properties of Oesophagus from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 64.797 1.232
2 62.892 1.844
3 61.268 2.729
4 59.611 3.848
5 57.890 5.157
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Table A.152 Dielectric Properties of Oesophagus from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 57.890 5.157
6 56.118 6.617
7 54.315 8.192
8 52.503 9.851
9 50.700 11.566
10 48.923 13.314
11 47.184 15.075
12 45.491 16.834
13 43.853 18.577
14 42.274 20.295
15 40.757 21.978
16 39.304 23.623
17 37.914 25.223
18 36.588 26.776
19 35.325 28.280
20 34.123 29.735

Table A.153 Dielectric Properties of Oesophagus from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 34.123 29.735
21 32.979 31.140
22 31.892 32.495
23 30.859 33.800
24 29.878 35.058
25 28.946 36.269
26 28.061 37.434
27 27.220 38.555
28 26.421 39.634
29 25.662 40.673
30 24.940 41.672
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Table A.154 Dielectric Properties of Oesophagus from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 24.940 41.672
31 24.254 42.634
32 23.601 43.560
33 22.979 44.452
34 22.387 45.312
35 21.823 46.140
36 21.285 46.939
37 20.772 47.709
38 20.282 48.453
39 19.815 49.170
40 19.368 49.863

Table A.155 Dielectric Properties of Oesophagus from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 19.368 49.863
50 15.825 55.670
60 13.449 59.975
70 11.778 63.302
80 10.557 65.964
90 9.634 68.154

Table A.156 Dielectric Properties of Ovary from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 49.783 1.345
2 45.823 1.949
3 43.520 2.685
4 41.648 3.537
5 39.961 4.480
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Table A.157 Dielectric Properties of Ovary from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 39.961 4.480
6 38.384 5.490
7 36.891 6.545
8 35.472 7.626
9 34.123 8.721
10 32.841 9.817
11 31.625 10.905
12 30.472 11.979
13 29.382 13.032
14 28.351 14.063
15 27.376 15.067
16 26.456 16.043
17 25.586 16.990
18 24.766 17.907
19 23.990 18.795
20 23.258 19.654

Table A.158 Dielectric Properties of Ovary from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 23.258 19.654
21 22.566 20.484
22 21.912 21.285
23 21.293 22.059
24 20.708 22.807
25 20.154 23.529
26 19.628 24.226
27 19.130 24.900
28 18.657 25.551
29 18.208 26.180
30 17.782 26.788
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Table A.159 Dielectric Properties of Ovary from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 17.782 26.788
31 17.376 27.377
32 16.991 27.946
33 16.623 28.498
34 16.273 29.031
35 15.939 29.549
36 15.620 30.050
37 15.316 30.536
38 15.025 31.008
39 14.746 31.466
40 14.480 31.911

Table A.160 Dielectric Properties of Ovary from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 14.480 31.911
50 12.346 35.746
60 10.882 38.742
70 9.828 41.170
80 9.039 43.195
90 8.429 44.923

Table A.161 Dielectric Properties of Pancreas from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 59.470 1.079
2 57.850 1.633
3 56.403 2.441
4 54.906 3.464
5 53.342 4.661

122



Table A.162 Dielectric Properties of Pancreas from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 53.342 4.661
6 51.726 5.998
7 50.080 7.440
8 48.424 8.960
9 46.776 10.531
10 45.150 12.132
11 43.558 13.746
12 42.008 15.357
13 40.509 16.954
14 39.063 18.527
15 37.673 20.070
16 36.342 21.576
17 35.070 23.043
18 33.855 24.466
19 32.698 25.844
20 31.597 27.177

Table A.163 Dielectric Properties of Pancreas from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 31.597 27.177
21 30.549 28.464
22 29.553 29.706
23 28.607 30.902
24 27.708 32.054
25 26.855 33.164
26 26.044 34.232
27 25.273 35.259
28 24.542 36.248
29 23.846 37.199
30 23.185 38.115
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Table A.164 Dielectric Properties of Pancreas from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 23.185 38.115
31 22.556 38.996
32 21.957 39.845
33 21.388 40.662
34 20.845 41.450
35 20.328 42.209
36 19.835 42.941
37 19.365 43.646
38 18.917 44.328
39 18.488 44.985
40 18.079 45.620

Table A.165 Dielectric Properties of Pancreas from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 18.079 45.620
50 14.833 50.940
60 12.656 54.885
70 11.125 57.933
80 10.006 60.370
90 9.161 62.377

Table A.166 Dielectric Properties of Prostate from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 60.259 1.253
2 58.270 1.827
3 56.695 2.647
4 55.131 3.679
5 53.526 4.883

124



Table A.167 Dielectric Properties of Prostate from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 53.526 4.883
6 51.882 6.226
7 50.216 7.673
8 48.544 9.197
9 46.884 10.772
10 45.248 12.377
11 43.648 13.994
12 42.092 15.608
13 40.586 17.208
14 39.135 18.784
15 37.742 20.329
16 36.407 21.838
17 35.131 23.306
18 33.913 24.732
19 32.753 26.112
20 31.649 27.447

Table A.168 Dielectric Properties of Prostate from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 31.649 27.447
21 30.599 28.736
22 29.601 29.979
23 28.653 31.177
24 27.753 32.331
25 26.898 33.442
26 26.085 34.511
27 25.314 35.540
28 24.580 36.530
29 23.884 37.483
30 23.221 38.400
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Table A.169 Dielectric Properties of Prostate from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 23.221 38.400
31 22.591 39.283
32 21.992 40.133
33 21.421 40.951
34 20.878 41.740
35 20.360 42.500
36 19.866 43.233
37 19.396 43.940
38 18.946 44.622
39 18.517 45.280
40 18.107 45.916

Table A.170 Dielectric Properties of Prostate from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 18.107 45.916
50 14.856 51.245
60 12.675 55.198
70 11.142 58.252
80 10.021 60.695
90 9.175 62.706

Table A.171 Dielectric Properties of Retina from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 55.017 1.206
2 53.271 1.725
3 51.859 2.468
4 50.448 3.404
5 48.996 4.499
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Table A.172 Dielectric Properties of Retina from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 48.996 4.499
6 47.506 5.718
7 45.994 7.033
8 44.477 8.418
9 42.969 9.849
10 41.484 11.308
11 40.030 12.777
12 38.617 14.244
13 37.249 15.698
14 35.931 17.131
15 34.664 18.535
16 33.451 19.906
17 32.292 21.241
18 31.186 22.536
19 30.132 23.791
20 29.128 25.004

Table A.173 Dielectric Properties of Retina from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 29.128 25.004
21 28.174 26.175
22 27.267 27.305
23 26.406 28.394
24 25.587 29.443
25 24.810 30.453
26 24.072 31.424
27 23.370 32.360
28 22.704 33.260
29 22.071 34.126
30 21.469 34.959

127



Table A.174 Dielectric Properties of Retina from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 21.469 34.959
31 20.896 35.761
32 20.351 36.534
33 19.833 37.278
34 19.339 37.995
35 18.868 38.685
36 18.420 39.352
37 17.992 39.994
38 17.584 40.614
39 17.194 41.213
40 16.821 41.791

Table A.175 Dielectric Properties of Retina from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 16.821 41.791
50 13.866 46.634
60 11.884 50.226
70 10.491 53.002
80 9.472 55.222
90 8.702 57.050

Table A.176 Dielectric Properties of Skin Wet from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 45.711 0.882
2 43.520 1.336
3 42.112 1.947
4 40.847 2.702
5 39.611 3.574
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Table A.177 Dielectric Properties of Skin Wet from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 39.611 3.574
6 38.378 4.542
7 37.146 5.582
8 35.922 6.675
9 34.714 7.803
10 33.528 8.951
11 32.373 10.107
12 31.252 11.260
13 30.169 12.403
14 29.127 13.528
15 28.127 14.631
16 27.170 15.707
17 26.256 16.755
18 25.384 17.772
19 24.554 18.756
20 23.765 19.708

Table A.178 Dielectric Properties of Skin Wet from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 23.765 19.708
21 23.014 20.628
22 22.301 21.514
23 21.623 22.369
24 20.980 23.192
25 20.369 23.984
26 19.788 24.747
27 19.237 25.481
28 18.714 26.187
29 18.216 26.867
30 17.743 27.521

129



Table A.179 Dielectric Properties of Skin Wet from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 17.743 27.521
31 17.294 28.151
32 16.866 28.757
33 16.458 29.342
34 16.071 29.904
35 15.701 30.447
36 15.349 30.970
37 15.013 31.475
38 14.692 31.962
39 14.386 32.432
40 14.093 32.886

Table A.180 Dielectric Properties of Skin Wet from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 14.093 32.886
50 11.773 36.693
60 10.216 39.519
70 9.121 41.706
80 8.321 43.457
90 7.715 44.900

Table A.181 Dielectric Properties of Small Intestine from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 58.872 2.218
2 55.406 2.834
3 53.373 3.640
4 51.634 4.622
5 49.977 5.753
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Table A.182 Dielectric Properties of Small Intestine from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 49.977 5.753
6 48.347 7.004
7 46.733 8.347
8 45.137 9.756
9 43.567 11.208
10 42.030 12.687
11 40.535 14.174
12 39.086 15.658
13 37.687 17.128
14 36.342 18.575
15 35.053 19.993
16 33.819 21.378
17 32.641 22.724
18 31.519 24.032
19 30.450 25.298
20 29.433 26.522

Table A.183 Dielectric Properties of Small Intestine from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 29.433 26.522
21 28.467 27.703
22 27.549 28.843
23 26.677 29.942
24 25.849 31.000
25 25.063 32.018
26 24.316 32.999
27 23.607 33.942
28 22.934 34.850
29 22.294 35.724
30 21.685 36.565
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Table A.184 Dielectric Properties of Small Intestine from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 21.685 36.565
31 21.107 37.375
32 20.557 38.154
33 20.033 38.905
34 19.534 39.629
35 19.059 40.326
36 18.606 40.999
37 18.174 41.648
38 17.761 42.274
39 17.367 42.879
40 16.991 43.463

Table A.185 Dielectric Properties of Small Intestine from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 16.991 43.463
50 14.007 48.359
60 12.005 51.996
70 10.597 54.811
80 9.567 57.067
90 8.789 58.926

Table A.186 Dielectric Properties of Spinal Cord from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 32.252 0.600
2 30.627 0.914
3 29.620 1.330
4 28.739 1.839
5 27.890 2.426
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Table A.187 Dielectric Properties of Spinal Cord from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 27.890 2.426
6 27.050 3.076
7 26.216 3.773
8 25.389 4.506
9 24.575 5.261
10 23.778 6.030
11 23.002 6.803
12 22.249 7.575
13 21.523 8.339
14 20.824 9.092
15 20.154 9.829
16 19.513 10.549
17 18.901 11.250
18 18.317 11.930
19 17.762 12.588
20 17.233 13.225

Table A.188 Dielectric Properties of Spinal Cord from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 17.233 13.225
21 16.731 13.839
22 16.253 14.432
23 15.800 15.004
24 15.370 15.554
25 14.961 16.084
26 14.573 16.594
27 14.204 17.085
28 13.854 17.557
29 13.521 18.012
30 13.205 18.449
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Table A.189 Dielectric Properties of Spinal Cord from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 13.205 18.449
31 12.904 18.871
32 12.618 19.276
33 12.345 19.667
34 12.086 20.044
35 11.839 20.407
36 11.603 20.757
37 11.378 21.094
38 11.164 21.420
39 10.959 21.735
40 10.763 22.039

Table A.190 Dielectric Properties of Spinal Cord from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 10.763 22.039
50 9.211 24.587
60 8.170 26.481
70 7.437 27.947
80 6.901 29.121
90 6.496 30.090

Table A.191 Dielectric Properties of Spleen from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 56.611 1.323
2 53.378 1.912
3 51.447 2.686
4 49.784 3.630
5 48.195 4.718
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Table A.192 Dielectric Properties of Spleen from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 48.195 4.718
6 46.630 5.920
7 45.079 7.210
8 43.545 8.564
9 42.037 9.961
10 40.560 11.381
11 39.123 12.811
12 37.730 14.237
13 36.387 15.649
14 35.094 17.040
15 33.855 18.403
16 32.670 19.733
17 31.538 21.027
18 30.459 22.283
19 29.432 23.500
20 28.455 24.676

Table A.193 Dielectric Properties of Spleen from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 28.455 24.676
21 27.527 25.812
22 26.645 26.907
23 25.807 27.963
24 25.011 28.980
25 24.256 29.959
26 23.539 30.901
27 22.857 31.808
28 22.210 32.680
29 21.595 33.520
30 21.011 34.329
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Table A.194 Dielectric Properties of Spleen from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 21.011 34.329
31 20.455 35.107
32 19.926 35.857
33 19.423 36.578
34 18.943 37.274
35 18.487 37.945
36 18.051 38.591
37 17.636 39.215
38 17.240 39.817
39 16.862 40.399
40 16.500 40.960

Table A.195 Dielectric Properties of Spleen from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 16.500 40.960
50 13.632 45.669
60 11.708 49.168
70 10.354 51.878
80 9.364 54.049
90 8.615 55.840

Table A.196 Dielectric Properties of Stomach from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 64.797 1.232
2 62.892 1.844
3 61.268 2.729
4 59.611 3.848
5 57.890 5.157
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Table A.197 Dielectric Properties of Stomach from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 57.890 5.157
6 56.118 6.617
7 54.315 8.192
8 52.503 9.851
9 50.700 11.566
10 48.923 13.314
11 47.184 15.075
12 45.491 16.834
13 43.853 18.577
14 42.274 20.295
15 40.757 21.978
16 39.304 23.623
17 37.914 25.223
18 36.588 26.776
19 35.325 28.280
20 34.123 29.735

Table A.198 Dielectric Properties of Stomach from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 34.123 29.735
21 32.979 31.140
22 31.892 32.495
23 30.859 33.800
24 29.878 35.058
25 28.946 36.269
26 28.061 37.434
27 27.220 38.555
28 26.421 39.634
29 25.662 40.673
30 24.940 41.672
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Table A.199 Dielectric Properties of Stomach from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 24.940 41.672
31 24.254 42.634
32 23.601 43.560
33 22.979 44.452
34 22.387 45.312
35 21.823 46.140
36 21.285 46.939
37 20.772 47.709
38 20.282 48.453
39 19.815 49.170
40 19.368 49.863

Table A.200 Dielectric Properties of Stomach from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 19.368 49.863
50 15.825 55.670
60 13.449 59.975
70 11.778 63.302
80 10.557 65.964
90 9.634 68.154

Table A.201 Dielectric Properties of Tendon from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 45.634 0.760
2 43.908 1.339
3 42.125 2.166
4 40.237 3.174
5 38.299 4.301
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Table A.202 Dielectric Properties of Tendon from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 38.299 4.301
6 36.365 5.498
7 34.475 6.726
8 32.658 7.955
9 30.934 9.164
10 29.310 10.339
11 27.792 11.469
12 26.379 12.549
13 25.068 13.576
14 23.854 14.549
15 22.731 15.469
16 21.694 16.337
17 20.736 17.156
18 19.851 17.928
19 19.032 18.656
20 18.274 19.342

Table A.203 Dielectric Properties of Tendon from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 18.274 19.342
21 17.573 19.989
22 16.922 20.599
23 16.318 21.176
24 15.757 21.722
25 15.235 22.239
26 14.748 22.728
27 14.294 23.192
28 13.870 23.633
29 13.473 24.052
30 13.102 24.451
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Table A.204 Dielectric Properties of Tendon from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 13.102 24.451
31 12.753 24.831
32 12.426 25.193
33 12.118 25.539
34 11.829 25.870
35 11.556 26.186
36 11.298 26.489
37 11.055 26.779
38 10.825 27.058
39 10.608 27.325
40 10.401 27.583

Table A.205 Dielectric Properties of Tendon from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 10.401 27.583
50 8.822 29.701
60 7.813 31.248
70 7.125 32.444
80 6.631 33.407
90 6.263 34.208

Table A.206 Dielectric Properties of Testis from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 60.259 1.253
2 58.270 1.827
3 56.695 2.647
4 55.131 3.679
5 53.526 4.883
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Table A.207 Dielectric Properties of Testis from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 53.526 4.883
6 51.882 6.226
7 50.216 7.673
8 48.544 9.197
9 46.884 10.772
10 45.248 12.377
11 43.648 13.994
12 42.092 15.608
13 40.586 17.208
14 39.135 18.784
15 37.742 20.329
16 36.407 21.838
17 35.131 23.306
18 33.913 24.732
19 32.753 26.112
20 31.649 27.447

Table A.208 Dielectric Properties of Testis from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 31.649 27.447
21 30.599 28.736
22 29.601 29.979
23 28.653 31.177
24 27.753 32.331
25 26.898 33.442
26 26.085 34.511
27 25.314 35.540
28 24.580 36.530
29 23.884 37.483
30 23.221 38.400
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Table A.209 Dielectric Properties of Testis from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 23.221 38.400
31 22.591 39.283
32 21.992 40.133
33 21.421 40.951
34 20.878 41.740
35 20.360 42.500
36 19.866 43.233
37 19.396 43.940
38 18.946 44.622
39 18.517 45.280
40 18.107 45.916

Table A.210 Dielectric Properties of Testis from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 18.107 45.916
50 14.856 51.245
60 12.675 55.198
70 11.142 58.252
80 10.021 60.695
90 9.175 62.706

Table A.211 Dielectric Properties of Thymus from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 59.470 1.079
2 57.850 1.633
3 56.403 2.441
4 54.906 3.464
5 53.342 4.661
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Table A.212 Dielectric Properties of Thymus from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 53.342 4.661
6 51.726 5.998
7 50.080 7.440
8 48.424 8.960
9 46.776 10.531
10 45.150 12.132
11 43.558 13.746
12 42.008 15.357
13 40.509 16.954
14 39.063 18.527
15 37.673 20.070
16 36.342 21.576
17 35.070 23.043
18 33.855 24.466
19 32.698 25.844
20 31.597 27.177

Table A.213 Dielectric Properties of Thymus from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 31.597 27.177
21 30.549 28.464
22 29.553 29.706
23 28.607 30.902
24 27.708 32.054
25 26.855 33.164
26 26.044 34.232
27 25.273 35.259
28 24.542 36.248
29 23.846 37.199
30 23.185 38.115
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Table A.214 Dielectric Properties of Thymus from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 23.185 38.115
31 22.556 38.996
32 21.957 39.845
33 21.388 40.662
34 20.845 41.450
35 20.328 42.209
36 19.835 42.941
37 19.365 43.646
38 18.917 44.328
39 18.488 44.985
40 18.079 45.620

Table A.215 Dielectric Properties of Thymus from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 18.079 45.620
50 14.833 50.940
60 12.656 54.885
70 11.125 57.933
80 10.006 60.370
90 9.161 62.377

Table A.216 Dielectric Properties of Thyroid from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 59.470 1.079
2 57.850 1.633
3 56.403 2.441
4 54.906 3.464
5 53.342 4.661
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Table A.217 Dielectric Properties of Thyroid from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 53.342 4.661
6 51.726 5.998
7 50.080 7.440
8 48.424 8.960
9 46.776 10.531
10 45.150 12.132
11 43.558 13.746
12 42.008 15.357
13 40.509 16.954
14 39.063 18.527
15 37.673 20.070
16 36.342 21.576
17 35.070 23.043
18 33.855 24.466
19 32.698 25.844
20 31.597 27.177

Table A.218 Dielectric Properties of Thyroid from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 31.597 27.177
21 30.549 28.464
22 29.553 29.706
23 28.607 30.902
24 27.708 32.054
25 26.855 33.164
26 26.044 34.232
27 25.273 35.259
28 24.542 36.248
29 23.846 37.199
30 23.185 38.115
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Table A.219 Dielectric Properties of Thyroid from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 23.185 38.115
31 22.556 38.996
32 21.957 39.845
33 21.388 40.662
34 20.845 41.450
35 20.328 42.209
36 19.835 42.941
37 19.365 43.646
38 18.917 44.328
39 18.488 44.985
40 18.079 45.620

Table A.220 Dielectric Properties of Thyroid from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 18.079 45.620
50 14.833 50.940
60 12.656 54.885
70 11.125 57.933
80 10.006 60.370
90 9.161 62.377

Table A.221 Dielectric Properties of Tongue from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 55.017 0.975
2 53.271 1.494
3 51.859 2.238
4 50.448 3.174
5 48.996 4.268
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Table A.222 Dielectric Properties of Tongue from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 48.996 4.268
6 47.506 5.488
7 45.994 6.803
8 44.477 8.187
9 42.969 9.619
10 41.484 11.077
11 40.030 12.546
12 38.617 14.014
13 37.249 15.468
14 35.931 16.900
15 34.664 18.304
16 33.451 19.676
17 32.292 21.010
18 31.186 22.306
19 30.132 23.560
20 29.128 24.773

Table A.223 Dielectric Properties of Tongue from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 29.128 24.773
21 28.174 25.945
22 27.267 27.075
23 26.406 28.164
24 25.587 29.212
25 24.810 30.222
26 24.072 31.194
27 23.370 32.129
28 22.704 33.029
29 22.071 33.895
30 21.469 34.728
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Table A.224 Dielectric Properties of Tongue from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 21.469 34.728
31 20.896 35.531
32 20.351 36.303
33 19.833 37.047
34 19.339 37.764
35 18.868 38.455
36 18.420 39.121
37 17.992 39.763
38 17.584 40.383
39 17.194 40.982
40 16.821 41.560

Table A.225 Dielectric Properties of Tongue from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 16.821 41.560
50 13.866 46.403
60 11.884 49.995
70 10.491 52.771
80 9.472 54.992
90 8.702 56.819

Table A.226 Dielectric Properties of Tooth from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 12.363 0.156
2 11.654 0.310
3 11.066 0.506
4 10.532 0.728
5 10.040 0.962
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Table A.227 Dielectric Properties of Tooth from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 10.040 0.962
6 9.587 1.203
7 9.171 1.443
8 8.790 1.680
9 8.440 1.912
10 8.120 2.136
11 7.826 2.352
12 7.556 2.561
13 7.308 2.760
14 7.080 2.952
15 6.870 3.136
16 6.676 3.311
17 6.496 3.480
18 6.329 3.641
19 6.174 3.796
20 6.030 3.944

Table A.228 Dielectric Properties of Tooth from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 6.030 3.944
21 5.896 4.087
22 5.771 4.223
23 5.653 4.355
24 5.544 4.481
25 5.441 4.603
26 5.344 4.720
27 5.253 4.834
28 5.167 4.943
29 5.086 5.048
30 5.010 5.150
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Table A.229 Dielectric Properties of Tooth from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 5.010 5.150
31 4.937 5.249
32 4.869 5.344
33 4.804 5.437
34 4.742 5.527
35 4.684 5.614
36 4.628 5.698
37 4.575 5.780
38 4.524 5.860
39 4.476 5.938
40 4.430 6.014

Table A.230 Dielectric Properties of Tooth from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 4.430 6.014
50 4.062 6.674
60 3.810 7.206
70 3.628 7.649
80 3.491 8.029
90 3.384 8.360

Table A.231 Dielectric Properties of Trachea from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 41.779 0.802
2 40.262 1.210
3 39.113 1.784
4 37.997 2.503
5 36.864 3.340
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Table A.232 Dielectric Properties of Trachea from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 36.864 3.340
6 35.712 4.273
7 34.548 5.277
8 33.383 6.333
9 32.227 7.425
10 31.090 8.537
11 29.979 9.657
12 28.899 10.775
13 27.854 11.883
14 26.848 12.974
15 25.881 14.044
16 24.956 15.089
17 24.072 16.106
18 23.228 17.092
19 22.424 18.048
20 21.659 18.972

Table A.233 Dielectric Properties of Trachea from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 21.659 18.972
21 20.932 19.865
22 20.241 20.725
23 19.584 21.555
24 18.961 22.354
25 18.368 23.123
26 17.806 23.863
27 17.271 24.576
28 16.764 25.261
29 16.281 25.921
30 15.822 26.556
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Table A.234 Dielectric Properties of Trachea from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 15.822 26.556
31 15.386 27.167
32 14.971 27.756
33 14.576 28.323
34 14.200 28.869
35 13.841 29.395
36 13.499 29.903
37 13.173 30.393
38 12.862 30.865
39 12.565 31.321
40 12.281 31.762

Table A.235 Dielectric Properties of Trachea from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 12.281 31.762
50 10.030 35.454
60 8.520 38.194
70 7.458 40.313
80 6.681 42.008
90 6.094 43.404

Table A.236 Dielectric Properties of Uterus from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 60.777 1.315
2 58.577 1.902
3 56.921 2.731
4 55.314 3.769
5 53.681 4.979
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Table A.237 Dielectric Properties of Uterus from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 53.681 4.979
6 52.018 6.326
7 50.337 7.778
8 48.654 9.306
9 46.985 10.884
10 45.341 12.492
11 43.735 14.112
12 42.173 15.730
13 40.663 17.332
14 39.208 18.911
15 37.811 20.458
16 36.472 21.969
17 35.194 23.440
18 33.974 24.867
19 32.811 26.249
20 31.705 27.586

Table A.238 Dielectric Properties of Uterus from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 31.705 27.586
21 30.653 28.877
22 29.653 30.122
23 28.704 31.322
24 27.802 32.477
25 26.945 33.590
26 26.131 34.661
27 25.358 35.691
28 24.624 36.683
29 23.926 37.637
30 23.262 38.555
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Table A.239 Dielectric Properties of Uterus from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 23.262 38.555
31 22.631 39.439
32 22.031 40.291
33 21.460 41.110
34 20.915 41.900
35 20.397 42.662
36 19.902 43.396
37 19.431 44.104
38 18.981 44.787
39 18.551 45.447
40 18.141 46.084

Table A.240 Dielectric Properties of Uterus from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 18.141 46.084
50 14.884 51.423
60 12.700 55.384
70 11.164 58.447
80 10.041 60.897
90 9.193 62.915

Table A.241 Dielectric Properties of Vitreous Humor from 1 GHz to 5 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

1 68.875 1.667
2 68.472 2.156
3 67.817 2.956
4 66.923 4.049
5 65.810 5.411
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Table A.242 Dielectric Properties of Vitreous Humor from 5 GHz to 20 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

5 65.810 5.411
6 64.502 7.011
7 63.026 8.817
8 61.411 10.795
9 59.683 12.909
10 57.872 15.126
11 56.002 17.414
12 54.098 19.745
13 52.180 22.093
14 50.267 24.434
15 48.374 26.750
16 46.516 29.025
17 44.701 31.246
18 42.938 33.404
19 41.233 35.491
20 39.590 37.501

Table A.243 Dielectric Properties of Vitreous Humor from 20 GHz to 30 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

20 39.590 37.501
21 38.013 39.432
22 36.502 41.281
23 35.058 43.048
24 33.681 44.733
25 32.370 46.338
26 31.123 47.865
27 29.938 49.315
28 28.813 50.692
29 27.745 51.999
30 26.733 53.238
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Table A.244 Dielectric Properties of Vitreous Humor from 30 GHz to 40 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

30 26.733 53.238
31 25.773 54.412
32 24.864 55.525
33 24.002 56.581
34 23.184 57.581
35 22.410 58.529
36 21.676 59.427
37 20.979 60.280
38 20.319 61.088
39 19.692 61.855
40 19.097 62.583

Table A.245 Dielectric Properties of Vitreous Humor from 40 GHz to 90 GHz

Frequency [GHz] Permittivity Conductivity [S/m]

40 19.097 62.583
50 14.544 68.156
60 11.704 71.632
70 9.844 73.909
80 8.571 75.467
90 7.665 76.575
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APPENDIX B

THESIS MODEL CODE

B.1 MATLAB Code for MRI Image Processing

Listing B.1: Human wrist 3D model for MRI image processing applications.

clear ; clc ; close a l l ;
% re s o l u t i o n 2 mm
nx = 320 ;
ny = 160 ;
nz = 866 ;
fname=’male−v1 . raw ’ ;
f i d = fopen ( fname , ’ rb ’ ) ;
body data=fread ( f i d , i n f , ’ u int8 ’ ) ;
fc lose ( f i d ) ;
i r e c = 0 ;
for i z = 1 : nz

for i y = 1 : ny
for i x = 1 : nx

i r e c = i r e c +1;
body ( ix , iy , i z ) = body data ( i r e c ) ;

end
end

end

wr i s t=zeros (40 ,50 ,60) ;
wr i s t ( 1 : 4 0 , 1 : 5 0 , 1 : 6 0 )=body (24 :63 , 50 : 99 , 424 : −1 :365 ) ;

ax=40;
ay=50;
az=60;

for i i =1:ax
for j j =1:ay

for kk=1: az
i f wr i s t ( i i , j j , kk )==51 %sk in

wr i s t ( i i , j j , kk )=7;
end

end
end

end

for i i =1:ax
for j j =1:ay

for kk=1: az
i f wr i s t ( i i , j j , kk )==48 %f a t

wr i s t ( i i , j j , kk )=2;
end

end
end

end

for i i =1:ax
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for j j =1:ay
for kk=1: az

i f wr i s t ( i i , j j , kk )==45 %co r t i c a l bone
wr i s t ( i i , j j , kk )=5;

end
end

end
end

for i i =1:ax
for j j =1:ay

for kk=1: az
i f wr i s t ( i i , j j , kk )==46 % bone marrow

wr i s t ( i i , j j , kk )=4;
end

end
end

end

for i i =1:ax
for j j =1:ay

for kk=1: az
i f wr i s t ( i i , j j , kk )==49 %muscle

wr i s t ( i i , j j , kk )=10;
end

end
end

end

for i i =1:ax
for j j =1:ay

for kk=1: az
i f wr i s t ( i i , j j , kk )==44 %blood

wr i s t ( i i , j j , kk )=8;
end

end
end

end

% ass i gn t i s s u e s to c o l o r s
background = [60/255 60/255 150/255 ] ;
f a t = [ 1 229/255 142/255 ] ;
bone marrow = [158/255 135/255 114/255 ] ;
c o r t i c a l b on e = [209/255 196/255 170/255 ] ;
sk in = [245/255 165/255 170/255 ] ;
blood = [1 0 0 ] ;
muscle = [193/255 70/255 70/255 ] ;

% p l o t t i n g each s l i d e f o r xz c ros s s e c t i on o f a wr i s t model
bb=zeros ( ax , az , 1 ) ;
for kk=5:ay

for i i =1:ax
for j j =1: az

bb( i i , j j )=wr i s t ( i i , kk , j j ) ;
end

end
figure
%imagesc ( bb ( : , : , 1 ) )
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hAxes = gca ;
imagesc ( hAxes , bb ( : , : , 1 ) ) ;
colormap ( hAxes , [ background ; f a t ; bone marrow ; c o r t i c a l b on e ; sk in ; blood ; muscle ] ) ;

end
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