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Abstract

In the dissertation, the microwave propagation through human body is investigated. In

order to design wireless capsule endoscope (WCE) system, the propagation loss through

human body is studied. Finite-difference time-domain (FDTD) method is used in the nu-

merical analysis. In order to confirm the simulation results, differential-mode S-parameter

method is also used in the experiment, good agreement between numerical and experi-

mental results is obtained.

Moreover, transmission factor under the complex-conjugate matching condition is

used as an indicator of propagation loss. EM-wave propagate through a human body

phantom is investigated in the frequency range 200 MHz to 2 GHz. The transmission

characteristics of a dipole to dipole and a loop to loop through the torso-shaped phantom

filled with deionized water or human body equivalent liquid (HBEL) are investigated by

the numerical analysis and the measurements. It is found that the transmission factor τ

decreases as the conductivity increases in the case of dipole antenna placed in deionized

water. On the other hand, there is a local maximum in the transmission factor τ at a

frequency in the case of HBEL. The local maximum is caused by the half-wavelength reso-

nant frequency of inside antenna. It is important to choose operating frequency in capsule

antenna design. It is found that the media loss is large in the high frequency range, while

the antenna efficiency is low in the low frequency range. Operating frequency of wireless

capsule endoscope system can be decided by using transmission factor. However, if oper-

ating frequency is decided, size of dipole antenna can be changed in order to decrease the

propagation loss. The transmission factor in the case of loop to loop is also investigated.

Furthermore, transmission factor through in-homogenous human body phantom is

investigated. The effect of high conductivity human body organs is appeared. Compared

with homogenous huamn body phantom, some different results are obtained through in-

homogenous human body phantom. In wireless capsule endoscope system, select the

optimal position and polarization of outside antenna can decrease the propagation loss

through human body.

In addition, design of capsule dipole and loop antennas are discussed by using the
i



transmission factor. A capsule dipole to dipole system and a capsule loop to loop system

are compared: for for dipole to dipole the local maximum of transmission factor in the

frequency domain is appeared, while for loop to loop the large value of transmission

factor in low frequency is appeared. It has been observed that when a dipole or a loop

antenna is implemented on the surface of the capsule, it is easy to achieve impedance

matching without matching circuits and also has a large value of |S21|. An inner-layer

capsule dipole antenna (ICDA) is proposed to obtain both impedance matching and low

propagation loss.

Key words: propagation loss, wireless capsule endoscope (WCE), capsule antenna,

Finite-difference time-domain (FDTD) method, differential-mode S-parameter method,

dipole to dipole, loop to loop, human body equivalent liquid (HBEL), transmission factor,

homogenous phantom, in-homogenous phantom, dispersive effect
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Chapter 1

Introduction

1.1 Wireless capsule endoscope system

Many countries such as Japan and China experience the effects of an aging population,

which results a strong demand of human body healthcare facilities. It is necessary to

develop novel biomedical technologies to improve diagnostic services for this demographic.

Electrical diagram (ECG) and temperature recording have been used for more than 50

years in medical diagnosis to understand various biological activities [1-3]. EM-wave

through human body was also studied [4, 5]. Generally, the electronic pill system can be

divided to three types [6]:

Type 1: Traditional electronic sensor

Traditional telemetry systems for the electronic pill technology were performed in [7,

8]. This type devices do not require a high data rate, for the reason that physiological

parameters (such as pH-value or temperature) are slowly varying and hence low-frequency

signals. Simple modulation schemes, (such as OOK or ASK) with a low data rate are

used for low power consumption. In [7], the electronic pill transfers physiological data,

including pH-value and temperature. In [8], the electronic pill tests blood pressure sensors

and a transmission range of 5 m was reported.

Type 2: Multipurpose robotic system

1
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Multipurpose robotic systems were performed in [9-18]. This type devices has locomo-

tion features or transmitting energy by using wireless power transfer (WPT) technology.

In [10], the device can be used for precise drug delivery in the human gastrointestinal

tract. Real-time wireless energy transfer via magnetic coupling is necessary for these

types of endoscopes to provide mechanical function. In [11], the capsule can be move

up and down inside human body by using an electric stimulation technique. Researches

on wireless power transfer through human body were performed in [14-18], The purpose

of these researches are design capsule robotic system without battery. The SAR in the

human body generated by a magnetic resonant WPT system operating above 10 MHz is

studied in [14].

Type 3: Wireless capsule endoscope system

The first commercial wireless capsule endoscope was proposed by G. Iddan and the

company Given Imaging [19], the pill uses the Zarlink’s radio frequency (RF) chip for

wireless transmission in the medical implant communication service (MICS) band (402-

405 MHz). The wireless capsule endoscope system uses a wireless transceiver to obtain

medical images of the inside of the human body [19-21], as shown in Figure 1, the EM-

wave from the capsule propagate through human body and received by the remote antenna

outside the human body. This type devices require a high-frequency telemetry link in order

to obtain a better resolution. In [21], the devices demonstrated a prototyping system to

achieve a high data rate transmission (2 Mb/s) for higher image resolution. This systems

enabled an image resolution up-to 15-20 frames/s.

Recently some commercial wireless capsule endoscope systems were proposed [22-25],

as shown in Table 1.1. Company Given Imaging [22], MEDIATORS [23], Olympus [24]

and JINSHAN [25] are focus on the development of wireless capsule endoscope system. In

case Pillcam®SB3 developed by Given imaging, adaptive frame rate technology allows

the system to sense when the capsule is moving quickly and automatically increases the

image capture rate is 2-6 frames/s [22]. In case MiroCam®developed by MEDIATORS

provided 12 hour operation time effectively mitigates this concern, while the image capture

rate is 3 frames/s [23]. In case ENDOCAPSULE®EC-10 developed by Olympus sees 10%

more mucosa than other capsule endoscopy platforms with a 160 degree wide-angle field

of view [24]. From Table 1.1, the results are obtained:

1. Bandwidth of existing capsule antenna is narrow.
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2. Frame rate of existing capsule endoscopy is low.

3. It is required to develop efficient antennas for capsule to further improve frame

rate.

Capsule antennaRemote antenna

EM-wave

Figure 1.1: Wireless capsule endoscope for medical diagnostics.

Table 1.1: Main existing commercial wireless capsule endoscope.

Name Frequency
[MHz]

Bandwidth
[MHz]

Modulation Operating 
Time[h]

Dimensions
[mm]

Frame Rate
[frames/s]

Pillcam® SB 2
434.1 1.6 MSK 8 26.3��11.4 NA

Pillcam® SB 3
434.1 6.5 MSK 11 26.2��11.4 2-6

ENDOCAPSULE
® 10

315 2.25 FSK 12 26��11 2

MiroCam®
NA NA NA 12 24.5��11 3

1.2 Capsule antenna

High-efficiency antennas for wireless capsule endoscope system have been studied by many

researchers [26-40]. Generally, a capsule has a maximum length of 20 mm and a maximum
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diameter of 10 mm [19], and it is considered that the transmitting power of antennas is

extremely low caused by its physical size. The size of the antenna decides the operating

frequency. Furthermore, the absorption of electromagnetic waves by the internal organs is

quite large caused by high conductivity of the internal organs with frequency dependent

characteristics.

The developed capsule antenna were shown in Table 1.2. From Table 1.2, the results

are obtained:

1. Study was limited to single frequency, and frequency dependence on antenna

performance was not clarified.

2. Most of proposed antennas are electrically small antennas.

3. For any shape of small antenna, radiation efficiency is proportional to electrical

volume [51].

Selection of antenna type such as dipole antenna or loop antenna, is important to

decrease propagation loss between the capsule antenna and the antenna outside of the

human body. In previous studies, several kinds of antennas were proposed for implantable

applications. Operating frequency of antennas is different such as 400-500 MHz in [26-32],

the center frequency of 920 MHz in [33], the center frequency of 1.4 GHz in [34, 35], or

with the UWB band in [36-38]. Finding a suitable frequency band for high efficiency

transmission for the capsule endoscope system is quite important.

1.3 Previous researches on propagation loss through

human body

Estimation of the RF-link budget is essential in the capsule endoscope communication

systems. Path loss through the human body was presented by several different expressions

[41-46]. In [41], the electric field attenuation along the coordinate axes was used to express

path loss. The receiving antenna was considered in [42, 43] and |S21| was used to express

the path loss. In [44], the difference of |S21| with and without the human body was used

for the definition of transmission loss.
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Table 1.2: Main existing commercial capsule endoscope.

Reference f  [MHz] W(D) ����L [mm] λλλλ0000[mm](c/f) L/λλλλ0000 L/λλλλg Small antenna

Lee et. al., 2010  

450 3�10.1 667 0.005 0.109 �

See et. al.,          2011  

915 5�4.2 328 0.015 0.028 �

Izdebski et. al., 2009

1400 5.9�9.6 210 0.058 0.107 �

Wang et. al., 2010

3500 5�8.5 600 0.028 0.156 �

Previous researches focus on the received power while without considering the mis-

matching in the propagation. The propagation loss is composed of return loss and atten-

uation in media, as shown in Figure 1.2, Return loss and attenuation in media were not

separated for evaluating the antenna performance and loss in media in these researches

[41-43]. The return loss of transmitting and receiving antenna were not excluded from

the propagation loss.

1.4 Motivation of this research

The motivation of this research is to study a methodology to develop a wireless capsule

for medical diagnostics with high transmission efficiency.

1. Investigate characteristics of dipole and loop antennas in capsule. In this research,

a pair of dipole and a pair of loop antennas were placed inside and outside a torso-shaped

phantom used, respectively, and the propagation loss was evaluated by both the numerical

and the experimental method to select the suitable antenna type.

2. Investigate propagation loss excluding impedance-mismatching loss. The trans-

mission factor is used as an indicator of propagation loss. The transmission factor is
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d
η

Figure 1.2: Propagation loss model.

the relative maximum received power under the condition that the complex-conjugate

matching conditions are satisfied at both transmitting and receiving ports.

3. Investigate propagation loss over a wideband frequency domain to obtain the

suitable operating frequency.

4. Investigate propagation loss when capsule is inside some organs. The propagation

loss from a dipole antenna placed in a digestive system of a human body to the outside

was investigated by using the FDTD analysis.
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1.5 Organization of this dissertation

The dissertation is organized as follows:

Chapter 1: This chapter presents the introduction of this research. Wireless capsule

endoscope (WCE) system is introduced in Section 1.1. Capsule antenna is introduced

in Section 1.2. Previous researches on propagation loss through human body are sum-

marized in Section 1.3. The motivation of the dissertation is shown in Section 1.4. The

organization of this dissertation is shown in Section 1.5.

Chapter 2: This chapter presents the numerical analysis method and experiment

method of this dissertation. The fundamental theories of microwave propagation through

human body are introduced in Section 2.1. Numerical analysis by using FDTD method is

performed in Section 2.2. Measurement by using differential-mode S-parameter method is

performed in Section 2.3. The results of numerical analysis and experiment are compared

in Section 2.4. Finally, conclusions are given in Section 2.5.

Chapter 3: This chapter presents the EM analysis and experiment results in ho-

mogenous human body phantom. The homogenous human body phantom is introduced

in Section 3.1. Numerical analysis and experiment setup are performed in Section 3.2.

The concept of transmission factor is performed in Section 3.3. The transmission factor

of a dipole to dipole system is presented in Section 3.4.The relationship between trans-

mission factor and radiation efficiency is investigated in Section 3.5. The transmission

factor of a loop to loop system is presented in Section 3.6. Finally, conclusions are given

in Section 3.7.

Chapter 4: As an addition to Chapter 3, propagation loss of microwave through

in-homogenous human body phantom is investigated by numerical analysis. The in-

homogenous human body phantom is introduced in Section 4.1. The analysis model is

shown in Section 4.2. Some results and analysis are performed in Section 4.3. Finally,

conclusions are given in Section 4.4.

Chapter 5: This chapter presents the capsule antenna design. Transmission factors

of capsule dipole to dipole and capsule loop to loop are performed and compared in

Section 5.1. The transmission factor under the condition that the capsule antenna offset

is investigated in Section 5.2. Position of the capsule and the antenna is discussed in
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Section 5.3. An inner-layer capsule dipole antenna (ICDA) is proposed in Section 5.4.

Finally, conclusions are given in Section 5.5.

Chapter 6: The summary of this dissertation is given.

Chapter 1
Introduction

Chapter 2
Simulation and experiment 

method

Chapter 3
Propagation loss through 
homogenous human body 

phantom

Chapter 5
Capsule antenna design

Chapter 4
Propagation loss through in-

homogenous human body
phantom

Chapter 6
Conclusions

Study on microwave propagation through human 
body

Figure 1.3: Organization of this dissertation.



Chapter 2

Simulation and experiment methods

This chapter presents the numerical analysis method and experiment method of this

dissertation. The fundamental theory of microwave propagation through human body is

introduced in Section 2.1. Numerical analysis: FDTD method is performed in Section 2.2.

Experiment differential-mode S-parameter method is performed in Section 2.3. The results

of numerical analysis and experiment are compared in Section 2.4. Finally, conclusions

are given in Section 2.5.

2.1 Introduction

First consider the plane wave case, as shown in Figure 2.1 (a), both inside and outside

antennas were placed in human body media, the attenuation can be calculated by using

attenuation formulas. The results of skin, muscle and fat were shown in Figure 2.1 (b).

For example, in the case of muscle the attenuation is 20 dB/10 cm at 1 GHz.

The plane wave through the interface was shown in Figure 2.2 (a), and the transmit

coefficient at the interface was shown in Figure 2.2 (b). For example, in the case of muscle

the transmit coefficient is -6 dB at 1 GHz.

Above all, by using plane wave formula, under the conditions:1) muscle was used as a

homogenous media of human body 2) propagation distance is 10 mm inside human body

3) Operating frequency is at 1 GHz, an approximation value of -26 dB was obtained.
9
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2.2 Numerical analysis: FDTD method

Because the EM-wave from the actual capsule antenna is not plane wave, the accuracy of

calculation by using plane wave formula is not enough. In order to improve the accuracy

of the analysis, numerical analysis method is used. Comparing to the frequency domain

method such as MoM, the time domain method, for example Finite-difference time-domain

(FDTD) method, has advantages of saving calculation time and saving memory. In this

search, software SEMCAD based on FDTD method was used.

Finite-difference time-domain is a numerical analysis technique used for modeling

computational electrodynamics (finding approximate solutions to the associated system

of differential equations). Since it is a time-domain method, FDTD solutions can cover a

wide frequency range with a single simulation run, and treat nonlinear material properties

in a natural way [47-49]. The FDTD method belongs in the general class of grid-based

differential numerical modeling methods (finite difference methods). The time-dependent

Maxwell’s equations (in partial differential form) are discredited using central-difference

approximations to the space and time partial derivatives. The resulting finite-difference

equations are solved in either software or hardware in a leapfrog manner: the electric

field vector components in a volume of space are solved at a given instant in time; then

the magnetic field vector components in the same spatial volume are solved at the next

instant in time; and the process is repeated over and over again until the desired transient

or steady-state electromagnetic field behavior is fully evolved.

In order to confirm the accuracy of the numerical analysis method, a simple model was

considered and experiment method was used to validate. The analysis model is shown in

Figure 2.3. The deionized water with temperature of 18℃ was filled in a cubical acrylic

case. An inside dipole antenna with the length of l1 was located in the center of the

acrylic case separately and an outside dipole antenna with the length of l2 was located

near the acrylic case with distance of D. The FDTD method was used for simulation

without considering the acrylic cube case, the ohmic loss of antennas was ignored, to

simplify the investigation. The relative permittivity and conductivity of deionized water

was measured by using the coaxial probe method and was used for FDTD analysis as a

curve fitted Debye dispersive material, as shown in Figure 2.4:
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ϵr = ϵ∞ +
ϵs − ϵ∞
1 + jωt0

(2.1)

ϵ∞ is the permittivity for ω → ∞; ϵs denotes the relative static (ω → ∞) permittivity.

In the case of deionized water, ϵ∞=4.9, ϵs=81.5, t0=1.05e-11[s] [50].

In the FDTD analysis, the number of cells is 231×231×234, the Gaussian differential

pulse is used as an excitation. The cell sizes are ∆x=∆y=∆z=1 mm. 13-layer PML was

used as an absorbing boundary condition. To simplify the investigation, the ohmic loss of

the antennas were ignored and the material of antennas were considered as perfect electric

conductors.

2.3 Measurement: differential-mode S-parameter method

The experiment setting and the results of numerical analysis and experiment were shown

in Figure 2.5. Disagreement of numerical analysis and experiment was observed. It is con-

sidered that the reason is the balun structure affects the accuracy of the experiment. In

order to obtain the accurate experiment results in broadband frequency range, the exper-

iment dipole without balun structure should be considered. In order to obtain the reflec-

tion and the transmission coefficients in broadband frequency range, the differential-mode

S-parameter method [51] was used with four port of VNA. S-parameters of differential

mode Sdd11, Sdd22 and Sdd21 [51] were measured by using four-port Vector Network Ana-

lyzer (Keysight N5224A) in order to compare with the numerical results in the broadband

frequency range. In this research, these differential mode S-parameters were indicated as

S11, S22 and S21. The experiment setup with differential mode S-parameter method was

shown in Figure 2.6.

2.4 Experiment results and observations

A dipole antenna with the length of 54 mm and a dipole antenna with the length of 20

mm were considered separately. Figure 2.7 (a) and (b) shows the reflection coefficient of

l1=54 mm and l1=20 mm dipole antenna in deionized water respectively. Almost good
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agreement between calculated and measured values was observed. For l1=54 mm, several

resonances and anti-resonances below 1 GHz were obtained. This phenomenon was caused

by the multiple reflection of the cubical water structure (from the wall of the box to the

other). For l1=20 mm, there was a wideband from 1.05 GHz to 1.51 GHz (|S11| < -10 dB)

when it was located in the middle of cubic water. Resonances below 1 GHz were smaller

compare to l1=54 mm.

Figure 2.8 (a) and (b) shows the input impedance of l1=54 mm and l1=20 mm

dipole antenna in deionized water respectively. Good agreement between calculated and

measured values was observed. Compare Figure 2.7 and Figure 2.8, for l1=54 mm, several

resonances and anti-resonances below 1 GHz were observed caused by the cubic water.

For l1=20 mm, 0.5 λg resonant happened at 710 MHz, the resistance was 8.8 Ω and the

reflection was large. 1 λg anti-resonant happened at 1.3 GHz, the resistance was 68.7 Ω

and the reflection was small.

Figure 2.9 (a) and (b) shows the transmission coefficient |S21| of l1=54 mm and l1=20

mm dipole antenna in deionized water respectively. Good agreement between calculated

and measured values was observed. For l1=54 mm, the maximum value of experiment

was -22 dB at 520 MHz. A high transmission with levels of around -30 dB through the

72 mm thick deionized water with wideband characteristics from 300 MHz to 1 GHz was

observed. For l1=20 mm, the maximum value of experiment was -22 dB at 500 MHz.

A relatively high transmission with levels of around -25 dB through the 72 mm thick

deionized water with wideband characteristics from 300 MHz to 1 GHz was observed.

Above 1 GHz, transmission coefficient decreases for the reason that conductivity

increases as frequency increases. A dipole antenna with the length of 20 mm was suitable

at 1 GHz nearby for capsule applications. Propagation loss is not too large in case of

deionized water. From the results before, the results of the FDTD numerical analysis

were reliable.

2.5 Conculsion

In this chapter, measurement of a dipole antenna located in deionized water was studied

and compared with FDTD simulation. Differential mode S-parameter method was used
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to obtain transmission loss in balanced feeding and good agreements between measured

and calculated results have been observed. Reliability of both measurements and analysis

were confirmed. It is found that the FDTD method is effective when dispersive effect

of material is considered. It is also found that differential-mode S-parameter method is

effective in broadband frequency range. These methods are useful to the design of capsule

antennas.
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Chapter 3

Propagation loss through

homogenous human body phantom

In this chapter, EM analysis and experiment results in homogenous phantom are per-

formed. Homogenous human torso-shaped phantom is introduced in section 3.1. Nu-

merical analysis and experiment setup are performed in section 3.2. The concept of

transmission factor is performed in in section 3.3. The transmission factor of a dipole to

dipole system is studied in section 3.4. The relationship between transmission factor and

radiation efficiency is investigated in 3.5. The transmission factor of a loop to loop system

is studied in section 3.6. Finally, some conclusions are summarized in section 3.7.

3.1 Introduction

In this chapter, a commercial human torso-shaped phantom developed by SPEAG was

used as the container of liquid, as shown in Figure 3.1. The shell of phantom is made of

fiberglass (εr=3.5) and the thickness is around 2 mm [52].

A homogeneous material with relative permittivity and conductivity similar to the

muscle, was used as a human body equivalent liquid (HBEL) [52]. In order to study

the effect of conductivity on the propagation loss, deionized water was also evaluated.

Figure 3.2 shows the measurement results of relative permittivity and conductivity of the
22
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deionized water and HBEL obtained by using the coaxial probe DAK 1.2 provided by

SPEAG [52]. In the measurement, the torso-shaped phantom was filled with deionized

water or HBEL with a temperature of 18°C. It is found that:

a) In the frequency range of 200 MHz to 2 GHz, there is no particularly difference

between the measured value of HBEL and the measured data of human body tissues

provided by S. Gabriel [53, 54].

b) The conductivity of deionized water is lower than that of HBEL in the frequency

range of 200 MHz to 2 GHz.

c) The conductivity at the lower frequency of around 200 MHz is almost zero in the

case of deionized water and is finite values in the case of HBEL.

3.2 Numerical analysis and experiment setup

Figure 3.3 (a) and (b) show the numerical model and the experimental setup, respectively.

A dipole antenna with length l1 was placed inside the torso phantom at the position

indicated as Port 1 (x1, y1, z1), which is chosen as a typical position of the stomach in

the human body. And a dipole antenna with length l2 was placed outside of the torso-

shaped phantom as Port 2. The distance between the antennas was set as to D=74

mm. S-parameters of differential mode Sdd11, Sdd22 and Sdd21 [51] were measured by

using four-port Vector Network Analyzer (Keysight N5224A) in order to compare with

the numerical results in the broadband frequency range. In this study, these differential

mode S-parameters were indicated as S11, S22 and S21. The in-homogeneous real human

body was studied numerically in [55] a homogeneous material with relative permittivity

and conductivity similar to the muscle, was used as a human body equivalent liquid

(HBEL) [56]. To compare with the HBEL, deionized water was also used. In the FDTD

analysis, the number of cells is 202×304×462, the Gaussian differential pulse is used as

an excitation. Subgridding technique was used and the cell sizes are ∆x=∆y=∆z=2 mm

for the human torso-shaped phantom and ∆x=∆y=∆z=1 mm for the antennas. 13-layer

PML was used as an absorbing boundary condition. To simplify the investigation, the

ohmic loss of the antennas were ignored and the material of antennas were considered as

perfect electric conductors.
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Figure 3.4 and Figure 3.5 show the input impedance of the dipole antenna with l1=20

mm placed in the cases of deionized water and the HBEL. An agreement between the

calculated and the measured values was observed from 200 MHz to 2 GHz. In vacuum,

the resonant frequency of the dipole antenna with l1=20 mm was almost 7.5 GHz. In

the deionized water, the half-wavelength (0.5λg) resonance at 710 MHz with resistance

of 8.8 Ω and the wavelength (λg) anti-resonance at 1.3 GHz with resistance of 68.7 Ω

were observed, respectively. In the HBEL, the half-wavelength (0.5 λg) resonance at 913

MHz with resistance of 19.4 Ω and the wavelength (λg) anti-resonance at 1.6 GHz with

resistance of 65 Ω were observed, respectively.

Figure 3.6 shows the theoretical λg and l1/λg by using plane-wave formula.

β = ω
√

µε

√
1

2
[

√
1 + (

σ

ωε
)2 + 1] [rad/m] (3.1)

λg =
2π

β
(3.2)

Considering the wavelength shortening effect, there is an agreement between the

measured value and the theoretical value.

Figure 3.7 (a) and (b) show the reflection coefficient of the inside dipole in deinozed

water and in HBEL.

Figure 3.8 (a) shows the transmission coefficient of the dipole antenna placed in

deionized water to the outside. A good agreement between the calculated and the mea-

sured values was observed. A relatively high transmission level of around -25 dB through

the torso-shaped phantom filled with the deionized water with wide band characteristics

below 1 GHz was observed.

Figure 3.8 (b) shows the transmission coefficient of the dipole antenna placed in

HBEL to the outside. Agreement between the calculated and the measured values was

observed. Because the conductivity of the HBEL was larger than that of the deionized

water, a relatively high transmission level of around -31 dB through the torso-shaped

phantom filled with the HBEL with wide band characteristics at 920 MHz was observed.

The maximum value is -21.4 dB and -28.5 dB at 960 MHz. The transmission coefficients

in both the deionized water and the HBEL decreased in the frequency range above 1 GHz
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because the conductivity of liquid increases with the frequency, as shown in Figure 3.6

(b).

Figure 3.9 show the reflection coefficient of the outside dipole. It is found that

the resonant frequency of outside dipole is 1 GHz and the bandwidth is narrow, this

phenomenon causes the maximum value of |S21| in Figure 3.6. It is considered that it is

important to obtain the propagation loss without the effect of antenna mismatching.

3.3 Definition of transmission factor

Two-port network equivalent circuit is shown in Figure 3.10 [57-59]. Transmitting antenna

is connected to a source with an internal impedance of ZS, while receiving antenna is

loaded with an internal impedance of ZL. PL is the power delivered to the load ZL, Pin

is the input power, Pinc is the incident power, ΓS and ΓL are the reflection coefficients

looking toward the source ZS and the load ZL, respectively, and Γin and Γout are the

reflection coefficients looking toward Port 1 and Port 2. In this equivalent circuit, there

is a relation as
PL

Pinc

=
1 − |ΓS|2

|1 − ΓSΓin|2
|S21|2

1 − |ΓL|2

|1 − S22ΓL|2
. (3.3)

where

ΓS =
ZS − Z0

ZS + Z0

, ΓL =
ZL − Z0

ZL + Z0

(3.4)

Γin = S11 +
S12S21ΓL

1 − S22ΓL

, Γout = S22 +
S12S21ΓS

1 − S11ΓS

. (3.5)

If antennas are perfectly matched to the loads with the complex- conjugate impedances

at both Port 1 and Port 2 as

ΓS = Γ∗
in, ΓL = Γ∗

out (3.6)

or

ZS = Z∗
in, ZL = Z∗

out, (3.7)

, there is no reflection at Port 1, the incident power is equal to the input power

Pin = Pinc (3.8)
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and the transmission factor τ is defined by using S-parameters of the circuit as

τ =
PL

Pinc

∣∣∣∣∣
ZS=Z∗

in,ZL=Z∗
out

=
PL

Pin

=
1

1 − |ΓS|2
|S21|2

1 − |ΓL|2

|1 − S22ΓL|2
.

(3.9)

In the case when ZS=ZL=50 Ω, the transmission factor τ can be written as |S21|2.
The transmission factor τ is the relative, maximum received power which excludes the

mismatch effects of the antennas and includes the cases when ZS and ZL are not equal

to 50 Ω. In this research, the transmission factor τ is used as the propagation loss to

investigate the transmission characteristics of EM-wave through human body.

3.4 Transmission factor through human body: dipole

to dipole

Figure 3.11 (a) and (b) show the transmission factor τ of dipole antenna through a torso-

shaped phantom filled with deionized water or HBEL. In the case of dipole antenna

placed in deionized water, it is observed that the transmission factor τ decreases as the

conductivity increases. In the low frequency range, the conductivity of the deionized

water is almost zero and the transmission factor τ is quite large (almost -15 dB) with

several vibrations caused by the multiple reflections inside a phantom. On the other

hand, in the case of HBEL with higher conductivity compared to the deionized water, a

local maximum with level of -25.3 dB is observed at 675 MHz corresponding to the half-

wavelength resonant frequency (l1=λg/2) of the dipole antenna immersed in HBEL. The

value of τ at 675 MHz is -28 dB which is 2.7 dB larger than the value at 1 GHz. Differences

between experimental values and FDTD results for both in the case of deionized water

and HBEL become larger in the low frequency range, which was caused by the difference

between the simulation phantom and the experiment phantom, the setting accuracy of

the immersed antenna, and the effect of the conducting jig in the experiment. The

transmission factor τ is mainly affected by the geometry of a phantom, distance between

antennas and conductivity of the liquid.
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To study the relationship between the transmission factor τ and the conductivity

of the liquid, an imaginary numerical material with constant permittivity (MCP, εr=49,

σ=0.6 S/m) was supposed to compare with HBEL, as shown in Figure 3.12 (a). Figure

3.12 (b) shows the calculated transmission factor when a dipole antenna is immersed in

MCP and is immersed in HBEL. It was observed that the magnitude of transmission factor

τ replace with a frequency boundary of 850 MHz which is corresponding to the frequency

of conductivity boundary as shown in Figure 3.12 (a). This phenomenon demonstrates

that a higher σ causes a lower τ .

Figure 3.13 shows the calculated transmission factors τ in HBEL when the length

of inside dipole antenna are changed to l1=20 mm, 54 mm, and 140 mm, respectively.

The maximum value of τ increases as the length of antenna increases. These frequency

changes of local maximum are considered as the half-wavelength resonant frequency of

the dipole antenna. However, in practical application, the length of capsule antenna is

limited to 20 mm, and the maximum value of τ is considered around -25 dB to -30 dB

when a capsule antenna is placed in the middle of a human body.

Figure 3.14 shows the calculated transmission factors τ in HBEL when the length of

outside dipole antenna are changed to l2=100 mm, 140 mm, and 180 mm, respectively.

The maximum value of τ is almost unchanged.

3.5 Transmission factor and antenna radiation effi-

ciency

To confirm the local maximum in Figure 3.11 (a), the effect of human torso-shaped phan-

tom on antenna radiation efficiency was studied by using conservation of energy. Here

only the inside antenna was considered. According to the view of conservation of energy,

we can obtain:

Pin = Pr + Pl (3.10)

The definition of the radiation efficiency is:



3.5. Transmission factor and antenna radiation efficiency 32

η =
Pr

Pin

(3.11)

Here, Pin is the power delivered by the sources; Pr is the power radiated to the space; Pl

is the power lost to heat in the volume.

Figure 3.15 shows the analysis model of radiation efficiency simulation, Figure 3.15

(a) shows the dipole l1 without human torso-shaped phantom, while Figure 3.15 (b)

shows the dipole l1 with human torso-shaped phantom. Both these two cases have the

same analysis region and the same numbers of cells. Figure 3.16 shows the simulation

results: in the case of without human torso-shaped phantom, the radiation efficiency are

almost 0 dB in the frequency band; in the case of with human torso-shaped phantom, a

local maximum is appereared in the frequency of 700 MHz.

The same analysis method was used to obtain transmission factor. Both inside and

outside antennas were considred. Figure 3.17 shows the analysis model of transmission

factor simulation, Figure 3.17 (a) shows the dipole to dipole without human torso-shaped

phantom, while Figure 3.17 (b) shows the dipole to dipole with human torso-shaped

phantom (same as Figure 3.3(a)). Both these two cases have the same analysis region.

Figure 3.18 shows the results: in the case of without human torso-shaped phantom,

the transmission factor decreases as frequency increased; in the case of with human torso-

shaped phantom, a local maximum is appereared in the frequency of 700 MHz.

Above all, it is found that the same local maximum frequency band was obtained both

in radiation effeicnecy and transmission factor. From Figure 3.11, Figure 3.14 and Figure

3.16, the reason of local maximum in the case of dipole to dipole is clarified: when the

inside antenna operating at the half-wavelength resonant frequency, the radiated power

to the outside becomes larger, and the local maximum of transmission factor is apperead.
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3.6 Transmission factor through human body: loop

to loop

To compare the results of dipole to dipole, it is necessary to consider a loop to loop

system. In order to compare with the dipole to dipole system, the same electrical length

loop antennas was considered.

The rectangular loop antenna was also studied to compare with the results of dipole

antenna. Figure 3.19 (a) and (b) show the numerical model and experimental setup of a

torso-shaped phantom with a pair of loop antennas. A rectangular, an 1-turn rectangular

loop antenna with loop length of L1=40 mm was immersed in HBEL as inside antenna

(Port 1), and an 1-turn rectangular loop antenna with loop length of L2=280 mm was

placed outside the phantom (Port 2). Figure 3.20 shows the reflection coefficient S11

of inside loop antena immersed in deionized water and in HBEL. Figure 3.21 shows the

input impedance Zin of inside loop antena in deionized water. Figure 3.22 shows the input

impedance Zin of inside loop antena in HBEL. Figure 3.23 shows the reflection coefficient

S22 and impedance of outside loop antena Z22. Figure 3.24 shows the |S21| in the case

of loop antenna immersed in deionized water and HBEL. It is found that the maximum

value was appeared at 1 GHz, the results are similar with the dipole to dipole. Figure

3.25 shows the transmission factor τ in the case of loop antenna immersed in deionized

water and HBEL. It is observed that the curves of loop to loop are different from dipole

to dipole, and it is also found that the transmission factor of loop to loop decreases as

frequency increased from 200 MHz to 500 MHz.



3.6. Transmission factor through human body: loop to loop 34

0 0.5 1 1.5 2

50

100

150

200

λλ λλ g
 [m

m
]

HBEL

Deionized water

Theoretical value,
plane wave formula. 

Frequency [GHz]

(a) λg.

0 0.5 1 1.5 2

0.5

1

1.5

2

l 1
// // λλ λλ

g

HBEL

Deionized water

Frequency [GHz]

Theoretical value,
plane wave formula. 

(b) l1/λg.

Figure 3.6: Calculated λg and l1/λg by using plane wave formula.



3.6. Transmission factor through human body: loop to loop 35

|S
11

| [
dB

]

FDTD
Exp.

Dipole, l1=20 mm 
Deionized water

Frequency [GHz]
0 0.5 1 1.5 2-30

-20

-10

0

(a) Deionzied water.

|S
11

| [
dB

]

FDTD
Exp.

Dipole, l1=20 mm 
HBEL

Frequency [GHz]
0 0.5 1 1.5 2-30

-20

-10

0

(b) HBEL.

Figure 3.7: Reflection coefficient |S11|.



3.6. Transmission factor through human body: loop to loop 36

0 0.5 1 1.5 2
-60

-50

-40

-30

-20

-10

0

|S
21

| [
dB

]

FDTD
Exp.

Dipole, Deionized water
l1=20 mm, l2=140 mm

Frequency [GHz]

(a) Deionzied water.

0 0.5 1 1.5 2
-60

-50

-40

-30

-20

-10

0

|S
21

| [
dB

]

FDTD
Exp.

Dipole, HBEL
l1=20 mm, l2=140 mm

Frequency [GHz]

(b) HBEL.

Figure 3.8: |S21| from inside dipole through torso-shaped phantom to the outside dipole.
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Figure 3.11: Transmission factor of dipole to dipole through torso-shaped phantom.
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Figure 3.12: Transmission factor of inside dipole immersed in different liquids.
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Figure 3.15: Analysis model of radiation efficiency simulation.
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Figure 3.22: Input impedance of loop antena immersed in HBEL.
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3.7 Conclusion

In this chapter, EM-wave propagation through a human body phantom was studied in

the frequency range 200 MHz to 2 GHz. The transmission characteristics of a dipole and

a loop immersed in the torso-shaped phantom filled with deionized water or human body

equivalent liquid were investigated by the FDTD analysis and the measurements.

The transmission factor τ was used to evaluate the path loss through the human

body phantom. It is found that the transmission factor τ decreases as the conductivity

increases in the case of dipole antenna placed in deionized water. On the other hand, there

is a local maximum in the transmission factor τ at a frequency in the case of HBEL. The

local maximum is caused by the half-wavelength resonant frequency of inside antenna.

It is important to choose operating frequency in capsule antenna design. From this

chapter, it is found that in high frequency range media loss is large, while in low frequency

range antenna efficiency is low. Operating frequency of wireless capsule endoscope system

can be decided by using transmission factor. However, if operating frequency was decided,

size of dipole antenna can be changed in order to decrease the propagation loss.
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Figure 3.24: |S21| from inside loop through torso-shaped phantom to the outside loop.
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Figure 3.25: Transmission factor of loop to loop through torso-shaped phantom.



Chapter 4

Propagation loss through

in-homogenous human body

phantom

As an addition to Chapter 3, Propagation loss of microwave through in-homogenous

human body phantom is investigated by numerical analysis. The in-homogenous human

body phantom is introduced in Section 4.1. The numerical analysis model is shown in

Section 4.2. Some analysis results and observations are performed in Section 4.3. Finally,

conclusions are given in Section 4.4.

4.1 Introduction

In previous chapter, propagation loss through homogenous human body models was stud-

ied. When a capsule endoscope passes through various organs of the digestive system,

the surrounding environment of the dipole changes and the absorption of EM waves will

be changed. In human body organs with different dielectric permittivity, the size of the

dipole compared with the wavelength of the operating frequency changes from moment to

moment, this phenomenon cannot be obtained with homogenous human body phantom,

so it is important to consider the in-homogenous human body phantom. The digestive
53
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system in in-homogenous human body phantom was considered in this chapter, which

is composed of the esophagus, the stomach, the small intestine and the large intestine.

Until now, few researches focus on the received power from a dipole placed in different

parts of the digestive system. In this chapter, transmission factor used in Chapter 3 was

also studied as an indicator of propagation loss and was evaluate from different organs of

a digestive system.

4.2 Analysis model

The FDTD analysis model of a human body “Duke” developed by SPEAG was used

which is constructed by using MRI images. It includes 76 kinds of organs and the relative

permittivity and conductivity of each organs provided by ITIS [60] were used. Figure 4.1

shows the comparison of homogenous human body phantom and in-homogenous human

body phantom.

(1) Esophagus

(3) Large intestine

y
z

O

x

(2) Stomach

(4) Small intestine

z

O
y

x

Homogenous phantom: Torso In-homogenous phantom: Duke

Figure 4.1: Homogenous phantom and in-homogenous phantom.

Figure 4.2 shows the analysis model of in-homogenous human body phantom. The
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torso part of a human body was used in the FDTD analysis. Lumina of digestive system

were filled with deionized water. The cross section of an analysis model in xy-plane was

shown in Figure 4.2. The origin of coordinates was placed at the top of the head. The

inside dipole with a length of l1=20 mm was placed at (x1, y1, z1) in the digestive system

of a human body and a outside dipole with a length of l2=140 mm was placed at (x2, y2,

z2) outside of a human body. The position of inside dipole changes along the digestive

system as z=-470, -540 and -610 mm which corresponds to the cases when the inside dipole

was placed the esophagus, the stomach, the small intestine and the large intestine. The

FDTD method with considering the dispersive effect of complex dielectric permittivity

was used for numerical analysis. The fitting data (Debye or generic dispersive)of all 76

kinds of human body tissues are shown in Table 4.1.

ϵr = ϵ∞ +
ϵs − ϵ∞
1 + jωt0

(4.1)
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ϵr = ϵ∞ − j
σ

ωϵ0

+
P∑

p=1

Ap

Bpω2 + Cpjω + Dp

(4.2)

ϵ0 is the vaccum permittivity; σ is the conductivity; ϵ∞ is the permittivity for ω → ∞; ϵs

denotes the relative static (ω → ∞) permittivity; P is the number of poles; Ap, Bp, Cp,

Dp represent the coefficients for thr Generic dispersive model.

An example of the conductivity distribution in the xz-plane is shown in Figure 4.2.

The color indicates the magnitude of conductivity at 1 GHz.

4.3 Numerical analysis and observations

When inside dipole passes through the esophagus, the polarization of the inside dipole

is vertically placed because the structure of the esophagus is narrow. Both inside dipole

and outside dipole were selected as z-direction. The position of inside dipole is (x1, y1,

z1)=(20, 0, -470) in the esophagus and two cases of the position of outside dipole placed

in front of body (x2, y2, z2)=(112, 0, -470) and at the back of body (x2, y2, z2)=(-116, 0,

-470), were simulated respectively. The transmission factors are shown in Figure 4.3.

As shown in Figure 4.3(a), in the case of homogenous phantom, the transmission

factors are almost same in the condition that the distances are almost same. The local

maximum of τ is observed at 500 MHz corresponding to the half-wavelength resonant

frequency of inside dipole, while τ decreases as the frequency increases as the conductivity

of HBEL increases.

As shown in Figure 4.3(b), in the case of in-homogenous phantom, it is observed that

the conductivity of the heart is larger than the other organs. It is also observed that

higher τ is obtained in the case when the outside dipole is placed at the back of a human

body compared to the case when the outside dipole is placed in front of a human body.

The reason is the strong reflection caused by high conductivity of the heart.

Figure 4.4 show the E-field distribution and the radiation pattern when the inside

dipole is placed in the esophagus at 500 MHz. From Figure 4.3 we can find electric field in

front of body is weaker than back of body because the conductivity of heart is relatively

high.
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Table 4.1: Generic dispersive fitting data

Name εεεε � σσσσ Ap1 Bp1 Cp1 Ap2 Bp2 Cp2 Ap3 Bp3 Cp3 Ap4 Bp4 Cp4

Adrenal_gland 54.6161 1.58121 -1.87E+19 3.86E+08 2.07E+17 -5.50E+19 8.65E+09 2.48E+20 -1.63E+21 1.61E+10 5.93E+17 1.03E+18 1.11E+08 1.28E+18

Artery 15.7355 33.8674 4.00E+19 8.56E+09 1.58E+19 -3.14E+20 8.87E+09 3.87E+12 -3.09E+23 8.48E+10 2.99E+15 -7.28E+18 4.27E+08 1.05E+14

Bladder 10.2257 3.8489 -1.20E+19 2.32E+09 1.38E+12 -1.84E+22 4.64E+10 4.05E+12 0 0 0 0 0 0

Blood_vessel 24.7108 6.45368 1.64E+21 1.15E+06 9.48E+20 -1.83E+19 1.10E+09 7.44E+14 -2.44E+22 3.67E+10 1.62E+13 0 0 0

Bone 7.38404 5.57099 -1.91E+21 1.19E+09 2.32E+16 -3.36E+19 1.08E+08 1.78E+13 -2.95E+22 5.08E+10 9.96E+15 -1.99E+20 9.15E+09 3.57E+17

Bronchi 21.0821 9.56926 3.86E+20 3.45E+10 9.15E+19 -3.11E+18 1.08E+06 1.39E+16 -5.03E+22 4.94E+10 6.21E+13 0 0 0

Cartilage 18.5999 8.28093 -3.20E+22 3.71E+10 8.86E+15 -5.07E+19 3.06E+09 3.45E+16 -4.03E+18 3.07E+06 3.28E+15 0 0 0

Cornea 34.7595 6.87507 2.29E+19 1.65E+09 2.31E+13 -2.11E+22 3.00E+10 1.42E+14 1.21E+21 2.20E+10 1.86E+19 2.59E+19 4.33E+09 3.65E+19

Diaphragm 18.853 26.2669 -2.37E+23 8.28E+10 2.72E+15 -1.11E+20 6.69E+09 6.02E+12 -2.13E+15 3.84E+05 1.79E+18 -1.07E+19 8.94E+08 3.34E+14

Epididymis 30.7815 1.18363 2.91E+23 1.89E+11 1.05E+22 -1.43E+20 6.34E+09 2.02E+12 -1.24E+19 7.56E+08 1.08E+17 0 0 0

Esophagus 28.6486 19.8349 -4.85E+19 3.20E+09 2.15E+15 -4.11E+18 5.81E+05 1.24E+12 8.15E+15 7.19E+06 2.14E+18 -1.27E+23 5.98E+10 1.10E+13

Fat 7.51093 0.87107 -9.76E+17 4.09E+08 1.70E+15 -2.72E+21 3.07E+10 8.39E+16 -7.89E+18 4.68E+09 1.57E+13 1.35E+21 1.65E+10 1.58E+21

Gallbladder 31.501 13.154 -7.41E+22 5.45E+10 1.61E+13 -1.47E+19 8.35E+08 6.66E+15 -1.97E+18 4.46E+05 3.99E+17 2.97E+21 6.97E+09 1.22E+21

Heart_lumen 29.4936 15.5087 -8.21E+22 5.10E+10 8.07E+13 -4.54E+18 3.03E+05 1.86E+15 3.82E+20 2.89E+10 7.46E+19 0 0 0

Heart_muscle 27.2155 4.87444 -7.26E+19 2.17E+09 1.07E+13 -1.02E+22 2.36E+10 6.02E+13 -8.18E+18 3.69E+07 8.76E+15 2.88E+22 4.81E+09 2.24E+21

Interverteb_disc 33.0626 2.70763 -1.12E+18 2.00E+05 4.10E+13 -2.11E+22 1.18E+10 7.29E+13 -1.41E+18 3.32E+07 9.57E+17 3.04E+22 9.93E+09 2.55E+12

Kidney_cortex 33.011 8.26318 -1.36E+19 1.24E+06 5.70E+17 -2.72E+22 3.46E+10 1.91E+18 -1.32E+20 2.60E+09 2.27E+12 -3.33E+19 9.76E+06 4.13E+13

Kidney_medulla 33.0397 8.14429 -2.64E+22 3.40E+10 2.10E+15 -1.03E+19 529870 5.00E+16 -1.22E+20 2.59E+09 4.09E+13 0 0 0

Large_intestine 29.2108 6.62518 7.53E+20 1.10E+10 7.96E+15 1.20E+22 7.61E+07 1.85E+21 -2.00E+22 2.90E+10 1.88E+16 -1.32E+19 3.36E+08 1.74E+12

Larynx 20.8889 6.79903 -2.26E+22 3.24E+10 3.80E+13 -3.69E+19 2.18E+09 4.14E+16 0 0 0 0 0 0

Liver 16.1719 16.8217 -1.18E+23 6.53E+10 4.16E+13 5.91E+16 7.47E+07 1.49E+18 -1.78E+20 5.97E+09 7.82E+15 -2.36E+19 9.51E+08 2.20E+13

Lung 12.3601 3.82719 -6.14E+16 9.27E+07 1.59E+20 -1.65E+22 4.29E+10 3.00E+14 -3.26E+19 2.89E+09 8.78E+15 9.98E+20 238569 2.77E+13

Marrow_red 6.33466 1.50634 -4.51E+21 3.03E+10 2.32E+12 -7.86E+18 2.28E+09 6.56E+13 0 0 0 0 0 0

Medulla_oblongata 22.6185 10.0428 -4.67E+22 4.72E+10 2.35E+17 3.55E+21 2.09E+09 1.70E+21 -1.26E+19 6.92E+06 9.36E+16 -3.92E+19 1.39E+09 2.43E+14

Meniscus 18.5895 8.28619 2.98E+16 2.92E+07 5.66E+19 -3.20E+22 3.71E+10 2.12E+13 -3.91E+18 4.86E+06 2.40E+16 4.55E+17 5.88E+08 6.90E+19

Mucosa 60.9409 2.59266 8.18E+22 3.76E+09 1.67E+21 -4.94E+16 2.97E+07 7.78E+19 -1.50E+23 1.82E+06 2.33E+21 -1.70E+19 1.38E+09 2.94E+13

Muscle 29.3341 12.7152 -2.25E+19 4.36E+07 1.24E+14 -3.70E+19 2.90E+09 9.75E+14 -7.17E+22 5.35E+10 1.44E+18 -1.48E+19 4.16E+06 2.28E+17

Nerve 18.7215 5.12158 -7.12E+19 2.13E+07 6.64E+16 6.76E+19 1.09E+07 2.51E+14 -2.12E+22 4.08E+10 6.52E+15 -5.19E+19 3.02E+09 1.75E+17

Pancreas 40.3556 0.91562 6.40E+22 9.59E+10 3.41E+21 -3.79E+19 2.85E+09 2.69E+15 0 0 0 0 0 0

Patella 7.38404 5.57099 -1.91E+21 1.19E+09 2.32E+16 -3.36E+19 1.08E+08 1.78E+13 -2.95E+22 5.08E+10 9.96E+15 -1.99E+20 9.15E+09 3.57E+17

Prostate 27.8966 16.89 -5.25E+18 6.23E+07 5.04E+13 -1.01E+23 5.66E+10 7.69E+15 -5.30E+19 3.08E+09 8.53E+13 0 0 0

SAT 5.13539 3.94833 -8.73E+19 1.21E+10 1.16E+16 -5.39E+17 6.76E+06 1.68E+17 -8.59E+17 8.18E+06 7.96E+15 -3.26E+22 7.58E+10 1.67E+17

Skin 25.4051 5.15318 2.55E+21 1.56E+10 1.91E+13 4.71E+20 1.91E+10 7.84E+19 -1.40E+20 1.69E+08 9.68E+14 -1.89E+22 2.80E+10 2.32E+12

Small_intestine 36.6625 6.59178 -1.36E+22 2.61E+10 1.87E+18 -5.59E+19 5.33E+06 6.60E+14 6.63E+19 6.48E+08 1.73E+13 -1.18E+20 1.21E+09 8.86E+12

Spinal_cord 10.3566 14.9617 -4.85E+18 5.24E+06 7.59E+14 -1.63E+20 8.04E+09 7.44E+17 -1.32E+23 8.16E+10 1.16E+16 -2.22E+19 1.64E+09 2.98E+12

Spleen 32.6756 7.61242 -2.52E+22 3.47E+10 1.18E+12 1.20E+19 1.93E+06 1.43E+15 7.32E+20 1.82E+09 6.54E+20 -1.06E+20 3.36E+09 2.60E+15

Stomach 30.4541 18.0526 -1.34E+16 3.22E+07 2.11E+19 -5.20E+19 3.27E+09 3.48E+14 -1.09E+23 5.69E+10 1.92E+12 -1.75E+18 5.75E+06 1.05E+18

Tendon_Ligame 12.6737 17.4215 -4.72E+18 5.31E+08 1.66E+17 -8.02E+19 6.41E+09 2.38E+13 -1.12E+23 5.88E+10 7.40E+14 -3.92E+18 3.16E+09 3.36E+20

Thymus 48.1418 1.43796 -4.14E+19 4.33E+09 2.53E+14 -1.66E+18 2.73E+08 1.29E+14 -1.87E+21 2.36E+10 1.28E+17 0 0 0

Trachea 21.1305 9.66304 -1.02E+19 1.15E+07 3.85E+17 -4.38E+19 3.14E+09 1.53E+17 -5.12E+22 5.05E+10 4.33E+17 0 0 0

Ureter_Urethra 22.386 8.15215 2.32E+21 2.75E+06 1.21E+21 -3.67E+22 4.30E+10 1.72E+15 -2.47E+19 2.20E+09 2.05E+14 -4.60E+18 263679 2.16E+15

Vein 15.7355 33.8674 4.00E+19 8.56E+09 1.58E+19 -3.14E+20 8.87E+09 3.87E+12 -3.09E+23 8.48E+10 2.99E+15 -7.28E+18 4.27E+08 1.05E+14

Vertebrae 4.64206 3.67118 -4.92E+18 2.14E+09 3.61E+17 -1.02E+18 3.29E+07 4.64E+12 -2.27E+22 5.80E+10 5.91E+12 -1.44E+20 1.09E+10 2.89E+13

When the inside dipole moves in the stomach, the dipole will rotate and it is necessary

to consider the x, y and z direction polarization of the inside dipole. An example of τ

when the inside dipole is placed in the stomach is shown in Figure 4.5. The polarization
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Figure 4.3: Transmission factor (inside dipole is placed in esophagus).
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values of the inside dipole in x, y and z directions were calculated at (x1, y1, z1)=(0, 65,

-540), while the polarization values of the outside dipole were settled in the z-direction at

(x2, y2, z2)=(112, 65, -540). It is observed that a relatively higher τ was obtained when

the inside dipole and the outside dipole have the same polarization.
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Figure 4.5: Transmission factor (inside dipole is placed in stomach).

When the inside dipole is placed into the small intestine, because the small intestine

is very long and coiled in a large area in the middle of the abdomen irregularly, a set of

outside dipoles should be considered. For example, under the condition that the inside

dipole was placed at (x1, y1, z1)=(20, 65, -610) in z direction polarization, three outside

dipoles were placed in front of the body with the same coordinate in z direction and a

distance of 40 mm in y direction. Figure 4.6 shows the results: compared to the case of

minimum distance Out.1, there is no obvious decrease in the case of Out. 2 (at a distance

of 40 mm from Out.1): in the case of Out. 2 the value is a little larger than the value of

Out.1 in a frequency range of 500 MHz to 1 GHz, which is caused by the high conductivity

of the small intestine. However, with a distance of 80 mm, the difference is larger than

10 dB, so another outside dipole is necessary to ensure a high value of the transmission

factor. The numbers and positions of the outside dipoles used for the small intestine can

be determined.

The large intestine surrounds the small intestine. Most of the large intestine is located

at the sides of the human body, so it is considered that locating the outside dipole at the

sides can obtain a small distance and a high transmission factor. For example, under the
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Figure 4.6: Transmission factor (inside dipole is placed in small intestine).

condition that the inside dipole was placed at (x1, y1, z1)=(15, 110, -610), as shown in

Figure 4.7, when the outside dipole was placed in the left or right side of the human body,

the τ is 10-15 dB higher than that when the outside dipole was placed at the front of the

body.

Table 4.2 shows the typical positions of digestive system the transmission factor in

these positions. The positions of inside dipole in digestive system and the distance are

performed, it is found that comparing to the esophagus and the stomach, in the case of

small and large intestine relatively large value of transmission factor can be obtained for

the reason that the distance is short.

4.4 Conclusion

In this chapter, the transmission factor from a dipole placed in a digestive system of a

human body to the outside was investigated using the FDTD analysis. The effect of

human body organs on the propagation loss was investigated and the different results



4.4. Conclusion 62

0 0.5 1 1.5 2
-60

-50

-40

-30

-20

-10

0

Frequency [GHz]

Out.2

In.     (15, 110, -610) , Z-pol., l =   20 mm
Out.1 (92, 110, -610) , Z-pol., l = 140 mm
Out.2 (15, 154, -610) , Z-pol., l = 140 mm

Out.1

z=-610 mm

In. Out.1.

Out.2.

T
ra

ns
m

is
si

on
 fa

ct
or

 ττ ττ
[d

B
]

3

0
[S/m]

xz

y

Figure 4.7: Transmission factor (inside dipole is placed in large intestine).

between the homogenous and in-homogenous phantoms were performed and discussed.

It was found that the peak values of the transmission factor were observed in the

frequency range of 400-600 MHz for different organs of the digestive system when the

inside dipole and outside dipole have the same polarization. The comparison between

homogenous phantom and in-homogenous phantom was shown in Table 4.2.

Compared with homogenous phantom, some different results were obtained in in-

homogenous human body phantom. High conductivity organ (such as the heart) reflects

EM-wave. It is necessary to consider optimal position of dipole outside body in order to

obtain a low propagation loss. In wireless capsule endoscope system, select the optimal

position and polarization of outside antenna can decrease the propagation loss through

human body.
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Table 4.2: Typical positions and transmission factors of digestive system.
Typical positions of digestive system

Position 
No.

Name of tissues
In. (x, y, z)

[mm]
Out. (x, y, z)

[mm]
Distance 
d [mm]

1 Esophagus 1 (-15,0,-400) (-116,0,-400) 101

2 Esophagus 2 (-20,0,-470) (-116,0,-470) 96

3 Stomach 1 (0,65,-540) (112,65,-540) 112

4 Stomach 2 (62,0,-610) (112,0,-610) 50

5 Small intestine 1 (20,65,-610) (112,65,-610) 92

6 Small intestine 2 (60,0,-720) (112,0,-720) 52

7 Small intestine 3 (50,65,-700) (112,65,-700) 62

8 Large intestine 1 (6,-80,-720) (6,-156,-720) 76

9 Large intestine 2 (26,-40,-650) (26,-156,-650) 116

10 Large intestine 3 (15,110,-610) (15,154,-610) 44

11 Large intestine 4 (-12,106,-700) (-12,156,-700) 50

Position  1
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Table 4.3: Comparison between homogenous phantom and in-homogenous phantom.

Phantom Advantage Disadvantage

Homogenous
Easy to experiment

Cannot show effects of
organs and positions

In-homogenous
Can show effects of organs
and positions

Hard to experiment



Chapter 5

Capsule antenna design

In this chapter, a capsule dipole to dipole system and a capsule loop to loop system are

compared in section 5.1. The results of capsule position offset are performed in section 5.2.

The position of antenna and capsule is discussed in section 5.3. An inner-layer capsule

dipole antenna is proposed in section 5.4. Finally, conclusions are given in Section 5.5.

5.1 Comparison between capsule dipole and capsule

loop system

In this chapter, an example of capsule antenna design by using the transmission factor

τ is presented. The antennas were enclosed by the rectangular column capsule as shown

in Figure 5.1. Generally, the capsule has chamfered shape. Under the condition that the

antenna is placed inside the capsule, the effect of the shape of the capsule can be ignored.

The results of the chamfered shape capsule were proposed previously [56], and the results

are the same with the rectangular shaped capsule. In this section, the rectangular shaped

capsule was used because it is simple and easy to make voxels in the FDTD analysis.

Dimension of the rectangular column capsules are with length of 30 mm and width of 10

mm. To simplify the investigation, relative permittivity of capsule is set as the air (ϵr=1).

In the case of capsule dipole to dipole system, the antennas and the phantom are

65
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with the same structure as shown in Chapter 3, except for the presence of a rectangular

column capsule. A dipole antenna with a length of l2=140 mm was placed outside the

phantom. A capsule dipole antenna with a length of l1=20 mm was placed in the phantom

as shown in Figure 5.1 (a).

In the case of capsule loop to loop system, the antennas and the phantom are with

the same structure as shown in Chapter 3, except for the presence of a rectangular column

capsule. A rectangular loop antenna with a loop length of L2=280 mm was placed outside

the phantom. A rectangular capsule loop antenna with a loop length of L1=32 mm was

placed in the phantom as shown in Figure 5.1 (b). The analysis models were shown in

Figure 5.2. The dipole and loop antenna have the same electrical length.

Figure 5.3 shows the transmission factor τ and Figure 5.4 shows the relative received

power of capsule dipole antenna and capsule loop antenna through torso-shaped phan-

tom, respectively. In the case of capsule dipole antenna, it has been found that there

is a local maximum of the transmission factor τ at a frequency, which is also observed

in the case without the capsule enclosure. As an example of the internal impedances,

ZS=4.91+j2248.6 Ω and ZL=18.6+j467.2 Ω can be selected and it can be used as the

external matching circuits. It is noted that large value of τ =-21.6 dB at 490 MHz is ob-

served which is 3.7 dB larger than the case without capsule at 695 MHz. This increment

of the transmission factor τ is considered that the feeding point of dipole antenna is not

contact to the lossy liquid by the presence of a capsule enclosure.

In the case of capsule loop antenna, the transmission factor τ is quite large especially

in the low frequency range. Under the conditions ZS=0.03-j19 Ω and ZL=14.9-j370 Ω,

a large value of τ=-14.7 dB has been obtained at the lowest frequency of 200 MHz. This

will be caused by the strong magnetic-coupling between two loop antennas in the near-

field region, while this phenomenon was not appeared between two dipole antennas. In

our previous research, the power-transmission efficiency could approach very high if the

loop was small and the distance between antennas was short enough in the air [51]. In

capsule antenna applications, because in a conductive medium the average magnetic field

energy density is larger than the average electric field energy density, a magnetic type

antenna such as a capsule loop antenna, having a smaller electric field than an electric

type antenna in the near-field region in the low frequency region, is preferred to obtain a

large relative received power. In the case of capsule dipole antenna, a local maximum of
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Figure 5.1: Geometry of capsule antennas.

transmission factor is observed at frequency domain. In the case of capsule loop antenna,

the transmission factor decreases as frequency increases monotonously. The transmission

factor of capsule loop antenna is larger than that of the capsule dipole antenna in the low

frequency region, while the performances of both two systems are almost the same in the

high frequency region.
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5.2 Study on the capsule antenna offset

To confirm the phenomena in Figure 5.3, it is important to consider the transmission

factors through torso-shaped phantom under the condition that the capsule antenna and

the outside antenna are located in an offset position.

Figure 5.5 shows the analysis model transmission factors when the position of capsule

antenna is offset from the outside antenna in the -z direction with the offset value ∆z,

and Figure 5.6 shows the transmission factors as a function of frequency. In the case of

dipole to dipole, the null of transmission factor appeared: ∆z=50 mm at 1.5 GHz; ∆z=90

mm at 700 MHz and 1.4 GHz. In the case of loop to loop, ∆z=90 mm the transmission

factor decreases seriously at 800 MHz.

Figure 5.7 shows the transmission factors as a function of the offset value ∆z. Two

frequencies of 80 MHz and 402 MHz were observed as lower and higher frequency. The

transmission factor decreases as ∆z increases in a broadband frequency range. In the case

of 80 MHz, it is found that the transmission factor of the loop to loop is larger than that

of the dipole to dipole, while the transmission factor is reduced in the range of ∆z=30

mm to ∆z=90 mm. In the case of 402 MHz, the transmission factor of the dipole to

dipole is almost the same as that of the loop to loop and the results in Figure 5.7 are

confirmed.

5.3 Study on the position of antenna

In this section, the positions of the dipole antenna and the capsule are considered. Ge-

ometries of two kinds capsule antennas are investigated as shown in Figure 5.8: (a) the

dipole antenna is placed inside the capsule with a distance d=4 mm to the center axis,

the antenna is isolated from the human body liquids so it can be called “Isolated type

antenna”; (b) the dipole antenna is placed on the interface of the capsule with a distance

d=5 mm to the center axis, the antenna is surface touched to the human body liquids so

it can be called “Surface type antenna”.

Figure 5.9 shows the reflection coefficient of capsule dipole antennas in the cases of

isolated type (d=4 mm) and surface type (d=5 mm) capsule antennas. It is found that in
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the case of isolated type antenna (d=4 mm), the reflection coefficient is very large in the

frequency range of 200 MHz to 2 GHz, the |S11| is almost 0 dB. However, in the case of

surface type antenna (d=5 mm), the reflection coefficient is relatively small from 1 GHz

to 2 GHz.

Figure 5.10 shows the input impedance of capsule dipole antennas in the cases of

isolated type (d=4 mm) and surface type (d=5 mm) capsule antennas. In the case of

isolated type antenna (d=4 mm), the dipole antenna with a length of 20 mm is an electric

small antenna (comparing to the wavelength) in the simulation frequency range. Resis-

tance is quite small (Rin<20 Ω), while reactance is capacitive (Xin<0). In the case of

surface type antenna (d=5 mm), resistance becomes large as compared to the separated

type antenna capsule antenna. Also, it is observed that the reactance is 0 at 1.2 GHz and

2.1 GHz. The wavelength in dielectric liquid becomes small. Assuming that the effective

dielectric permittivity of λg= (ϵr+1)/2 when the dipole is implemented on the surface of

the capsule, the effective wavelength λg at 1.2 GHz becomes 50 mm when ϵr=49, which

is closer to the twice of the length of dipole l1=20 mm.

Figure 5.11 shows the |S21| from capsule antenna through torso-shaped phantom to

the outside antenna. In the case of surface type antenna (d=5 mm), high transmission

coefficient of -28.9 dB at 1 GHz was obtained. On the other hand, the maximum value in

the case of isolated type antenna (d=4 mm) is -57.4 dB, the value is small comparing to the

case of surface type antenna. These results show that large value of transmission coefficient

is obtained when the dipole antenna is implemented on the surface of the capsule, and

it is considered that the effective electric length increases with the presence of liquid.

The half-wavelength resonant frequency of the receiving antenna at Port 2 is 1 GHz; the

local maximum of |S21| in the frequency domain can be changed to other frequencies by

changing the operating frequency of the receiving antenna. Also, it is observed that the

transmission coefficient were almost the same between the case of without the capsule

(Chapter 3) and on the surface of the capsule (Figure 5.8, surface type antenna (d=5

mm)), and it is considered that a dipole antenna implemented on the surface of the

capsule has almost the same transmission characteristics as the case of dipole antenna

immersed in the HBEL without the capsule.

Figure 5.12 shows the transmission factor from capsule antenna through torso-shaped

phantom to the outside antenna. It is found that there is a local maximum in the fre-
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quency domain. Because the conductivity loss becomes large when the dipole antenna

was touched to the liquid, the value of τ in the case of surface type antenna (d=5 mm)

is smaller than that in the cases of isolated type antenna (d=4 mm). In the case of iso-

lated type antenna (d=4 mm), under the conditions ZS=3.02+j2467.22 Ω and ZL=18.62-

j467.14 Ω a large value of τ=-20.0 dB is obtained at 500 MHz. Briefly summarize, in

the case of dipole antenna implemented inside the capsule (surface type antenna), the

value of transmission factor is large while the impedance matching condition is not good,

additional matching circuits are necessary. In the case of dipole antenna implemented on

the surface of the capsule (isolated type antenna), the impedance matching condition is

good while the value of transmission factor is small. The relative permittivity of material

surrounding the antenna affects the matching condition and the conductivity of material

surrounding the antenna affects the transmission factor.

5.4 Inner-layer capsule dipole antenna

To obtain a capsule antenna has both the good impedance matching performance such

as surface type antenna (d=5 mm), also has the small conductivity loss (high τ ) such

as isolated type antenna (d=4 mm), an inner-layer capsule dipole antenna (ICDA) is

proposed as shown in Figure 5.13. Dimension of the rectangular column capsules are

with length of 30 mm and width of 10 mm. The relative permittivity of capsule is set

as the air (εr=1). An inner-layer with thickness of 2 mm was made inside the capsule.

The dipole antenna was placed at the same position as that in the case of isolated type

antenna (d=4 mm). Deionized water was used to fill the inner-layer for the reason that

its relative permittivity is large and conductivity is small as compared to the HBEL.

Figure 5.14 shows the results of |S21| (matching to 50 Ω) from the proposed ICDA

through torso-shaped phantom to the outside antenna. Figure 5.14(a) shows the results

when the outside antenna with length of l2=140 mm (operating frequency: 1GHz): in the

case of ICDA, a relatively high value of |S21|=-26.6 dB was obtained; while in the case

of isolated type antenna (d=4 mm), the maximum value is -53.8 dB at 980 MHz. Figure

5.14(b) shows the results when the outside antenna with length of l2=280 mm (operating

frequency: 500 MHz): in the case of ICDA, a relatively high value of |S21|=-30.4 dB was

obtained; while in the case of separated type antenna (d=4 mm), the maximum value
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is -61.6 dB at 500 MHz. Comparing to the case of without inner-layer (isolated type

antenna), the impedance matching condition becomes better and large value of |S21| is

obtained.

Figure 5.15 shows the results of transmission factor τ from the proposed ICDA

through torso-shaped phantom to the outside antenna. Comparing to the isolated type

antenna (d=4 mm) and surface type antenna (d=5 mm), the transmission factor τ of

ICDA has the most high value, especially around 500 MHz. The high conductivity loss

of HBEL has been eliminated.

Figure 5.16 shows the results of the relative received power at the outside antenna. In

the case of isolated type antenna (d=4 mm), under the conditions ZS=10.2+j2306 Ω and

ZL=18.9+j480 Ω, a large received power of -24.7 dBm is obtained at 500 MHz and the

3dB bandwidth is 28 MHz. In the case of proposed ICDA, under the conditions ZS=50

Ω and ZL=50 Ω, an acceptable power of -30.4 dBm is obtained at 500 MHz and a wide

3dB bandwidth 90 MHz is obtained. Above all, the proposed ICDA has an acceptable

impedance matching performance to 50 Ω in the frequency range of 500 MHz to 1GHz.

5.5 Conclusion

In this chapter, capsule antenna design was investigated. EM-wave propagation charac-

teristics of capsule dipole to dipole system and capsule loop to loop system were performed

and compared in the frequency range 200 MHz to 3 GHz. In the case of capsule dipole

to dipole system, it is observed that there is a local maximum in the transmission factor

at 490 MHz. In the case of capsule loop to loop system, the value of transmission factor

is large in low frequency range: under the conditions ZS=0.03-j19 Ω ZL=14.9-j370 Ω a

large value of τ=-14.7 dB has been obtained at the lowest frequency of 200 MHz. The

position of antenna and capsule was discussed. In the case of the antenna is separated

from the human body liquids “Isolated type antenna”, the conductivity loss is small while

the impedance matching is bad in the frequency range of 200 MHz- 2 GHz. In the case of

the antenna is touched to the human body liquids “Surface type antenna”, the impedance

matching is good in the frequency range of 1 GHz-2 GHz, while the conductivity loss is

large. In practical applications, if the size of a capsule is strictly limited, the antenna can

be implemented on the surface of the capsule to save space, and matching circuits are not
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required. Otherwise, if high transmission factor is required, antenna implemented inside

the capsule with matching circuits is preferred: for dipole antennas the local maximum

of transmission factor in the frequency domain should be used, while for loop antennas,

the large value of transmission factor in low frequency should be used. An inner-layer

capsule dipole antenna (ICDA) was proposed, it has both good impedance matching per-

formance 50 Ω and the small conductive loss in the frequency range of 500 MHz to 1GHz.

Although conical models of the antennas were used in the numerical analysis models,

these results and observations are general and fundamental. They can provide theoretical

insight on how to design capsule antennas by using transmission factor. In practice, the

antenna geometry can be designed to be very complex and the results in this study are

still applicable.
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Figure 5.2: Analysis model of capsule antenna systems.
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Chapter 6

Conclusions

In this dissertation, to study a methodology to develop a wireless capsule for medical diag-

nostics with high transmission efficiency，the propagation loss of EM-wave pass through

human body has been investigated by using numerical Finite Difference Time Domain

(FDTD) method and experimental differential-mode S-parameter method. The disserta-

tion is basically subdivided into two main themes. One is “Propagation loss of EM-wave

through human body (Chapter 3, Chapter 4)”. The other is “Capsule antenna design

(Chapter 5)”. In Chapter 3, a pair of dipole and a pair of loop antennas were placed

inside and outside a torso-shaped phantom used, respectively, and the propagation loss

excluding impedance-mismatching loss was evaluated by both the numerical and the ex-

perimental method to select the suitable antenna type. The transmission factor is the rel-

ative maximum received power under the condition that the complex-conjugate matching

conditions are satisfied at both transmitting and receiving ports. Investigate propagation

loss when capsule is inside some organs in Chapter 4，the propagation loss from a dipole

antenna placed in a digestive system of a human body to the outside was investigated by

using the FDTD analysis. In chapter 5, capsule antenna design was investigated.

Firstly, the numerical FDTD method and experiment differential-mode S-parameter

method were presented in Chapter 2. In this chapter, numerical analysis and measurement

of a dipole antenna placed inside deionized water to the dipole outside were performed.

The measured results are compared with the numerical analysis. Under the condition that:

1) the dispersive effect of relative permittivity and conductivity of liquid was considered in
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the FDTD analysis 2) differential-mode S-parameter method was used in the experiment,

good agreement of S-parameters was obtained between numerical analysis and experiment

results in a broadband frequency range. The reliability of both measurements and analysis

were confirmed.

Furthermore, propagation loss of macrowave through homogenous human body phan-

tom was investigated in Chapter 3. Using the validated methods in Chapter 2, the trans-

mission characteristics of a dipole placed in the torso-shaped phantom filled with deionized

water or human body equivalent liquid (HBEL) to the dipole outside were presented. In

order to eliminate the effect of antenna impedance mismatching, transmission factor was

used as an indicator of propagation loss. The transmission factor of a dipole to dipole

system was performed and it is found that there is a local maximum in the frequency

range. The local maximum was caused by the effective length of the inside antenna. It is

found that in low frequency range the antenna efficiency is small while in high frequency

range the media loss is large. If the wireless capsule endoscope (WCE) system operates

at an optimal frequency, a relatively high received power can be obtained. If the oper-

ating frequency was decided, a relative high received power can be obtained by changing

the length of inside antenna. The transmission factor of a loop to loop system was also

performed and different result with dipole to dipole was obtained.

In addition, propagation loss of microwave through in-homogenous human body

phantom was investigated in Chapter 4. The transmission factor from a dipole placed in-

side the digestive system of a human body to the dipole outside was investigated by using

FDTD analysis. It is found that the local maximum of the transmission factor changes as

the position of digestive system changed, almost in the frequency range of 400-600 MHz

for the different organs of the digestive system. The effect of high conductivity organ

(such as the heart) on the propagation loss was performed. Under the condition that

the outside antenna was placed in an optimal position and polarization, a relatively high

received power can be obtained.

Finally, in Chapter 5 the capsule antenna design was investigated. Two types of

traditional capsule antennas, capsule dipole antenna and capsule loop antenna are com-

pared and the guideline in designing capsule antennas by using transmission factor is also

proposed. In the case of capsule dipole to dipole system, it is observed that there is a

local maximum in the transmission factor at 490 MHz. In the case of capsule loop to loop
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system, the value of transmission factor is large in low frequency range. The position of

antenna and capsule was discussed. In the case of the antenna is isolated from the human

body liquids “Isolated type antenna”, the conductivity loss is small while the impedance

matching is bad in the frequency range of 200 MHz- 2 GHz. In the case of the antenna

is surface touched to the human body liquids “Surface type antenna”, the impedance

matching is good in the frequency range of 1 GHz-2 GHz, while the conductivity loss

is large. An inner-layer capsule dipole antenna (ICDA) was proposed, it has both good

impedance matching performance and the small conductive loss.

This study makes a significant contribution to the theory of microwave propagate

through human body. The further deep study on the above field will certainly bring a

breakthrough in genetic theory of EM-wave application on human body healthcare and

significant effect on the small antenna design technology as well.
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