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Abstract

This dissertation deals with the evaluation of the SAR inside the human body, which is close

to the portable communication devices at VHF and UHF bands.

At first, I investigate the adaptation of the evaluation method of the local average SAR

calculated by the measured SAR using the thermal technique. Measurement method based on

the thermal technique can evaluate a superficial SAR as well as an internal SAR distribution

of an arbitrary shaped media. In addition, the calibration of this method is not due to

the frequency. However, these methods are not efficient to measure the local 10 g average

SAR, because the methods are not able to obtain the three-dimensional SAR distribution.

Therefore, the simple evaluation method of the estimating local average SAR, which is given

by the distribution on the specific planes and axes, is proposed.

Next, the investigation of the effect of inaccurate dielectric constants of the biological

tissue-equivalent phantom on the local SARs at VHF and UHF bands is proposed. In the

evaluation of the SAR, the dielectric constants of the phantom are very important param-

eters. However, it is difficult to realize perfect agreement of dielectric constants (relative

permittivity, conductivity) between the phantom and the human tissue because of various

factors. In the measurement, differences of dielectric constants between the two cause an

error on the estimated SAR. Hence, it is necessary to understand the effects of inaccurate

dielectric constants of the phantom on the local average SARs in order to realize the precision

evaluation.

Finally, evaluation of the SAR inside the simple abdomen model of the pregnant women

close to the portable radio terminals at VHF band. To the author’s knowledge, several

papers on the evaluation of the EM exposure in the fetus have been published. However, in

these papers, the structure of the pregnant women is inaccurate because the MRI tomograms

of the pregnant women are hard to obtain. In addition, little is known about the dielectric

constants of the amniotic fluid and fetus. Therefore, this dissertation proposes the modeling

of the abdomen of pregnant women. Furthermore, the SAR in the proposed abdomen model

is investigated.





Contents

Chapter 1

Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Purpose of this study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Chapter 2

Effect of EM waves exposure on the human body 9

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Limits of the SAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Evaluation method of the SAR . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3.1 E-field probe method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.2 Thermographic method . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Chapter 3

Simple evaluation method of estimating average SAR 25

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 Models and method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.1 Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.2 Simple evaluation method . . . . . . . . . . . . . . . . . . . . . . . . . 31

i



3.2.3 Numerical technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3 Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3.1 Results of cubic model . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3.2 Results of the spherical model . . . . . . . . . . . . . . . . . . . . . . . 41

3.4 Investigation of application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.4.1 Distance between antennas and phantoms . . . . . . . . . . . . . . . . 45

3.4.2 Dependence of frequency . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Chapter 4

Effect of the variation in dielectric constants of the phantom on the

local SARs 55

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2 Models and method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2.1 Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2.2 Numerical technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.3 Dependence of the local SAR on the dielectric constants of the phantom . . . 60

4.3.1 Effect of the variation in the relative permittivity or the conductivity . 60

4.3.2 Effect of the variation in the dielectric constants . . . . . . . . . . . . . 66

4.4 Effect of the variation in the dielectric constants on the SAR distribution inside

the phantom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.4.1 Internal SAR distribution . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.4.2 Variation in the attenuation of the SAR . . . . . . . . . . . . . . . . . 77

4.5 Relationship between the relative permittivity and the peak SAR . . . . . . . 80

4.6 Effect of the shape of the phantom . . . . . . . . . . . . . . . . . . . . . . . . 83

ii



4.6.1 Models and criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.6.2 Effect of the variation in the relative permittivity or the conductivity . 85

4.6.3 Effect of the variation in the dielectric constants . . . . . . . . . . . . . 90

4.7 Corrective method of the error of the SAR by the inaccuracy of dielectric

constants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Chapter 5

Modeling of a simple abdomen model of pregnant women 95

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.2 Measurement of the electric constants of internal organs of a rabbit . . . . . . 98

5.2.1 Condition and setting . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.3 Modeling of the abdomen model of pregnant women . . . . . . . . . . . . . . . 105

5.4 Abdomen solid phantom of pregnant women . . . . . . . . . . . . . . . . . . . 108

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

Chapter 6

Evaluation of the SAR inside a simple abdomen model of pregnant

women 111

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.2 Numerical and experimental Models . . . . . . . . . . . . . . . . . . . . . . . . 113

6.2.1 Structure of antennas . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.2.2 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.3 SAR calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.3.1 Numerical condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

iii



6.3.2 Calculated SAR distributions . . . . . . . . . . . . . . . . . . . . . . . 119

6.4 Thermal analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.4.1 Necessity of the thermal analysis . . . . . . . . . . . . . . . . . . . . . 125

6.4.2 Mathematical formulation . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.4.3 Numerical condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.4.4 Calculation results of thermal analysis . . . . . . . . . . . . . . . . . . 127

6.5 Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.5.1 Condition and Setting . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.5.2 Measurement of the emittance and corrective method of the temperature132

6.5.3 Measured temperature distribution . . . . . . . . . . . . . . . . . . . . 136

6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

Chapter 7

Conclusions 141

Acknowledgments

Publication list

References

Appendix：How to make solid phantoms

iv



Chapter 1 Introduction

1.1 Background

Recent years, radiofrequency devices, which are usually placed in the vicinity of the

human body, are widely used. In addition, these devices are used in various situations,

e.g., talk (cellular phones and portable radio terminals), data communication (wireless LAN,

personal data assistant (PDA)), cooking (induction heating cookers), detection (hand-held

metal detectors (HHMD)), etc. Especially, the number of subscribers for the cellular phones,

PHS and automobile telephones is now about above 84,000,000 in Japan. Therefore, the

evaluation of the interaction between electromagnetic (EM) waves and the human body, which

is radiated by the mobile communication devices, is indispensable. Here, the interaction

suggests the effect of the human body on the characteristics of the devices and the influence

of the EM waves on the human body.

The effect of the human body on the characteristics of antennas of handheld devices has

been widely investigated [1]—[4]. The devices close to the human body cause the variation in

the input and radiation characteristics of antenna, e.g., input impedance, radiation pattern,

radiation efficiency, etc. On the other hand, the influence of the EM waves on the human

body is dependent on the frequency [5]. The EM waves mainly contribute the heat effect,

which is generated by the absorption of the energy, above 100 kHz. The specific absorption

rate (SAR) has been usually used for the primary dosimetric parameter of the EM waves

exposure in the standards [6]—[13]. Here, the local 1 g or 10 g average SAR in optional tissue

is usually used, when the human body close to the portable devices.
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It is therefore necessary to evaluate the interaction between the EM waves and the human

body to develop the devices. The interaction is generally estimated from numerical simu-

lations and experimental evaluations. In these evaluations, the biological tissue-equivalent

phantom, which realizes human tissues, is usually used in most of the cases [14]—[38]. Liter-

ature [39] details for the types, characteristics, use of the phantoms.

Until now, various investigations have been mainly made on the interaction between the

cellular phones and the human body at UHF band. For example, the standard measurement

method of the SAR, which is generated by the cellular phone, in the head model has been

proposed [12]. Recently, the evaluation method of the SAR inside the body are discussed

when the cellular phone is mounted on the body [13]. However, these previous investigations

of the SAR estimation are limited. Therefore, the application of the measurement method,

which is not due to the situation (frequency, human shape, devices, etc.), is very important.

On the other hand, pregnant women and her fetus may be exposed to the EM waves

radiated from these devices, e.g., portable radio terminals, induction heating cookers, hand-

held metal detectors, etc. It is therefore necessary to evaluate the EM exposure of the fetus

inside pregnant women.

This dissertation focuses on the evaluation the SAR inside the human body at VHF

and UHF bands. From now on, the cellular phones at UHF band and the portable radio

terminals at VHF band are used as the mobile communication devices.
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1.2 Purpose of this study

Three major purposes to this dissertation are as follows.

1) Adaptation of the evaluation method of the local average SAR calculated by the measured

SAR using the thermal technique:

Measurement method based on the thermal technique can evaluate a superficial SAR

as well as an internal SAR distribution of an arbitrary shaped media. In addition, the

calibration of this method is not due to the frequency. However, these methods are

not efficient to measure the local 10 g average SAR, because the methods are not able

to obtain the three dimensional SAR distribution. Therefore, the simple evaluation

method of the estimating local average SAR, which is given by the distribution on the

specific planes and axes, is proposed.

2) Investigations of the effect of inaccurate dielectric constants of the biological tissue-

equivalent phantom on the local SARs at VHF and UHF bands:

In the evaluation of the SAR, the dielectric constants of the phantom are very important

parameters. However, it is difficult to realize perfect agreement of dielectric constants

(relative permittivity, conductivity) between the phantom and the human tissue be-

cause of various factors; e.g., fabrication error, evaporation as times go by, etc. In the

measurement, differences of electric constants between the two cause an error on the

estimated SAR. Hence, it is necessary to understand the effects of inaccurate dielectric

constants of the phantom on the local average SARs in order to realize the precision

evaluation. In this dissertation, the effect of the inaccurate dielectric constants on

the local SARs is investigated at VHF and UHF bands. In addition, the relationship

between the inaccuracy of the relative permittivity or the conductivity and the local

SARs is also cleared.
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3) Evaluation of the SAR inside the simple abdomen model of the pregnant women close to

the portable radio terminals at VHF band:

To the author’s knowledge, several papers on the evaluation of the EM exposure in the

fetus have been published. However, in these papers, the structure of the pregnant

women is inaccurate because the magnetic resonance imaging (MRI) tomograms of the

pregnant women are hard to obtain. In addition, little is known about the dielectric

constants of the amniotic fluid and fetus. Therefore, this dissertation proposes the

modeling of the abdomen of pregnant women. Furthermore, the SAR in the proposed

abdomen model is investigated.
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1.3 Contents

This dissertation deals with the evaluation of the SAR inside the human bodies which

is close to the portable communication devices at VHF and UHF bands. Figure 1.1 shows

the constructions of this dissertation.

In Chapter 2, the definition, limits of guideline, and measurement method of the SAR

are introduced. This Chapter also explains the problems of the measurement method of the

SAR.

In Chapter 3, the simple evaluation method of the estimating local average SAR, which

is given by the distribution on the specific planes and axes using the thermal measurement, is

introduced. At first, the limit of simplification is investigated when four types of antennas are

close to the COST244 cubic and spherical head model at 900 MHz and 2 GHz. In addition,

the effect of the distance and frequency on the average SAR using the proposed method is

investigated. Moreover, we evaluate the average SAR by use of the proposed method in the

realistic head model.

In Chapter 4, I investigate the effect of the inaccurate dielectric constants of the bio-

logical tissue-equivalent phantom on the local SAR in a human model when the dielectric

constants are changed at 150 MHz, 900 MHz, 2 GHz, and 3 GHz. First, the peak SAR, local

1 g and 10 g average SARs in the human model are calculated when the relative permittivity

or conductivity are varied from criteria to ± 20%. Next, the variation in the SAR distri-

bution inside the model, which is caused by the inaccuracy of the relative permittivity or

conductivity, is evaluated to try to find the cause of the error of the local average SARs. In

addition, the relationship between the variation in the relative permittivity or conductivity

and the local SARs is investigated. Moreover, the effect of the shape on the variation in the

local SAR is investigated when the dielectric constants are varied at 2 GHz. Furthermore,
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the corrective method of the variation in the SAR, which is caused by the inaccurate dielectric

constants, is proposed.

In Chapter 5, the modeling of the abdomen of pregnant women is proposed. At first,

the dielectric constants of the amniotic fluid and fetus of the rabbit are measured, because

the electrical properties of mammals are almost equal to those of the human as well known.

Next, a simple abdomen model of the pregnant women, which is composed by three types

of tissues, based on measurements of MRI tomograms is introduced. Finally, an simple

abdomen solid phantom of the pregnant women is presented.

In Chapter 6, the SAR inside the proposed simple abdomen model of the pregnant

women, which is close to the portable radio terminals, is investigated at 150 MHz. At

first, the SAR distribution and average value in the abdomen model is calculated. Next, the

thermal error in the abdomen model and the exposure condition of the measurement is solved

by the thermal analysis. Moreover, the temperature distribution in the abdomen phantom

is measured and compared with the calculated result.

Finally conclusions of this dissertation are presented in Chapter 7.
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Fig. 1.1 Construction of this dissertation.
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Chapter 2 Effect of EM waves

exposure on the human

body

2.1 Introduction

The effect of the EM waves, which is radiated from radio frequency (RF) devices, on the

human body is dependent on the frequency as well known [5]. The effect is divided broadly

into two categories which are the stimulus or heat effect. Figure 2.1 describes the threshold

of the effect of the E-field on the human body. As shown in Fig. 2.1, the threshold of the

stimulus effect is lower than that of the heat effect below 10 kHz because the increase in the

capacitance of the cell membrane is proportional to the increase in the frequency above 1

kHz. Therefore, generation of the stimulus effect by the E-field is easier than that of the heat

one below 10 kHz. Here, the stimulus effect, which is caused by the induced current, mainly

generates around the skin. On the other hand, the threshold of the heat effect is larger than

that of the stimulus one above 100 kHz. Therefore, generation of the heat effect by the

E-field is easier than that of the stimulus one above 100 kHz. In addition, the boundary of

the effect is at 10 to 100 kHz.

In this dissertation, I only evaluate the heat effect inside the human body because the

frequency of the portable devices is at VHF (30—300 MHz) and UHF (300 MHz to 3 GHz)

bands. The SAR has been usually used for the primary dosimetric parameter of the heat

effect, which is caused by the EM waves exposure, in the standards [6]—[13].

This Chapter presents the limits and measurement method of the SAR. First, in Section
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2.2, the limits of the SAR are introduced. Moreover, Section 2.3 deals the measurement

methods of the SAR. In addition, the merits and demerits of the measurement methods are

also proposed.

Fig. 2.1 Threshold of the effect of the E-field on the human body [5].
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2.2 Limits of the SAR

The current basic safety limits applicable to the wireless device are defined in terms of

the SAR. However, the average volume of the SAR is due to the Country. In United States,

the 1 g average SAR is used as the safety limit of the EM exposure of the cellular phones [8].

On the other hand, EU and Japan apply the 10 g average SAR [7], [11]. In the evaluation of

the SAR inside the human head close to the cellar phone, almost same measurement method

using the E-field probe and the liquid phantom is adopted [9], [12].

For example, in the guideline of Japan [11], there exist three different limits defined by;

1) a whole-body average SAR; 2) a local peak SAR; and 3) a contact current at 100 kHz

to 100 MHz. 1) and 2) must be averaged over a defined period of time (six minutes). In

wireless devices above 300 MHz, the absorption affects only part of the body close to the

device. Hence, the most critical value is the local peak SAR limit. Table 2.1 describes

the guidelines values of a voluntary system of local SAR in Japan [11]. Here, the control

environment means the occupational surrounding. In this dissertation, the occupational

limit (10 W/kg, 10 g average) is used to the pregnant women close to the VHF band portable

radio terminals. On the other hand, the nonoccupational limit (2 W/kg, 10 g average) is

applied to the fetus because the noncontrol limit is severer than the control limit.

Table 2.1 Guidelines values of a voluntary system of local SAR in Japan [11]

Type of limits Control environment Uncontrol environment

Whole-body
0.4 W/kg 0.08 W/kg

average SAR

In the optional tissue of 10 g In the optional tissue of 10 g

Local SAR 10 W/kg 2 W/kg

20 W/kg (arms and legs) 4 W/kg (arms and legs)

Nonprotection of the contact hazard Protection of the contact hazard

Contact current 100 mA 45 mA

at 100 kHz to 100 MHz at 100 kHz to 100 MHz
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2.3 Evaluation method of the SAR

The experimental evaluation methods of the SAR are divided broadly into two categories,

which are based on the E-field [25] or thermal measurement [26]—[30]. The evaluation method

of the SAR based on the E-field measurement is called the E-field probe method. In this

method, the E-field probe and the liquid phantom is usually used. This method is generally

applied the standard measurement [9], [12]. The other evaluation method, which uses the

E-field probe and the solid (dry) phantom [32], is also proposed [40]. On the other hand, the

evaluation method of the SAR based on the thermal measurement, which uses an infrared

camera and the solid (gel) phantoms, is called the thermograhphic method. The other

evaluation method, which uses the optical fiber probe and the solid phantom, is also proposed

[30]

Table 2.2 shows the comparison of characteristics of the two measurement methods. As

shown in Table 2.2, each of these methods has its merits and demerits. Therefore, the use

of these method is due to the aim, devices, human models, etc.

This Section introduces the E-field probe method and the thermographic method.

Table 2.2 Comparison of the SAR measurement methods

Method E-field probe method Thermographic method

Phantom Liquid Solid (gel)

Merits

1. Direct measurement of 1. Surface SAR measurable

SAR available 2. Multi-layered models feasible

2. Actual devices can be 3. Calibration is not due

evaluated to frequency

Demerits

1. Surface SAR not measurable 1. Actual devices can not be

2. Difficult to measure SAR evaluated because

for complicated objects high power is needed

3. Calibration is due 2. Difficult to evaluate

to frequency average SAR
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2.3.1 E-field probe method

Definition of the SAR by E-field measurement

The E-field probe method is generally used for the SAR estimation in the standards

[6]—[12]. This method uses an E-field probe and a liquid phantom [24], [25]. In this method,

a package of the measurement system is usually used [41]. The SAR inside the phantom by

this method is given by

SAR =
σ

ρ
E2 [W/kg] (2.1)

where E is the amplitude of the electric field (rms value) [V/m]，σ is the conductivity of the

tissue [S/m]，and ρ is the density of the tissue [kg/m3].

Measurement system

In this method, the SAR is evaluated by the measurement of the E-field distribution

inside the liquid phantom, which is composed by a lossy liquid and a shell, using the isotropic

E-field probe. Figure 2.2 shows the measurement system of the E-field probe method.

Conditions of parts are as follows:

1) Phantom shell: The shell realizes the right or left half of the human head. The conditions

of the shell are as follows: εr ≤ 5, tan δ ≤ 0.05, thickness = 2 mm. This phantom

shell for the standard measurement using the cellular phones, which realizes the 90% of

average measurements of adult men in USA, which is called the SAM (specific anthro-

pomorphic mannequin) phantom. The phantom shell is generally used in the worldwide

(e.g., [12]). Recently, standardization of a flat abdomen phantom is discussing [13].

2) Liquid phantom: The brain- or muscle-equivalent liquid is usually used. The ingredients

of the liquid phantoms are depend on the frequency. The agreement between the

phantom and the reference value is less than 5% is necessary.
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3) Dosimetric E-field probe: Figure 2.3 shows the structure of the E-field probe. The probe

is composed by a three axes isotropic minute electrical dipole antenna (length ≤ 5 mm),

a detective circuit, and a transmission circuit. The application frequency of the probe

is 10 MHz to 3 GHz. In addition, the dynamic range of the probe is 5 mW/kg to 100

W/kg (±0.2 dB). Moreover, the probe is not due to the direction of the incident wave

and polarization. In literature [12], a requisite performances of the E-field probe are as

follows: the minimum limit of the detective SAR ≤ 0.02 W/kg, the maximum limit of

the detective SAR ≥ 100 W/kg, the linearity of the SAR is 0.02 to 100 W/kg (≤ ±0.5

dB), the isotropy ≤ ±1 dB, the sensitivity, the linearity, and the isotropy is evaluated

in the tissue-equivalent liquid phantom at measurement frequency, the element length

of the minute dipole antenna of the E-field sensor ≤ 5 mm, the measurements of the

protecting cover of the censer ≤ 8 mm.

4) Field probe positioner (Robot): In order to evaluate the SAR, it is indispensable to

realize that the positioning accuracy of the robot is almost equal to 0.02 mm, because

the E-field around the surface is evaluated by the extrapolation.

5) Device holder: The material of the holder does not affects the radiated EM field. In

addition, the holder realizes the precision positioning. The requisite performances of

the holder are as follows: the error of the inclination ≤ ±1o, tan δ ≤ 0.05, εr ≤ 5.

14



Fig. 2.2 SAR measurement system by the E-field probe method.

Fig. 2.3 E-field probe.
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Flowchart of the E-field probe method

Fig. 2.4 shows the flowchart of the evaluation of the SAR inside the head phantom,

which is close to cellular phones, by the E-field probe method [10], [12].

Fig. 2.4 Flowchart of the SAR measurement by the E-field probe method.
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Error and the calibration method of E-field probe method

1) Calibration of the SAR: It is necessary to calibrate the E-field probe to realize the SAR

estimation. The E-field probe is generally calibrated by: 1) the normal E-field in the

free space; 2) the normal E-field in the liquid; 3) a waveguide; 4) a temperature probe.

3) is usually used. In addition, the calibration of the whole system is indispensable.

Here, the system is normally calibrated by use of a known SAR close to a half-wave

dipole antenna.

2) Measurement error: The measurement error is caused by various factors: e.g., the char-

acteristics of liquid (the relative permittivity, the conductivity, and the temperature),

the error of the system, etc. The error by the characteristics of the liquid is able to

reduced of a few percent by the precision measurement of the dielectric constants of

the liquid. However, the dielectric constants of the liquid is varied by the evaporation

and the precipitation (sugar, salt) in the long time measurement. Therefore, it is nec-

essary to periodically measure the dielectric constants of the liquid. The effect of the

variation in the dielectric constants on the SAR is shown in Chap 4. In addition, the

variation in the temperature of the liquid cases an error. Hence, it is indispensable to

control the temperature at 18 oC to 25 oC (≤ 2 oC). The inaccuracy of this method

are as follows: the E-field probe (calibration, isotropy, sensitivity), the parameters of

the phantom (dielectric constants, temperature) and the shell, the positioning of the

holder, the management of the data (extrapolation, integral calculus, averaging), etc.

Therefore, the maximum error in the measurement system is almost equal to 30% [10].
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2.3.2 Thermographic method

The thermographic method is one of the evaluation methods for the SAR based on the

thermal measurement [26]—[28]. The EM waves insde body generates the heat effect above

100 kHz as shown in Section 2.1. Here, if the heat distribution in the tissue is negligibly

small, the SAR is proportional to the temperature rise inside the tissue. Therefore, in

the thermographic method, the SAR is given by the temperature measurement inside the

phantom. This method can measure the SAR distribution on the surface of the phantom.

In addition, this method can also measure the complicating shape, because the infrared

camera realize the noncontact measurement.

Definition of the SAR by thermal measurement

In the thermographic method, the SAR is given by thermal measurement using an in-

frared camera and a tissue-equivalent solid phantom. First, the phantom is exposed to the

EM waves radiated from the antenna. Then, the temperature-rise in the phantom is ob-

served by use of the infrared camera after the exposure. Here, the exposure time must be

as short as possible within a range that makes the heat distribution observable, to minimize

the heat diffusion. If the heat diffusion and exposure time are negligibly small, the SAR at

an arbitrary point is given directly by

SAR = c
∆T

∆t
[W/kg] (2.2)

where c is specific heat of the phantom [J/kg · K]，∆t is the exposure time [s], and ∆T is

the temperature rise at the point [K].

In the thermographic method, it is necessary to generate the temperature-rise inside the

phantom by the short time exposure. Therefore, the several tens of watts output power of the

antenna, which is larger than that of real devices, is indispensable. The SAR measurement

18



using the thermographic method is generally evaluated in a radio anechoic chamber. Figure

2.5 shows the measurement system of the thermographic method.

Fig. 2.5 SAR measurement system by the thermographic method.
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Measurement system

1) Antenna: In the thermographic method, it is necessary to generate the sufficient tem-

perature rise (above several K) inside the phantom to evaluate the precision SAR dis-

tribution. Therefore, the necessity of the exposure condition is due to the thermal

characteristics of the phantom. For example, 100 W output of the antenna is neces-

sary to evaluate the SAR using the dry phantom. On the other hand, the maximum

output power of real cellular phone is 300 mW. In addition, the maximum output of

the portable radio terminals at 150 MHz is 5 W. Therefore, it is difficult to evaluate

the SAR by use of the thermographic method close to the real devices. In this method,

the requirement of the antenna is as follows: the structure and electrical characteristics

is almost equal to the real devices, the endurance of the output power is above 100

W, the heat generation of the antenna does not cause the variation in the temperature

distribution.

2) Solid phantom: The solid or gel phantom, which is realized the structure and shape of

the human body, is generally used. It is desirable to be the divisible phantom to

measure the internal SAR distribution. In addition, the low thermal conductivity is

also desirable.

3) Infrared camera: The infrared camera uses the temperature measurement. The measure-

ment of the emittance of the phantom is necessary to evaluate the temperature in the

phantom using the infrared camera.
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Flowchart of the thermographic method

Figure 2.6 shows the flowchart of the thermographic method.

Fig. 2.6 Flowchart of the SAR measurement by the thermographic method.
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Measurement error of the thermographic method

1) Error of the characteristics of the antenna: The difference of the structure between the

measured antenna and the real devices causes the variation in the near-field distribution

of the EM field around the phantom. On the other hand, the evaluation of the SAR

using the mismatch antenna is difficult.

2) Thermal error: The thermal error is mainly caused by the thermal conduction inside the

phantom and the heat transfer on the phantom surface [37], [36]. The variation in

the thermal conduction is able to reduce of the several percents by use of the phantom

which has high specific heat and low thermal conductivity. On the other hand, in

order to reduce the heat transfer, the measurement room, which keeps the constant

temperature, is important. In addition, in order to reduce these thermal errors, the

short time exposure is important. However, the short time exposure is difficult at VHF

band [35], [36]. In these cases, the thermal analysis inside the phantom is indispensable.

The thermal analysis will be examined in Chapter 6.

3) Error by the emittance: In thermometry that uses infrared camera, the emittance of the

phantom is an important parameter. The emittance of a surface is defined as a ratio

of the radiation flux per unit area of the emitter to that of a blackbody radiator at the

same temperature and under the same conditions (Expression 2.3). Determination of

surface temperature as well as temperature variations over the surface depend directly

upon the surface emittance [42].

Ub : Um = 1 : X (2.3)

Where Ub and Um are the radiation flux per unit area of the emitter to that of a perfect

blackbody radiator and object at the same temperature, respectively. In addition, X
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means the emittance of the object. For instance, the temperature of the phantom is

lower than the true value when the emittance setting of infrared camera is higher than

the true. Therefore, the evaluation of the emittance is necessary.
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2.4 Conclusion

This Chapter presented the limits and measurement method of the SAR. First, In

Section 2.2, the limits of the SAR are introduced. Moreover, in Section 2.3 dealt the mea-

surement methods of the SAR. In addition, the merits and demerits of the methods were

also proposed. As a demerits of the thermal technique, the difficulty of the evaluation of

the local average SARs were suggested. I will discuss a solution of this problem in the next

Chapter. Furthermore, the measurement error, which is caused by the inaccurate dielectric

constants of the phantom, will be examined in Chapter 4.
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Chapter 3 Simple evaluation method

of estimating average SAR

3.1 Introduction

The local 1 g or 10 g average SAR has been used for the primary dosimetric parameter

of the EM waves’ exposure [6]—[12]. These SARs are generally estimated from numerical

simulation [14], [24] and experimental evaluation [25]—[30]. The experimental evaluation is

based on the E-field [25] and thermal measurement [26]—[30]. The thermal technique used

the solid phantoms and an infrared camera (thermografic method [26], [28]) or an optical-

fiber thermometer [29], [30]. These methods can measure a superficial SAR, as well as an

internal SAR distribution of an arbitrary shaped media. However, these methods are not

efficient to measure the local 10 g average SAR because the methods are not able to obtain the

three-dimensional SAR distribution. Therefore, a simple and precision evaluation method

of estimating local average SAR, which is based on the distribution of the planes and axes,

is needed.

The aim of this Chapter is to realize the estimation of the local average SAR calcu-

lated by the measured SAR using the thermal technique and to investigate the limit of the

simplification of the measurement point for averaging.

In this Chapter, the simple evaluation method of the estimating local average SAR,

which is given by the distribution on the specific planes and axes, is introduced. First, in

Sections 3.2 and 3.3, the limit of simplification is investigated when four types of antennas,

which are a half-wave dipole antenna, a monopole antenna mounted on a metal box, a planar
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inverted F antenna (PIFA), and a half-wave dipole antenna with a planar reflector, are close

to the COST244 cubic and spherical head model at 900 MHz and 2 GHz. In Section 3.4,

the effect of the distance and frequency on the average SAR using the proposed method is

investigated. In addition, I evaluate the average SAR by use of the proposed method in the

realistic head model.

In this Chapter, the criteria of precision evaluation, which is agreement between the

average SAR by use of the proposed method and that using the three dimensional SAR

distribution, is within ± 10%. In addition, the average SAR in the heterogeneous model is

not investigated because the standard measurement [12] uses the homogeneous phantom.
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3.2 Models and method

3.2.1 Models

The SAR distribution in the head model is strongly due to the configuration of the

devices as well known. However, the numerical simulation cannot take all the cases of the

complex environment of mobile equipment in use into account. Therefore, four types of

antennas are used for calculation in order to investigate the effect of the SAR distribution on

the calculated average SAR by proposed method.

Figures 3.1 (a) to (d) shows the configurations of four types of antennas, which are

replaced as the cellular phones. The first is a half-wave dipole antenna, as shown in Fig. 3.1

(a). The second is a monopole antenna mounted on a metal box [24], as given by Fig. 3.1

(b). The third is a PIFA, as shown in Fig. 3.1 (c). The parameters of the PIFA at 900

MHz are L = 60 mm and W = 20 mm, and those at 2 GHz are L = 20 mm and W = 10

mm. The fourth is a half-wave dipole antenna with a planar reflector, as given by Fig. 3.1

(d). This antenna can divide the SAR distribution when the axial length of the refractor is

adjusted [31].
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Fig. 3.1 Configurations of antennas. (a) Half-wave dipole antenna. (b) Quarter-wave

monopole mounted on a metal box. (c) PIFA (L = 60 mm, W = 20 mm at 900 MHz, L =

24 mm, W = 10 mm at 2 GHz). (d) Half-wave dipole antenna with a planar reflector.
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Figures 3.2 (a) and (b) show the basic model for calculations. Figure 3.2 (a) represents

the half-wave dipole antenna and a COST244 cubic head model [38]. The dimension of the

cube is 200 mm in a side. On the other hand, Fig. 3.2 (b) describes the antenna and a

COST244 spherical model. The radius of the sphere is 100 mm. The characteristics of the

head models are as follows. The electrical properties at 900 MHz are the relative permittivity

εr = 41.5, the conductivity σ = 0.97 S/m, and those at 2 GHz are εr = 40.0, σ = 1.40 S/m,

and the density ρ = 1,000 kg/m3 [12]. In addition, the distance between the feed point of

the antenna and the phantom surface is d [mm]. In this Chapter, the local 10 g average SAR

in the cubic model is calculated from the SAR in the cube with a volume of 21.56 × 21.56

× 21.56 mm3 (10.02 g).
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(a) Cubic model

(b) Spherical model

Fig. 3.2 Models for calculation.
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3.2.2 Simple evaluation method

Figure 3.3 describes the unit volume of the local average SAR in the x− y plane (y − z

plane) of the spherical model. In this Chapter, x and z axes, which are along the surface of

the spherical model, are used, as shown in Fig. 3.3, when the average SAR in the spherical

model is evaluated. Here, the origin is the point of the peak SAR on the phantom surface.

The local average SAR is generally calculated from three dimensional SAR distribution

of in the unit volume, as shown in Figs. 3.2 (a) and 3.3. In this Chapter, three-dimensional

distribution in the average area is replaced as follows: the SAR distribution on two planes

[see Fig. 3.4 (a)]; the specific plane [see Fig. 3.4 (b)]; two or three axes [see Fig. 3.4 (c)]; the

specific axis [see Fig. 3.4 (d)]. Here, in Figs. 3.4 (a) and (b), the thermographtic method is

assumed. On the other hand, in Figs. 3.4 (c) and (d), the optical-fiber probe measurement

is assumed. Here, for example, the calculation method of the average SAR using the SAR

distribution on the two planes measured by the thermographic method is as follows:

1) measurement of the SAR distribution in the x− z plane and y − z plane (x− y plane);

2) search of the peak point of the SAR (determination of the origin and average area);

3) calculation of the SARx−z and SARy;

4) calculation of the average SAR in the unit volume that is equal to SARx−z times SARy,

which is normalized to the peak SAR

where SARx−z is the average SAR of the x − z plane [W/kg], SARy is the average SAR of

the y axis on the y − z plane (x − y plane) [W/kg]. Similarly, the average SAR using the

data on the axes is calculated by the measured SAR by the optical fiber probe measurement.

Moreover, in this Chapter, the calculated local average SAR using the SAR distribution

on the x − z plane or the x − z axes, and that using the distribution on the x or z axis is
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omitted because the difference between these averaged values and the reference is larger than

10% to 210% in each model. Furthermore, the results of 1 g average SAR are also omitted,

because the error of 1 g average SAR is less than that of 10 g.

Fig. 3.3 Calculation area of local average SAR in the spherical model (x− y plane or y− z
plane).
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Fig. 3.4 SAR observation planes or axes in the unit volume of the average SAR. (a) Two

plane. (b) Specific plane. (c) Axes. (d) Specific axis.
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3.2.3 Numerical technique

The finite-difference time-domain (FDTD) [43], [44] software (SEMCAD ver. 1.6, by

Schmid & Partner Engineering AG, Zürich, Swizerland [45]) is used for the SAR calculating

in the head models. The parameters of the FDTD calculation employed in this Chapter

are as follows: the averaging area of the local 10 g average SAR (32 × 25 × 32 mm3) were

computed with every 0.77 mm step, the cell size of other region is 1 mm, the absorbing

boundary condition is the perfectly matched layer (PML) (eight layers), and the calculation

time is ten periods at each frequency to get converged results.

Table 3.1 describes the local 10 g average SAR in the head models at each frequency

when the antennas are placed on d = 15 mm. In this Chapter, the SAR is normalized to 1

W output. Here, the local 10 g average SAR is averaged on all SAR data (283 points) in the

unit volume as shown in Figs. 3.2 (a) and 3.3. From now on, these SARs are used as the

reference value, to confirm the validity of proposed method.

Table 3.1 Reference values of the local 10 g average SAR [W/kg] in the canonical head

models (d =15 mm)

Antenna type 900 MHz 2 GHz

Dipole
cube 6.76 11.2

sphere 6.31 10.3

Monopole
cube 3.93 7.73

sphere 2.57 6.51

PIFA
cube 4.16 1.76

sphere 1.42 1.70

Dipole with cube 1.62 1.24

reflector sphere 1.21 2.22
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3.3 Results and discussions

3.3.1 Results of cubic model

Figures 3.5 (a)—(d) illustrate the SAR distributions on the x − z plane (y = 0) of the

cubic phantom at 900 MHz. Here, each distribution is normalized to its maximum value for

each respective model. The SAR distribution in the average area using the 0.47 λ dipole

antenna resembles that of the cylindrical wave, as shown in Fig. 3.5 (a). Figure 3.5 (b)

shows the distribution, which has two peak points, using the monopole antenna. From Fig.

3.5 (c), the distribution in the average area using the PIFA is quite similar to that using the

plane wave. Finally, in the case of the dipole antenna with the planar reflector, the peak

SAR on the phantom surface is divided into three points as shown in Fig 3.5 (d). It should

be noted that the angle of incidence wave in Fig. 3.5 (d) is different that in Figs. 3.5 (a)—(c).
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Fig. 3.5 SAR distributions on the x − z plane (y = 0) at 900 MHz. (a) Half-wave dipole
antenna. (b) Quarter-wave monopole mounted on a metal box. (c) PIFA. (d) Half-wave

dipole antenna with a planar reflector.

36



Figures 3.6 (a) and (b) show the calculated results of the local 10 g average SAR in the

cubic model using the SAR distribution on the planes at 900 MHz and 2 GHz. From now

on, the SARs are normalized to the reference value, as given by Table 3.1.

From Fig. 3.6 (a), the difference of the 10 g average SAR between the calculated by

proposed method and the reference is within —4% to +6%, except the result by use of the

SAR on the y − z plane because the variation in the SAR of the x direction is larger than

that in the another axis. In addition, the average SAR on the x − y plane is in very good

agreement with the reference because the SAR on the z direction is hardly due to the x and

y. On the other hand, as shown in Fig. 3.6 (b), the difference between the two methods is

within —8% to +8% except the result by use of the data on the y − z plane and the y − z

plane times x axis at 2 GHz.

From Figs. 3.6 (a) and (b), the difference at 2 GHz is larger than that at 900 MHz

because the SAR distribution on the surface is corrected the point of the peak SAR, which

is caused by the shortening of the antenna element. These differences are mainly caused by

the variation in the attenuation of the SAR of the y direction when x is changed because

the angle of incident wave is due to x. Consequently, the average SAR in the cubic model

can evaluate using the distribution on the x − y plane or two planes within ± 10% of the

deviation at 900 MHz and 2 GHz.
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(a) 900 MHz

(b) 2 GHz

Fig. 3.6 Normalized local 10 g average SAR using the SAR distribution on the planes in

the cubic model (d = 15 mm).
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Figures 3.7 (a) and (b) show the calculated results of the local 10 g average SAR in the

cubic model using the distribution on the axes at 900 MHz and 2 GHz. It is confirmed that

the results using the x − y − z axes, and the x − y axes is in agreement with the reference

within —4% to +4% at 900 MHz, as shown in Fig. 3.7 (a). In addition, the result suggests

that the evaluation of the 10 g average SAR using the data on the specific axis is difficult.

On the other hand, the difference of the average SAR is within —9% to +5% at 2 GHz when

the data on the x−y−z axes and x−y axes are used for averaging, as shown in Fig. 3.7 (b).

Therefore, the local 10 g average SAR in the cubic model can evaluate using the distribution

on the x− y − z axes or the x− y axes at both frequencies.

From these results, the SAR distribution in the horizontal plane or axes to evaluate

the local 10 g average SAR is necessary because the variation in the data of the horizontal

direction is larger than that of the vertical one.
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(a) 900 MHz

(b) 2 GHz

Fig. 3.7 Normalized local 10 g average SAR using the SAR distribution on the axes in the

cubic model (d = 15 mm).
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3.3.2 Results of the spherical model

Figures 3.8 (a) and (b) show the calculated results of the local 10 g average SAR in the

spherical model using the SAR distribution on the planes at 900 MHz and 2 GHz. Here, the

average SAR using the data on the x − z plane is omitted because it is difficult to measure

the SAR on this plane in the spherical model using the thermographic method. As shown in

Fig. 3.8 (a), it has been confirmed that the 10 g average SAR using the data in the planes is

in agreement with the reference within —12% to +11% at 900 MHz. On the other hand, Fig.

3.8 (b) indicates that the difference of the average SAR between the two methods is within

—9% to +12% at 2 GHz, except for the result by use of the data on the y − z plane. From

these results, the differences of the 10 g average SAR in the spherical model is within ± 12%

at 900 MHz and 2 GHz when the SAR distribution on the two planes or the x − y plane is

used.
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(a) 900 MHz

(b) 2 GHz

Fig. 3.8 Normalized local 10 g average SAR using the SAR distribution on the planes in

the spherical model (d = 15 mm).
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Figures 3.9 (a) and (b) show the calculated results of the local 10 g average SAR in the

spherical model using the SAR distribution on the average SAR of the axes. From Fig 3.9

(a), it has been confirmed that the 10 g average SAR, which is calculated using the data on

the x− y − z axes or x− y axes, is in agreement with the reference within —13% to +3% at

900 MHz. On the other hand, Fig. 3.9 (b) indicates that the average SAR, which is based

on the data in the x− y − z axes or x− y axes, is within —7% to +17% at 2 GHz.

As shown in Figs. 3.6 to 3.9, the differences of the SAR between the two methods in

the spherical model are larger than those in the cubic model because a curvature of the

spherical model causes the variation in the SAR on the y or z direction. In addition, the

large difference is obtained when the dipole antenna with the planar reflector is close to the

spherical model at both frequencies because the peak SAR is arisen on the large curvature

of the phantom surface. Hence, it is difficult to evaluate the local 10 g average SAR, which

is the deviation from the reference within ± 10%, when the peak SAR arises on the large

curvature position in the model.
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(a) 900 MHz

(b) 2 GHz

Fig. 3.9 Normalized local 10 g average SAR using the SAR distribution on the axes in the

spherical model (d = 15 mm).
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3.4 Investigation of application

3.4.1 Distance between antennas and phantoms

In Section 3.3, it was shown that the local average SAR by use of the proposed method

when the distance between the feed point of the antennas and the models d is constantly 15

mm. However, d is dependent on the antennas, the situation, etc. Therefore, here I show

the dependence of the validity of the proposed method on d. Here, the half-wave dipole

antenna and the cubic model, as shown in Fig. 3.2 (a), are used for the investigation. In

addition, the frequency is fixed, for instance at 900 MHz.

Table 3.2 describes the reference value of the local 10 g average SAR when d is varied.

These SARs are calculated by same method in Section 3.2.3. Here, the SARs are normalized

to these values. Figure 3.10 represents the local 10 g average SAR in the cubic model when

the d is varied from 5 to 25 mm. As shown in Fig. 3.10, the difference between the SAR

evaluated by the proposed method and the reference value are within ± 10% when d is larger

than 10 mm. On the other hand, the differences are larger than —10% except the result

using the data on the x − y plane because the high SAR are corrected on neighborhood of

feed point. In addition, the increase in the difference of the result by use of data on the

x − y plane is also obtained because the variation in the SAR distribution on z direction is

increased. Moreover, it is confirmed that the SAR vs. frequency based on the x − y axes

is differed from that based on the x − y plane below 15 mm because the attenuation in the

phantom is dependent on the d at 900 MHz. From these results, the deviation of the local

10 g average SAR using the proposed method is within ± 10% when d is larger than 10 mm

at 900 MHz.
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Table 3.2 Reference value of the local 10 g average SAR in the cubic model by use of the

half-wave dipole antenna at 900 MHz when d is varied from 5 mm to 25 mm

d [mm] SAR10g [W/kg]

5 9.38

10 8.33

15 6.76

20 5.34

25 4.08

Fig. 3.10 Normalized 10 g average SAR vs. d.
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3.4.2 Dependence of frequency

This Section shows the local 10 g average SAR evaluated by the proposed method when

the frequency is varied. Here, the half-wave dipole antenna and the cubic model are used

for the investigation. The axial length of the antenna is adjusted to 0.5 λ at each frequency.

In addition, the d is 15 mm.

Table 3.3 describes the electric constants of the head model [12] and reference value of the

local 10 g average SAR at each frequency. From now on, the average SARs are normalized

to these values. Figure 3.11 represents the local 10 g average SAR in the cubic model using

the simple method at 300 MHz, 900 MHz, 1.5 GHz, 2 GHz, 2.45 GHz, and 3 GHz. As shown

in Fig. 3.11, the difference of the local 10 g average SAR is within ± 10% at each frequency.

However, the difference is increased above 2 GHz when the results are evaluated using the

data on the x − y plane and x − y axes because the incident wave from the 0.5 λ dipole

antenna on the average area resembles the spherical wave above 2 GHz. Therefore, the SAR

in the z direction is necessary to more accurate evaluate the local 10 g average SAR above 2

GHz. From these results, it has been confirmed that this method can apply the local average

SAR estimation in the cubic model at 300 MHz to 3 GHz.
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Table 3.3 Dielectric constants of the cubic model and the reference value of the local average

SAR when the frequency is varied (d =15 mm)

f [MHz] εr σ [S/m] SAR10 g [W/kg]

300 45.3 0.87 1.61

900 41.5 0.97 6.76

1500 40.5 1.20 10.5

2000 40.0 1.40 11.2

2450 39.2 1.80 11.1

3000 38.5 2.40 9.99

Fig. 3.11 Normalized 10 g average SAR vs. frequency (d =15 mm).

48



Realistic head model

This Section introduces the local 10 g average SAR in the realistic model, which is

included in SEMCAD, evaluated by the proposed method. Here, the half-wave dipole antenna

and the antenna with the planar reflector at 2 GHz are used because the deviations from the

reference in these cases are the worst, as expressed by Section 3.3. The distance between the

antenna and the left ear hole of the head model is 15 mm, as shown in Fig. 3.12. In addition,

the dielectric constants of the head model at 2 GHz are as shown in Table 3.3. Moreover,

the dielectric constants of the shell of the head model are εr = 4.5 and σ = 0. Furthermore,

the references of the local 10 g average SAR are 7.43 W/kg (half-wave dipole antenna) and

0.51 W/kg (half-wave dipole antenna with the planar reflector). From now on, the SARs are

normalized to these values.
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Fig. 3.12 Realistic head model.

50



Figure 3.13 illustrates the normalized 10 g average SAR, which is evaluated by the

proposed method, in the realistic head model at 2 GHz. Here, the average SAR using the

data on the x− z plane is omitted in the same way as discussed in Section 3.3.2. As shown

in Fig. 3.13, it is confirmed that the average SAR using the data in the specific planes

and axes is in agreement with the reference within —15% to +2%. In addition, the results

resemble those of the spherical model because the peak SAR on the y− z plane arises on the

curvature position in the model. Consequently, I have confirmed that the proposed method

can evaluate the average SAR in the realistic head model within ± 15% of the deviation from

the reference.

Fig. 3.13 Normalized 10 g average SAR in the realistic head model at 2 GHz (d =15 mm).
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3.5 Conclusions

This Chapter proposed the simple evaluation method of the estimating local 10 g average

SAR, which is based on the SAR distribution in the specific plane or axes by use of the thermal

technique.

First, the limit of simplification was investigated when the four types of the antenna,

which is the half-wave dipole antenna, monopole antenna mounted on the metal box, PIFA,

and half-wave dipole antenna with the planar reflector, were close to the COST244 cubic and

spherical head model at 900 MHz and 2 GHz. As a result, it had been confirmed that the

SAR distribution in the horizontal plane or axes is necessary to evaluate the local 10 g average

SAR because the variation in the horizontal direction is larger than that in the vertical one

using the antennas. In addition, the proposed method was almost able to evaluate the local

10 g average SAR, which is the deviation within ± 10%, in the cubic model at 900 MHz and

2 GHz. Moreover, the difference between the two methods in the spherical model was within

—12% to +17% at both frequencies.

Next, the effect of the distance between the antenna and the head model on the averaged

SAR using this method was evaluated at 900 MHz to investigate the application of this

method. The results indicated the deviation of the local 10 g average SAR was within ±

10% when the distance between the two is larger than 10 mm. Third, the dependence of

the proposed method on the frequency was investigated at 300 MHz to 3 GHz. It was found

from the result that the proposed method can be applied to the local average SAR estimation

in the cubic model at 300 MHz to 3 GHz.

Finally, I evaluated the average SAR in the realistic head model at 2 GHz. The result

reached that the proposed method also evaluates the average SAR in the realistic head model

within ± 15% of the deviation. From these investigations, I may conclude the proposed
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method can evaluate the local 10 g average SAR using the distribution on the optimum

planes and axes within ± 10% of the deviation at 300 MHz to 3 GHz, except in special cases.

In the near future, confirmation of the validity of this method using the thermographic

method in various cases will be done.
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Chapter 4 Effect of the variation in

dielectric constants of the

phantom on the local

SARs

4.1 Introduction

Many studies have been conducted on the estimation of potential health effects caused

by the microwaves radiated from mobile communication devices. The primary dosimetric

parameter for the evaluation of EM waves exposure is the SAR above 100 kHz. Many

countries are adopting or expected to adopt the guidelines, which define the basic limit for

local exposure to be the SAR averaged over a volume of 1 g or 10 g. The SAR is generally

estimated from numerical simulation and experimental evaluation. In the experimental

evaluation methods, the biological tissue-equivalent phantom is usually used to realize the

human tissue in most of the cases, as expressed by Section 2.3.

However, it is difficult to realize perfect agreement of dielectric constants (relative permit-

tivity, conductivity) between the phantom and the human tissue because of various factors;

e.g., fabrication error, evaporation as times go by, etc. In the measurement, differences

of dielectric constants between the two cause an error on the estimated SAR. Hence, it is

necessary to understand the effects of inaccurate dielectric constants of the phantom on the

local averaged SARs in order to realize the precision evaluation.

To the author’s knowledge, several papers on the effect of the inaccurate dielectric con-

stants on the SAR have been published. However, these papers proposed only the special
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cases; e.g., variation in the dielectric constants at half of twice [46], ± 15% change in the

constants [47]. On the other hand, the input impedance of the antenna is hardly due to the

inaccurate dielectric constants as well known [3].

This Chapter proposes the effect of the inaccurate dielectric constants of the biological

tissue-equivalent phantom on the local SARs in a human model when the dielectric constants

are changed at 150 MHz, 900 MHz, 2 GHz, and 3 GHz. First, in Sections 4.2 and 4.3, the

peak SAR, local 1 g and 10 g average SARs in the human model are calculated when the

relative permittivity and conductivity are varied from criteria to ± 20%. Next, in Section

4.4, the variation in the SAR distribution inside the model, which is caused by the inaccuracy

of the relative permittivity or conductivity, is evaluated to find the cause of the error of the

local average SARs. In Section 4.5, the relationship between the variation in the relative

permittivity or conductivity and the local SARs is investigated. Moreover, the effect of the

shape on the variation in the local SAR is investigated when the dielectric constants are

varied at 2 GHz. Finally, in Section 4.7, the corrective method of the variation in the SAR,

which is caused by the inaccurate dielectric constants, is proposed.

In this dissertation, the local peak SAR is defined as the peak value of the SAR in the

optional point (cell) of the tissue.
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4.2 Models and method

4.2.1 Models

Figures 4.1 (a) and (b) show the basic model for calculations at 150 MHz and 900 MHz to

3 GHz. Figure 4.1 (a) represents a half-wave dipole antenna and a cylindroid human model

[35]. The dimension of the cylindroid model is a major axis of 280 mm, a minor axis of 200

mm, and the height of 1300 mm. On the other hand, Fig. 4.1 (b) describes the antenna and

a COST244 cubic human head model [38]. The dimension of the cube is 200 mm in a side.

In addition, the distance between the feed point of the antenna and the phantom surface is

40 mm at 150 MHz and 15 mm at 900 MHz to 3 GHz in order to realize the actual situation.
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(a) 150 MHz

(b) 900 MHz to 3 GHz

Fig. 4.1 Models for calculations.
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4.2.2 Numerical technique

The FDTD software (SEMCAD ver. 1.8) is used for the SAR calculating in the models.

The parameters of the FDTD calculation employed in this Chapter are as follows: the cell

size of antenna and phantom is 2.5 mm (150 MHz) or 1 mm (900 MHz—3 GHz); the absorbing

boundary condition is the PML (eight layers); the calculation time is seven (150 MHz) or ten

(900 MHz—3 GHz) periods to get converged results.

Table 4.1 describes the dielectric constants of the model and reference value of the local

SARs at each frequency. Here, the dielectric constants at 150 MHz are the average value

in the whole-body tissues (two third of muscle) [22], [52]. On the other hand, dielectric

constants at 900 MHz to 3 GHz are used as values of the head [12]. From now on, εr0 and

σ0 are used as reference values for the inaccuracy of dielectric constants. In addition, the

local SARs are normalized to these values. Moreover, these values are normalized to the 1

W output of the antenna. Moreover, the density of the tissues ρ = 1,000 kg/m3 at 150 MHz

to 3 GHz.

Table 4.1 Dielectric constants of the model and criteria of local SARs

f [MHz] εr0 σ0 [S/m] peak SAR [W/kg] SAR1 g [W/kg] SAR10 g [W/kg]

150 42.1 0.51 0.46 0.39 0.33

900 41.5 0.97 15.5 10.1 6.40

2000 40.0 1.40 33.3 19.5 10.6

3000 38.5 2.40 43.3 19.8 8.71
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4.3 Dependence of the local SAR on the dielectric con-

stants of the phantom

4.3.1 Effect of the variation in the relative permittivity or the

conductivity

This Section suggests the variation in the local SARs when the only relative permittivity

εr or conductivity σ is changed in order to confirm the effect of the εr or σ on the SARs.

Figure 4.2 shows the calculated result of the normalized local peak SAR when the nor-

malized dielectric constant of the model in Fig. 4.1, εr/εr0 or σ/σ0, is varied from 0.8 to 1.2

under the condition that the other is the unity at 150 MHz to 3 GHz. From now on, the

local peak SARs were normalized to the referenced values in Table 4.1.

From this figure, the increase in the local peak SAR is proportional to the decrease in the

εr/εr0. The reason of this result will be examined in Section 4.5. In addition, the increase

in the local peak SAR is proportional to the increase in the σ/σ0. Moreover, it is confirmed

that the effect of the inaccurate conductivity on the local peak SAR is larger than that of

the inaccurate relative permittivity.

As shown in Figure 4.2, the effect of the variation in the εr/εr0 on the peak SAR is

proportional to the increase in the frequency. In addition, the effect of the change in the

σ/σ0 on the peak SAR is hardly due to the frequency. The reason of this result will be also

examined in Section 4.5.
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(a) Only εr is varied

(b) Only σ is varied

Fig. 4.2 Effect of the inaccurate relative permittivity or conductivity on the peak SAR.
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Figure 4.3 shows the calculated result of the normalized local 1 g average SAR when the

εr/εr0 or σ/σ0 is varied from 0.8 to 1.2 under the condition that the other is the unity at 150

MHz to 3 GHz. These 1 g average SARs were normalized to the referenced values in Table

4.1.

From this figure, the increase in the local 1 g average SAR is proportional to the decrease

in the εr/εr0. In addition, the increase in the local 1 g average SAR is proportional to the

increase in the σ/σ0. Moreover, it is confirmed that the effect of the inaccurate conductivity

on the local 1 g average SAR is also larger than that of the inaccurate relative permittivity.

As shown in Figure 4.3, the effect of the variation in the εr/εr0 or σ/σ0 on the 1 g average

SAR is due to the frequency. Especially, the effect of the εr/εr0 on the 1 g average SAR at

150 MHz is larger than that at 900 MHz as shown in Fig. 4.3 (a) because the average value

is dependent on the variation in the internal SAR distribution. The variation in the internal

SAR distribution will be examined in Section 4.4.

From Figs. 4.2 and 4.3, the effect of the inaccurate dielectric constants on the 1 g average

SAR is smaller than that on the peak SAR because the SAR is due to the average volume.
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(a) Only εr is varied

(b) Only σ is varied

Fig. 4.3 Effect of the inaccurate relative permittivity or conductivity on the 1 g average

SAR.
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Figure 4.4 illustrates the calculated result of the normalized local 10 g average SAR when

the εr/εr0 or σ/σ0 is varied from 0.8 to 1.2 under the condition that the other is the unity at

150 MHz to 3 GHz. These 10 g average SARs were normalized to the referenced values in

Table 4.1.

As shown in Figure 4.4, the increase in the local 10 g average SAR is proportional to

the decrease in the εr/εr0 at 150 MHz, 2 GHz, and 3 GHz. In addition, the increase in

the local 10 g average SAR is proportional to the increase in the σ/σ0 at 150 MHz to 2

GHz. Moreover, it is confirmed that the effect of the inaccurate conductivity on the 10 g

average SAR is larger than that of the inaccurate relative permittivity at 150 MHz to 2 GHz.

Furthermore, the influence of the variation in the εr/εr0 is larger than that of the σ/σ0 at 3

GHz.

From this figure, the effect of the variation in the εr/εr0 or σ/σ0 on the 10 g average SAR

is due to the frequency. Especially, the 10 g average SAR is not due to the variation in the

εr/εr0 at 900 MHz and σ/σ0 at 3 GHz. In addition, the increase in the effect of the εr/εr0

is due to the increase in the frequency above 900 MHz. On the other hand, the decrease in

the effect of σ/σ0 on the SAR is dependent on the increase in the frequency. The reason of

these results will be examined in Section 4.4.

From Figs. 4.3 and 4.4, the effect of the inaccurate dielectric constants on the 10 g

average SAR is smaller than that on the 1 g average SAR because the SAR is due to the

average volume. Therefore, it is necessary to evaluate the variation in the internal SAR

distribution to clear the effect of the inaccurate dielectric constants on the average SARs. I

will discuss the effect of the inaccurate dielectric constants on the internal SAR distributions

in the following Section.
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(a) Only εr is varied

(b) Only σ is varied

Fig. 4.4 Effect of the inaccurate relative permittivity or conductivity on the 10 g average

SAR.
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4.3.2 Effect of the variation in the dielectric constants

In Section 4.3.1, the effect of the inaccurate relative permittivity or conductivity of

the phantom on the local SARs was expressed. However, in the actual measurement, the

dielectric constants are simultaneously varied. Therefore, in this Section, the error of the local

average SARs is calculated when the dielectric constants of the phantom are simultaneously

changed at 150 MHz to 3 GHz.

Figures 4.5, 4.6, 4.7, and 4.8 show the calculated result of the normalized local 1 g and

10 g average SAR using a contour line when the normalized dielectric constants, which are

the εr/εr0 and σ/σ0, are simultaneously varied from 0.8 to 1.2 at 150 MHz, 900 MHz, 2 GHz,

and 3 GHz. Here, the variation in the local peak SAR is omitted.

As shown in Figs. 4.5 to 4.8, the effect of the inaccurate dielectric constants on the 1 g

average SAR is larger than that on the 10 g average value. In addition, it is also confirmed

that the difference between the variation in the 1 g average SAR and that in the 10 g average

value is due to the frequency. Moreover, the variation in the SAR caused by the inaccurate

dielectric constants is evaluated by use of these results. For example, as shown in Fig. 4.7

(b), the variation in the local 10 g average SAR is less than —5% to 0% at 2 GHz, when the

∆εr/εr0 = —10%, ∆σ/σ = —15%.

Moreover, I can see from these results that the effect of the inaccurate dielectric constants

on the local average SARs are almost equal to the sum of the change in the SAR caused by

the inaccurate relative permittivity and that by conductivity. Therefore, the effect of the

inaccurate dielectric constants on the local SARs is able to evaluate using Figs. 4.3 and 4.4

at 150 MHz to 3GHz.
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(a) 1 g average SAR

(b) 10 g average SAR

Fig. 4.5 Effect of the inaccurate dielectric constants on the local average SARs at 150 MHz

(contour).
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(a) 1 g average SAR

(b) 10 g average SAR

Fig. 4.6 Effect of the inaccurate dielectric constants on the local average SARs at 900 MHz

(contour).

68



(a) 1 g average SAR

(b) 10 g average SAR

Fig. 4.7 Effect of the inaccurate dielectric constants on the local average SARs at 2 GHz

(contour).
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(a) 1 g average SAR

(b) 10 g average SAR

Fig. 4.8 Effect of the inaccurate dielectric constants on the local average SARs at 3 GHz

(contour).
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4.4 Effect of the variation in the dielectric constants on

the SAR distribution inside the phantom

Section 4.3 proposed the effect of the inaccurate dielectric constants of the phantom on

the SAR at point or averaged value. Such variation in the SARs is caused by the change in

the SAR distribution in the phantom. Therefore, in this Section, the effect of the inaccurate

electric constants on the internal SAR distribution of the phantom is calculated.

4.4.1 Internal SAR distribution

Figures 4.9, 4.10, 4.11, and 4.12 illustrate the calculated result of the normalized SAR

distribution on the observation line [see Fig. 4.1], when the εr/εr0 or σ/σ0 is varied at 0.8,

1.0, and 1.2 under the condition that the other is the unity at 150 MHz to 3 GHz.

As shown in Fig. 4.9, the attenuation inside the phantom is hardly due to the variation

in the inaccurate dielectric constant at 150 MHz. In addition, the variation in the SAR in

the 1 g average area (depth = 0—10 mm) is almost equal to that in the 10 g average area

(depth = 0—21.5 mm). Therefore, the effect of the inaccurate dielectric constants on the

local 1 g average SAR is almost equal to that of the 10 g average value, as given by Fig. 4.5.

From Fig. 4.10 (a), the variation in the in the SAR distribution caused by the inaccurate

εr at the depth = 0—10 mm conflicts with that at the depth = 10—21.5 mm at 900 MHz.

Therefore, the variation in the local 10 g average SAR is hardly due to the change in the εr

such as given by Fig. 4.6 (b). On the other hand, As shown in Fig. 4.10 (b), the variation

in the in the SAR caused by the σ at the depth = 0—10 mm is larger than that at the depth

= 10—21.5 mm. Hence, the variation in the 1 g average SAR is larger than that in the 10

g average value at 900 MHz such as provided in Fig. 4.6. Moreover, the dependence of the

variation in the SAR distribution caused by the σ is larger than that by the εr.

I can see from Figs. 4.11 (a) and (b) that the variation in the average SARs caused by
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the inaccurate εr or σ is mainly due to the change in the SAR distribution at the depth =

0—7.5 mm. In addition, the dependence of the variation in the SAR distribution caused by

the σ is larger than that by the εr. Therefore, the variation in the 1 g average SAR is also

larger than that in the 10 g average value at 2 GHz such as provided in Fig. 4.7.

As shown in Fig. 4.12 (a), the variation in the average SARs at 3 GHz caused by the

inaccurate εr is mainly due to the change in the SAR distribution at the depth = 0—7.5 mm.

On the other hand, it is found form Fig. 4.12 (b) that the variation in the SAR distribution

caused by the inaccuracy of the σ at the depth = 0—10 mm conflicts with that at the depth

= 10—21.5 mm. Hence, the variation in the local 10 g average SAR is hardly due to the

inaccurate σ at 3 GHz such as given by Fig. 4.8 (b).

From Figs. 4.9 to 4.12, the variation in the attenuation of the SAR distribution, which is

caused by the inaccurate electric constant, is due to the frequency. In addition, the variation

in the attenuation caused by the increase in the εr conflicts with that in σ. Therefore, the

inclination in the average SAR caused by the increase in the εr also conflicts that in σ such

as Figs. 4.3 and 4.4.

These variations in the SAR distribution are due to the change in the attenuation con-

stant of the phantom. The variation in the attenuation constant of the phantom will be

examined in Section 4.4.2.
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(a) Only εr is varied

(b) Only σ is varied

Fig. 4.9 SAR distributions inside the phantom at 150 MHz.
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(a) Only εr is varied

(b) Only σ is varied

Fig. 4.10 SAR distributions inside the phantom at 900 MHz.
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(a) Only εr is varied

(b) Only σ is varied

Fig. 4.11 SAR distributions inside the phantom at 2 GHz.
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(a) Only εr is varied

(b) Only σ is varied

Fig. 4.12 SAR distributions inside the phantom at 3 GHz.
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4.4.2 Variation in the attenuation of the SAR

The variation in the attenuation of the SAR distribution is due to the change in the

attenuation constant of the phantom. The attenuation constant is dependent on the dielec-

tric constants of the phantom well as known [48], [49]. In the plane waves exposure, the

attenuation constant α is given by

α = ω

µ0ε0εr
2


s
1 +

µ
σ

ωε0εr

¶2
− 1

1/2 (4.1)

where α is the attenuation constant [Np/m], µ0 is the permeability in the vacuum [H/m], ω

is the angular frequency [rad/s].

However, it is difficult to discuss about the variation in the SAR distribution using the α.

Therefore, this section uses the penetration depth of the phantom. Actually, the penetration

depth of the phantom is different from a conductor because the phantom is a dielectric. In

addition, the penetration depth is due to the radiation devices. Nevertheless, the variation

in the SAR distribution may be assumed using the penetration depth. Here, the penetration

depth ds [mm] is given by ds = α−1.

Figure 4.13 shows the variation in the ds when the εr/εr0 or σ/σ0 is changed at 0.8 to 1.2

under the condition that the other is the unity at 150 MHz to 3 GHz. Here, it is confirmed

that the attenuation of the penetration depth vs. frequency is almost equal to that of the

f−1/2

As shown in Fig. 4.13, the decrease in the ds is proportional to the increase in the

frequency. The result also suggests the increase in the ds is proportional to the increase

in the εr/εr0. On the other hand, the decrease in the ds is proportional to the increase in

the σ/σ0. In addition, the dependence of the variation in the ds on the inaccurate εr is

smaller than that on the inaccurate σ. Furthermore, the variation in attenuation of the SAR
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distribution can be assumed by the result in Fig. 4.13.

From Fig. 4.13, the change in the ds is almost equal to 68—95 at 150 MHz. Thus, the

attenuation of the SAR distribution is hardly due to the inaccurate εr or σ at 150 MHz, as

given by Fig. 4.9. In addition, the variation in the ds is hardly dependent on the inaccuracy

of the εr at 2 and 3 GHz as shown in Fig. 4.13 (b). Therefore, the change in the average

SARs is almost dependent on the variation in the SAR distribution around the surface at

these frequencies.

78



(a) Only εr is varied

(b) Only σ is varied

Fig. 4.13 Effect of the inaccurate relative permittivity or conductivity on the ds.
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4.5 Relationship between the relative permittivity and

the peak SAR

It is clear that the SAR is proportional to the conductivity σ, as expressed by Eq. (2.1).

On the other hand, the relative permittivity εr is not included in Eq. (2.1). However, the

SAR has been varied by the inaccurate εr in Sections 4.3 and 4.4. The variation in the local

average SARs is due to the change in the SAR distribution, which is caused by the inaccurate

dielectric constants, as shown in Section 4.4. Therefore, in this Section, I discuss about the

relationship between the peak SAR and the εr.

As shown in Eq. (2.1), the σ and the density ρ is the constant of the phantom. Thus,

the variation in the SAR is due to the change in the E, which is caused by the inaccurate

εr. Figure 4.14 shows the calculation result of Ez
2 distribution inside the phantom, when

the εr/εr0 or σ/σ0 is changed at 1.0 and 1.2 under the condition that the other is the unity

at 900 MHz and 3 GHz.

From Fig. 4.14, the maximum variation in the Ez
2 caused by the change in the εr at

3 GHz is larger than that at 900 MHz. This result is almost same as the variation in the

peak SAR, as given by Fig. 4.2 (a). On the other hand, the maximum variation in the Ez
2

caused by the change in σ at 3 GHz is slightly larger than that at 900 MHz. Therefore, the

variation in the peak SAR caused by the inaccuracy of σ is hardly due to the frequency such

as shown in Fig. 4.2 (b). From this result, it is confirmed that only the effect of inaccurate

εr on the Ez
2 is dependent on the frequency.

The decrease in the peak SAR is proportional to the increase in the εr was already

proposed in Section 4.3. This relationship may be due to the variation in the electric

displacement caused by the change in the εr. On the other hand, variation in the peak SAR

caused by frequency is produced by various factors; e.g., variation in the E-field distribution
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on the phantom surface caused by the shorten of the antenna, shorten of the wavelength,

shorten of the internal wavelength of the phantom, change in the surface impedance of the

phantom, etc. It is assumed that the variation of the peak SAR is mainly produced by the

change in theE-field distribution which is caused by the shorten of the antenna because the E-

field distribution on the phantom surface concentrates the point at 3 GHz. The investigation

of the variation in the E-field distribution around the phantom surface in various cases is

necessary to confirm the validity of this assumability.
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(a) 900 MHz

(b) 3 GHz

Fig. 4.14 Effect of the inaccurate relative permittivity or conductivity on the Ez
2 distri-

bution inside the phantom.
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4.6 Effect of the shape of the phantom

In Section 4.2 to 4.5, the COST244 cubic model is used as the human head. However,

the real human head is composed by a curved and flat surface. Therefore, the investigation

of the effect of the shape on the variation in the SAR, which is caused by the inaccurate

dielectric constants, is important. In this Section, I calculate the effect of the inaccurate

dielectric constants on the local SARs in the realistic and COST244 cubic models at 2 GHz.

4.6.1 Models and criteria

Figures 4.15 (a) and (b) show the basic model for calculations. Figure 4.15 (a) represents

a half-wave dipole antenna and a realistic head model [45]. On the other hand, Fig. 4.15 (b)

describes the antenna and a COST244 spherical model. The radius of the sphere is 100 mm.

In addition, the distance between the feed point of the antenna and the phantom surface is

15 mm to realize the actual situation. The characteristics of the head models are as follows:

the electrical properties at 2 GHz are εr = εr0 = 40.0, σ = σ0 = 1.40 S/m, the density ρ =

1,000 kg/m3 [12]. From now on, εr0 and σ0 are used as reference values for the inaccuracy

of dielectric constants.

Table 4.2 describes the reference value of the local SARs in each model. In addition,

the local SARs are normalized to these values. Moreover, these values are normalized to the

1 W output of the antenna.

Table 4.2 Criteria of local SARs in three types of models

Shape Peak SAR [W/kg] SAR1 g [W/kg] SAR10 g [W/kg]

Cube 33.3 19.5 10.6

Real 31.5 19.1 10.8

Sphere 26.9 16.5 9.41
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(a) Realistic model

(b) Spherical model

Fig. 4.15 Models for calculations.
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4.6.2 Effect of the variation in the relative permittivity or the

conductivity

This Section suggests the dependence of the variation in the local SARs on the phantom

shape when the only relative permittivity εr or conductivity σ is changed.

Figures 4.16 to 4.18 show the calculated results of the normalized local SARs, when the

normalized electric constant of three types of models [see Figs. 4.1 (b) and 4.15], εr/εr0 or

σ/σ0 is varied from 0.8 to 1.2 under the condition that the other is the unity at 2 GHz. From

now on, the local SARs were normalized to the referenced values in Tables 4.1 and 4.2.

As shown in Fig. 4.16 (a), the effect of the variation in the εr/εr0 on the peak SAR of

the spherical model is larger than that of the others. On the other hand, the effect of the

change in the σ/σ0 is hardly due to the shape as given by Fig. 4.16 (b). Therefore, the

variation in the shape causes only the effect of the inaccurate εr on the peak SAR. From

these results, the effect of the variation in the peak SAR is less than 3% when εr/εr0 or σ/σ0

is varied from 0.8 to 1.2.

From Fig. 4.17 (a), the effect of the variation in the εr/εr0 on the 1 g average SAR of the

realistic and spherical model is larger than that of the cubic one. Therefore, the dependence

of the 1 g average SAR on the inaccurate εr is due to the variation in the E-field distribution

caused by the curvature of the model. On the other hand, the effect of the variation in the

σ on the 1 g average SAR of the realistic model is slightly larger than that of the others

as shown in Fig. 4.17 (b). These results also suggest the effect of the variation in the 1 g

average SAR is less than 2%.

As shown in Fig. 4.18 (a), the effect of the variation in the εr/εr0 on the 1 g average

SAR of the realistic and spherical model is slightly larger than that of the cubic one. On

the other hand, the effect of the variation in the σ on the 10 g average SAR of the realistic

model is slightly larger than that of the cubic one. In addition, the dependence of the 10 g
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average SAR on the σ of the spherical model is slightly smaller than that of the cubic one

as given by Fig. 4.18 (b). These results also support the effect of the variation in the 10 g

average SAR is less than 1%.
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(a) Only εr is varied

(b) Only σ is varied

Fig. 4.16 Effect of the inaccurate relative permittivity or conductivity on the peak average

SAR in three types of head model.
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(a) Only εr is varied

(b) Only σ is varied

Fig. 4.17 Effect of the inaccurate relative permittivity or conductivity on the 1 g average

SAR in three types of head model.
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(a) Only εr is varied

(b) Only σ is varied

Fig. 4.18 Effect of the inaccurate relative permittivity or conductivity on the 10 g average

SAR in three types of head model.
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4.6.3 Effect of the variation in the dielectric constants

Figures 4.19 and 4.20 show the calculated result of the normalized local 1 g and 10 g

average SAR in the realistic and spherical models using a contour line when the εr/εr0 and

σ/σ0, are simultaneously varied from 0.8 to 1.2 at 2 GHz. The result of the cubic model is

already proposed as given by Fig. 4.7.

As shown in Figs. 4.7, 4.19, and 4.20, the variation in the local average SARs of the

realistic model is the largest in the models. In addition, these result also suppose the effect

of the variation in the average SARs is less than 3%. From these results, the dependence of

the change in the average SAR on the inaccurate dielectric constants is slightly due to the

shape.
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(a) 1 g average SAR

(b) 10 g average SAR

Fig. 4.19 Effect of the inaccurate dielectric constants on the local average SARs in the real

head model (contour).
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(a) 1 g average SAR

(b) 10 g average SAR

Fig. 4.20 Effect of the inaccurate dielectric constants on the local average SARs in the

spherical model (contour).
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4.7 Corrective method of the error of the SAR by the

inaccuracy of dielectric constants

The error of the local SAR caused by the inaccurate dielectric constants of the biological

tissue-equivalent phantom can be corrected using the proposed results in Section 4.3. There-

fore, the regular measurement of the inaccuracy of the dielectric constants of the phantom

using such as the dielectric probe measurement system is very important to realize the pre-

cision evaluation of the SAR. However, the evaluation of the dielectric constants is difficult

when the actual measurement of the SAR; e.g., evaluation of the many devices, using the

large model, etc. In these cases, the corrective method of the SAR is as follows:

1) investigation of the measurement time and condition of the room.

2) leave the phantom, which has same volume of the measurement, in the same condition of

the SAR estimation at the same time.

3) measurement of the dielectric constants after 1).

4) calculation of the variation in the dielectric constants at the unit time.

5) correction of the SAR using the result of 3) at optional time.
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4.8 Conclusions

This Chapter presented the investigation of the effect of the inaccurate dielectric con-

stants of the biological tissue-equivalent phantom on the local SARs in the human model

when the dielectric constants are varied at 150 MHz, 900 MHz, 2 GHz, and 3 GHz. The

important findings in this Chapter are as follows;

1) Local peak, 1 g and 10 g average SARs in the human model were calculated using the

FDTD method, when the relative permittivity εr or conductivity σ are varied from

criteria to ± 20% under the condition that the other was the unity at 150 MHz—3 GHz.

As a result, it has been confirmed the decrease in the local SARs is proportional to the

increase in the εr. On the other hand, the increase in the local SARs is proportional to

the increase in the σ. Moreover, the dependence of the local SARs on the inaccurate

εr or σ is due to the frequency. However, the variation in the peak SAR is hardly due

to the frequency.

2) Local 1 g and 10 g average SAR were evaluated when the εr and σ were simultaneously

varied from criteria to ± 20% at 150 MHz—3 GHz. As a consequence, I have confirmed

that the effect of the inaccurate dielectric constants on the local average SARs is almost

equal to the sum of the change in the SAR caused by the inaccurate εrand that by the

σ as given by 1). In addition, the variation in the local average SARs is dependent on

the frequency.

3) The effect of the shape on the variation in the local SARs of three types of models caused

by the inaccurate dielectric constants was investigated at 2 GHz. As a result, it has

been confirmed that the effect of the variation in the average SARs is less than 3%. In

addition, the dependence of the change in the average SAR on the inaccurate dielectric

constants is slightly due to the curvature of the shape.
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Chapter 5 Modeling of a simple

abdomen model of

pregnant women

5.1 Introduction

Recently, RF devices, which are usually placed in the vicinity of the human body, have

been widely used. Pregnant women and their fetuses may be exposed to the EM waves

radiated from these devices, e.g., portable radio terminals, induction heating cookers, hand-

held metal detectors, etc. It is therefore necessary to evaluate the EM exposure of the fetus

inside pregnant women.

To the author’s knowledge, several papers on the evaluation of the EM exposure in the

fetus have been published [50], [51]. In the papers, the abdomen of pregnant women is

replaced as the simple models. For example, Figs. 5.1 (a) and (b) illustrate the abdomen

models of pregnant women in the previous studies. Figure 5.1 (a) describes the homogeneous

and layered spherical models replace the pregnant women to evaluate the SAR generated by

the plane waves’ exposure at 300—1500 MHz [50]. On the other hand, the model simulates a

external structure of a pregnant woman in the 34th weeks pregnancy as given by Fig. 5.1 (b) to

calculate the induced current densities and the SAR which is produced by a hand-held metal

detectors (HHMDs) [51]. However, as shown in Fig. 5.1, the structure inside the model is

inaccurate because the magnetic resonance imaging (MRI) tomograms of the pregnant women

are hard to obtain. In addition, little is known about the dielectric constants of the amniotic

fluid and fetus. Therefore, an accurate structure of the model and the dielectric constants of
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the fetus are indispensable to evaluate the precision EM exposure in the fetus.

This Chapter proposes the modeling of the abdomen of pregnant women. First, in

Section 5.2, the dielectric constants of the amniotic fluid and fetus of the rabbit are measured

because the electrical properties of mammals are almost equal to those of the human [52]. In

addition, the dielectric constants of internal organs of the rabbit are also measured. Next,

in Section 5.3, a simple abdomen model of the pregnant women, which is composed by three

types of tissues (body, amniotic fluid, fetus), based on measurements of MRI tomograms

is introduced. Finally, in Section 5.4, an simple abdomen solid phantom of the pregnant

women, which is used as the measurement, is presented.

The study in Chapters 5 and 6 is the joint research with Research Center for Frontier

Medical Engineering in Chiba University, Graduate School of Medicine in Chiba University,

Chiba University Hospital, Panasonic Mobile Communications Co., Ltd., and Matsushita

Electric Industrial Co., Ltd.

96



(a) Fleming’s model [50]

(b) Kainz’s model [51]

Fig. 5.1 Instance of the numerical models of pregnant women.
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5.2 Measurement of the electric constants of internal

organs of a rabbit

5.2.1 Condition and setting

In the measurement of the dielectric constants, a Japanese White rabbit of twenty five

days of pregnancy and eight fetuses of the rabbit are used. Figure 5.2 shows the measurement

rabbit because the measurement of the dielectric constants of the amniotic fluid and the fetus

is difficult in early pregnancy. Here, the pregnancy of the rabbit is almost equal to eight to

nine months of pregnancy for the human. In addition, the amount of the amniotic fluid is

the maximum in this pregnancy.

In the euthanasia of rabbits, a pentobarbital sodium solution is used. The euthanasia

and dissection of the rabbit were realized following a guideline of experiments on animals of

Chiba University in Inohana area.

The measurement instrument of the dielectric constants is an HP-85070M dielectric-

probe measurement system manufactured by the Agilent Technology Co. Ltd., Tokyo, Japan.

The temperature in the measurement room is 22 oC. In addition, the humidity of the room

is 32%. The temperature of the internal organs is 22—24 o C.
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Fig. 5.2 A rabbit by use of measurement (twenty-five days of pregnancy).
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5.2.2 Results

Internal organs

Figures 5.3—5.6 illustrates the measured dielectric constants of the uterus, liver, muscle,

and brain of the rabbit at 100 MHz to 3 GHz because the position of the uterus, liver, and

muscle is close to the amniotic fluid and fetus. On the other hand, the value of the brain is

usually used as the value of the human head. In addition, the reference value of the human

is usually used as the value of the human tissue [52].

As shown in Figs. 5.3—5.6, the dielectric constants of the tissues vs. the frequency fit

those of the human below 2 GHz. On the other hand, the differences between the two are

obtained at 2—3 GHz because the result includes the error caused by the measurement system

above 2 GHz. From Fig. 5.5, the different of the conductivity of the muscle is the largest

in the tissues because the measurement deviation of the muscle is caused by the difference of

the fiber direction.

From these results, I have confirmed that the electrical properties of this rabbit are

almost equal to those of the human.
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Fig. 5.3 Measured dielectric constants of the uterus of a rabbit.

Fig. 5.4 Measured dielectric constants of the liver of a rabbit.
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Fig. 5.5 Measured dielectric constants of the muscle of a rabbit.

Fig. 5.6 Measured dielectric constants of the brain of a rabbit.
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Amniotic fluid and fetus

Figure 5.7 shows measured dielectric constants of the amniotic fluid of a human and the

rabbit at 100 MHz to 3 GHz. Here, the amniotic fluid of the human has been received from

a healthy volunteer. Figure 5.8 describes the measured dielectric constants of the fetus of

the rabbit. The value of the fetus of the rabbit is averaged by the value of eight fetuses.

As shown in Fig 5.7, the dielectric constants of the amniotic fluid of the rabbit fit those

of the human. On the other hand, the conductivity of the fetus of the rabbit is 1.3 times

larger than that of the muscle of the adult human, as given by Fig. 5.8. This result suggests

the dielectric constants of the biological tissue is due to the age. Literature [53] proposed

almost same result of the measured dielectric constants of rats.

From Figs. 5.7 and 5.8, the conductivity of the tissues is 1.8 or 1.3 times larger than that

of the muscle of the adults at 150 MHz. The results suggest the modeling of the pregnant

women including the amniotic fluid and the fetus is necessary.
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Fig. 5.7 Measured dielectric constants of the amniotic fluid of a human and a rabbit.

Fig. 5.8 Measured dielectric constants of the fetus of a rabbit.
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5.3 Modeling of the abdomen model of pregnant women

The SAR in the fetus is dependent on the pregnant term. The external shape of pregnant

women is almost equal to nonpregnant women at the early pregnancy which is less than five

month of pregnancy. In addition, the measurement of the dielectric constants of the fetus at

the early pregnancy is difficult. On the other hand, the work of the pregnant is difficult at

the late pregnancy which is above nine month of pregnancy. Therefore, MRI tomograms of

the pregnant women at the six to eight month are used.

Twenty tomograms of pregnant women are detected in Chiba University Hospital. How-

ever, the detailed modeling of pregnant women using the tomograms is difficult because the

tomograms are usually taken at interval of about ten mm in order to confirm a deformed

child. Here, three tomograms of the pregnant women, which has the almost same weight of

average pregnant women, are used as the evaluation of the measurements of the tissue.

Figure 5.9 shows an instance of MRI tomogram of a woman at thirty weeks of pregnancy.

From three tomograms such as given by Fig. 5.9, the measurements of the maximum width,

height, position of the mothers’ body, amniotic fluid, and fetus is evaluated. Figure 5.10

illustrates a simple abdomen model of pregnant women based on the measurements. As

shown in Fig. 5.10, the amniotic fluid and fetus are modeled by ellipsoids. Here, theses

ellipsoids have almost the same volume as the amniotic fluid and the fetus in Fig. 5.9. On

the other hand, the mother’s body is replaced by a homogeneous cylindroid.
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Fig. 5.9 Instance of MRI tomograms of pregnant women.
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Fig. 5.10 Simple abdomen model of pregnant women.
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5.4 Abdomen solid phantom of pregnant women

The decision of the ingredients of the amniotic fluid- and the fetus-equivalent phantoms

is necessary to realize the layered abdomen phantom. Here, the ingredients of the body

phantom are already proposed [35], [36].

Tables 5.1—5.3 describe the ingredients of the body-, amniotic fluid-, and fetus- equivalent

phantoms at 150 MHz. The dielectric constants of the amniotic fluid- and fetus- equivalent

phantoms are adjusted to have the same value in Figs. 5.7 and 5.8.

Figure 5.11 shows a simple abdomen phantom of the pregnant women which is composed

by three types of tissues.

Table 5.1 Ingredients of the body-equivalent phantom at 150 MHz

Material Mass [g] Weight ratio [%]

Glycerol 1,000 32.9

Deionized water 1,500 49.3

Sodium chloride 42 1.4

Agar 100 3.3

Polyethylene powder 400 13.1

The volume of a completed phantom is approximately 4,200 cm3.

Table 5.2 Ingredients of the amniotic fluid-equivalent phantom at 150 MHz

Material Mass [g] Weight ratio [%]

Deionized water 482 91.8

Sodium benzoate 18 3.4

Agar 25 4.8

The volume of a completed phantom is approximately 500 cm3.
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Table 5.3 Ingredients of the fetus equivalent phantom at 150 MHz

Material Mass [g] Weight ratio [%]

Deionized water 488 92.9

Sodium benzoate 12 2.3

Agar 25 4.8

The volume of a completed phantom is approximately 500 cm3.

Fig. 5.11 Simple abdomen solid phantom of pregnant women.
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5.5 Conclusions

In this Chapter, the modeling of the abdomen of pregnant women was proposed. First,

the dielectric constants of the amniotic fluid and fetus of the rabbit were measured, because

the electrical properties of mammals are almost equal to those of the human. As a result,

the conductivity of the tissues was 1.8 or 1.3 times larger than that of the muscle of adults

at 150 MHz. The results have suggested the modeling of the pregnant women including the

amniotic fluid and the fetus is necessary. In addition, the dielectric constants of internal

organs of the rabbit were also measured. As a consequence, I have confirmed that the

electrical properties of measured rabbit is almost equal to those of the human. Next, the

simple abdomen model of the pregnant women, which is composed by three types of tissues

(body, amniotic fluid, fetus), based on measurements of the MRI tomograms was introduced.

Finally, the simple abdomen solid phantom of the pregnant women, which is used as the

measurement, was presented.

The evaluation of the SAR inside the proposed abdomen model will be examined close

to the portable radio terminals in next Chapter.
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Chapter 6 Evaluation of the SAR

inside a simple abdomen

model of pregnant women

6.1 Introduction

Portable radio terminals for business purposes at 150 MHz are usually used in a radio

set, which is attached to the human abdomen. In addition, the EM waves at 150 MHz

can penetrate into the human body more easier than those at the frequencies of cellular

phones [15]—[17]. Therefore, it is important to evaluate the SAR in the internal organs in

order to confirm the EM-safety problem by use of the portable radio terminals at 150 MHz.

In particular, pregnant women such as police women and her fetus may be exposed to the

EM waves radiated from the portable terminals at 150 MHz. In addition, to the author’s

knowledge, very little work is currently available in the published literature on the evaluation

of the SAR in the pregnant women and her fetus at 150 MHz. In addition, the measurement

of the SAR inside the layered phantom is also hardly evaluated in the previous studies. It is

therefore important to evaluate that the SAR in the pregnant women in the vicinity of the

portable terminals at 150 MHz.

In this research, the SAR in the simple abdomen phantom as expressed by Section 5.4

is measured using the thermographic method. However, in the thermographic method, long

time exposure at 120—180 s is needed to evaluate the precision SAR distribution inside the

phantom at 150 MHz [36]. Such long time exposure causes the thermal error. Hence, I eval-

uate the thermal error in the abdomen model and the exposure condition of the measurement
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using the thermal analysis.

In this Chapter, the SAR inside the proposed simple abdomen model of the pregnant

women close to the portable radio terminals is investigated at 150 MHz. First, in Section 6.2,

the numerical and experimental models are proposed. In Section 6.3, the SAR distribution

and average value in the abdomen model is calculated using the FDTD method. Next,

in Section 6.4, the thermal error in the abdomen model and the exposure condition of the

measurement is solved by the thermal analysis. Finally, in Section 6.5, the temperature

distribution in the abdomen phantom is measured and compared with the calculated result.
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6.2 Numerical and experimental Models

6.2.1 Structure of antennas

Figure 6.1 shows the structure of the normal mode helical antennas (NHAs) [55]—[57].

From now on, the antennas are called the ANT1 and ANT2. In this dissertation, the NHAs

simulates the actual portable radio terminals at 150 MHz, which is composed by a monopole

NHA and a small radio box. The validity of the replacement of the NHAs has been proposed

[36]. These NHAs are conjugate-matched by a capacitor. The parameters of ANT1 (pitch

S, number of windings N , winding diameter 2R, and axial length L) are as follows; L = 212

mm (0.11λ), N = 38.4, 2R = 15 mm, S = 5.4 mm. On the other hand, the data of ANT2

are as follows; L = 356 mm (0.18λ), N = 99, 2R = 7.5 mm, S = 3.4 mm. Here, the 2R of

ANT1 is twice of that of ANT2 in order to improve the radiation efficiency. The diameter

of the metal wire (copper, σ = 5 × 107 S/m) is 1 mm. The measured efficiency of the NHAs

in free space is —1.4 dB (ANT1) and —1.2 dB (ANT2).
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(a) ANT1

(b) ANT2

Fig. 6.1 Normal mode helical antennas.
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6.2.2 Model

Figure 6.2 shows the numerical and experimental model. Figure 6.2 (a) illustrates the

evaluation model of the normal case, when the NHA is attached to the side of a simple

abdomen model, as shown in Fig. 5.10. On the other hand, Fig. 6.2 (b) presents the

evaluation model to consider the worst case of the exposure inside the fetus, when the NHA

is attached in front of the abdomen model. In addition, the distance between the antenna and

the surface of the human model is 40 mm in order to realize the actual situation. Moreover,

the origin is the feed point of the antenna.

Figure 6.3 (a) illustrates the observation plane, which is the x− y plane at z = 0, of the

SAR and temperature distributions inside the abdomen model in the normal case. On the

other hand, Fig. 6.3 (b) shows the observation plane and line in the worst case. Here, the

observation line is direct under the feed point along the y-axis on the observation plane to

confirm the variation in the distributions around the boundary of the layer.
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(a) Side (normal position)

(b) Front (worst position)

Fig. 6.2 Numerical and experimental models.
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(a) Side (normal position)

(b) Front (worst position)

Fig. 6.3 Observation plane in the models.
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6.3 SAR calculation

6.3.1 Numerical condition

The FDTD software (SEMCAD ver. 1.6) is used for the SAR calculating in the abdomen

models. The parameters of the FDTD calculation employed in this Chapter are as follows.

The cell size of the NHAs is 0.5—1 mm, abdomen model is 0.5—5 mm, and free space is 0.5—20

mm. In addition, the absorbing boundary condition is the PML (eight layers). Moreover,

the calculation time is thirty (ANT1) or twenty five (ANT2) periods at 150 MHz to get

converged results.

Table 6.1 describes the measured dielectric constants and the density of the body-, am-

niotic fluid-, fetus- equivalent phantoms. Here, the electrical properties of the phantoms

are measured using the HP-85070M dielectric-probe measurement system. The density is

evaluated by the weight ratio of the water, which has the same volume of tissues.

Table 6.1 Dielectric constants and density of tissues

Tissue Body AF Fetus

εr 42.1 78.3 76.9

σ [S/m] 0.50 1.23 0.91

ρ [kg/m3] 907 986 967

AF: Amniotic fluid
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6.3.2 Calculated SAR distributions

SAR distributions on the observation plane

Figure 6.4 shows the calculated SAR distribution inside the abdomen model on the

observation plane, as given by Fig. 6.3 (a), when the antennas are attached to the side of

the model. From now on, the input power of the antennas is normalized to 1 W. Here,

the output power of the antennas is corrected by the efficiency in free space, as expressed in

6.2.1.

As shown in Fig. 6.4, the peak SAR of the ANT1 is larger than that of the ANT2

because the axial length of the ANT2 is longer than that of the ANT1. In addition, the SAR

in the fetus is hardly obtained because the SAR in the fetus is attenuated by the distance

from the surface. Moreover, the SAR in the fetus produced by the ANT1 is almost equal to

that by the ANT2.

Figure 6.5 illustrates the calculated SAR distribution inside the abdomen model on the

observation plane, as given by Fig. 6.3 (b), when the antennas are attached in front of the

model to evaluate the worst case exposure.

From Fig. 6.5 (a), the SAR distribution in the model by the ANT1 is asymmetrical on

the y axis because of the current distribution on the NHA. Here, the asymmetry by the

ANT1 is larger than that by the ANT2. In addition, from Figs. 6.5 (a) and (b), the high

SAR distribution in the amniotic fluid is obtained because the conductivity of the amniotic

fluid is almost 2.6 times higher than that of the body, as expressed by Table 6.1. The result

also shows the variation in the SAR distribution around the boundary of the layer of the

tissues.
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(a) ANT1

(b) ANT2

Fig. 6.4 SAR distributions on the observation plane (normal position).
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(a) ANT1

(b) ANT2

Fig. 6.5 SAR distributions on the observation plane (worst position).
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SAR distributions on the observation line

Figure 6.6 shows the calculated SAR distribution on the observation line, as given by

Fig. 6.3 (b). Here, the SAR distribution of the homogeneous model, which is the body-

equivalent tissue, is also evaluated to confirm the variation in the SAR distribution caused

by the layered structure.

As shown in Fig. 6.6, it has been confirmed that the attenuation of the SAR in the body

is sharp varied by the layered structure. In addition, the SAR distribution inside the model

varies suddenly around the boundary of the tissue because the difference of the conductivity

between the tissues is very large, as expressed in Table 6.1. Moreover, the SAR in the fetus

is larger than that in the homogeneous model.

From these results, it has been confirmed that the layered abdomen model of pregnant

women is indispensable to accurate evaluate the SAR in the fetus.

122



(a) ANT1

(b) ANT2

Fig. 6.6 SAR distributions on the observation line.
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Local average SARs

Table 6.2 describes the calculated local 1 g and 10 g average SARs in the model, when

the NHAs are attached the side of the abdomen model. As shown in Table 6.2, it is confirmed

that the EM waves is hardly penetrate into the fetus. The result also suggests the local 10

average SAR in the fetus is less than 0.15 W/kg at 5 W input (maximum power of portable

radio terminals in Japan), when the antenna is attached to the side of the abdomen of

pregnant women.

Table 6.3 shows the calculated local 1 g and 10 g average SARs in the model, when the

NHAs are attached in front of the abdomen model. From Table 6.3, the local average SAR

produced by the ANT1 is almost equal to that by the ANT2. The result also suggests the

local 10 average SAR in the fetus is less than 1.5 W/kg at 5 W input. From these results,

the local 10 g average SAR in the fetus is less than 2 W/kg which is the limit, as expressed

in Section 2.2.

Table 6.2 Local average SARs in the mother and fetus in the normal case exposure

Tissue ANT1 ANT2

Mother
SAR1 g 1.12 0.90

SAR10 g 0.91 0.72

Fetus
SAR1 g 0.03 0.03

SAR10 g 0.02 0.03

Table 6.3 Local average SARs in the mother and fetus in the worst case exposure

Tissue ANT1 ANT2

Mother
SAR1 g 1.04 0.76

SAR10 g 0.79 0.59

Fetus
SAR1 g 0.39 0.32

SAR10 g 0.30 0.26
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6.4 Thermal analysis

6.4.1 Necessity of the thermal analysis

The thermal error is mainly caused by the thermal conduction inside the phantom and

the heat transfer on the phantom surface [37]. In order to reduce these thermal errors, the

short time exposure is important. However, the short time exposure is difficult at VHF band

[35], [36]. In these cases, the thermal analysis inside the phantom is indispensable. Therefore,

this section proposes the effect of the exposure time on the temperature distribution inside

the abdomen models.

6.4.2 Mathematical formulation

The temperature distribution inside the biological tissue could be calculated by solving

the bioheat equation [58]

ρc
∂T

∂t
= κ∇2T − ρρbcbF (T − Tb) + ρ · SAR (6.1)

where T is the temperature of the tissue [K], t is the time [s], ρ is the density of the tissue

[kg/m3], c is the specific heat of the tissue [J/kg·K]，κ is the thermal conductivity of the

phantom [W/m·K]，ρb is the density of the blood [kg/m
3], cb is the specific heat of the blood

[J/kg·K], Tb is the temperature of the blood [K], and F is the blood flow rate [m3/kg·s].

Here, in solid phantoms, F is equal to 0. Therefore, the temperature inside the phantom

is given by

ρc
∂T

∂t
= κ∇2T + ρ · SAR (6.2)

Additionally, the boundary condition for Eq. (6.2) is given by the following equation [59]—[62]

h(T − Ta) = κ
∂T

∂n
(6.3)

where h is the heat transfer coefficient [W/m2·K]，Ta is the temperature of the air around

the phantom [K]，and ∂T/∂n is the variation in the temperature toward normal from the
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phantom surface. Therefore, the temperature-rise inside the phantom can calculate by solving

Eqs. (6.2) and (6.3). The thermal analysis inside the head model using these equation has

been widely proposed [59]—[62]. Here, t→ 0, the SAR is given by following equation

SAR = c
∆T

∆t
[W/kg] (6.4)

In the thermographic method, the SAR is given by ∆t and ∆T using Eq. (6.4). However, in

the thermal measurement, the SAR includes the thermal error by κ and h because the ∆t→

0 is difficult at 150 MHz.

6.4.3 Numerical condition

The thermal solver, which is including SEMCAD ver. 1.6, is used for the thermal analysis

in the abdomen model. In the thermal analysis, the temperature distribution inside the model

as given by Fig. 6.2 (b) is calculated because the measurement of the temperature-rise inside

the fetus when the NHAs are attached the side of the abdomen model. In addition, the

measurement of the variation in the SAR distribution around the boundary is important.

Table 6.4 describes the thermal properties of the phantoms. Here, these values of the

body and fetus are measured by the Agune Technical Center Co., Ltd., Tokyo, Japan. On

the other hand, the values of the amniotic fluid are presumptive value from the results of the

fetus because the ingredients of the two tisse is almost similar. As shown in Table 6.4, the

thermal conductivity is larger than that of the others.

In the thermal analysis, the calculated results of the SAR by the FDTD method is used

as a source of heat in Eq. (6.2). The conditions of the thermal analysis are as follows. The

first temperature of the phantoms and the air is 18 oC to realize the actual measurement. In

addition, the heat transfer coefficient h is 20 W/m2· K to realize the condition of the radio

anechoic chamber in Chiba University. Moreover, the input power of the antennas is 84 W,
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which is corrected by the cable loss. Furthermore, the exposure time is varied from 60—240

s. Here, the output power of the antennas is corrected by the efficiency of the NHAs.

Table 6.4 Thermal constants of tissues

Tissue Body AF Fetus

c [J/kg·K] 3,060 4,000 4,030

κ [W/m·K] 0.36 0.60 0.61

AF: Amniotic fluid

6.4.4 Calculation results of thermal analysis

Figure 6.7 shows the temperature-rise ∆T distribution on the observation line, as given

by Fig. 6.3 (b). As shown in Fig. 6.7, the increase in the ∆T in the abdomen model is

proportional to the increase in the exposure time ∆t. In addition, the increase in the error

around the surface, which is caused by the heat transfer toward the air, is also proportional

to the increase in the ∆t. Moreover, the ∆T ≥ several K in the fetus is necessary to evaluate

the temperature distribution inside the fetus. Therefore,∆t above 180 s is needed to measure

the distribution in the fetus.

Figure 6.8 illustrates the SAR distribution, which is calculated by the temperature dis-

tribution using the Eq. (6.4), on the observation line. The FDTD line is the calculated result

of the SAR distribution in Fig. 6.6. As shown in Fig. 6.8, the increase in the error around

the boundary of the amniotic fluid is proportional to the increase in the exposure time ∆t. In

addition, the maximum difference between the FDTD and the others is almost equal to 40%.

Moreover, the difference in the amniotic fluid is the largest because the SAR around this

tissue is larger than that of the others. These results also suggests the precision evaluation

of the SAR in the abdomen model using the raw temperature distribution is difficult.
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From Figs. 6.7 and 6.8, the optimize exposure time of this model is 180 s in each antenna

to evaluate the temperature distribution in the fetus.
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(a) ANT1

(b) ANT2

Fig. 6.7 Temperature-rise distributions on the observation line.
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(a) ANT1

(b) ANT2

Fig. 6.8 SAR distributions on the observation line based on the thermal analysis.
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6.5 Measurement

In Section 6.4, the exposure time in the measurement is simulated. In this Section, the

temperature distribution inside the phantom is measured.

6.5.1 Condition and Setting

Figure 6.9 shows the setting of the measurement. The temperature distribution is

measured using the radio anechoic chamber in Chiba University. The infrared camera used

for the measurement is TH3102MR manufactured by the NEC Co., Ltd., Tokyo, Japan.

Fig. 6.9 SAR measurement system using the thermographic method.
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6.5.2 Measurement of the emittance and corrective method of the

temperature

Measurement of the emittance

The simple abdomen phantom is composed by the three types of phantoms. Therefore,

the measurement of the emittance of each phantom is necessary to evaluate the precision

temperature distribution. In this study, two types of the measurement method, which are

using a contact thermometer and black tape (X = 0.95).

Figure 6.10 shows the two measurement method of emittance. The measurement method

using the contact thermometer (Fig. 6.10 (a)) are as follows. At first, the water of higher

temperature (about 70 o C) than the phantom (about 70 o C) is touched to the surface of

the phantom for about ten seconds in the first step, and hot spot is generated. Then, the

temperature of the hot spot the surface is measured and compared using an infrared camera

and contact thermometer when the emittance of the infrared camera is varied. At this time,

the temperature measured by the contact thermometer is used as the accurate. In the second

step, the temperature gradient with the hot spot temperature is examined. If temperature

gradient is positive, the estimate of the emittance is lowered, and the measurement is repeated

from the second step. In addition, if temperature gradient becomes zero, the emittance of

the phantom is fixed In Fig. 6.10 (b), the temperature on the black tape is used as the

accurate.

Table 6.5 describes the measured emittance of the phantom. In the two methods, almost

same results are obtained. As shown in Table 6.5, the emittance of the body is deferent from

that of the others because the emittance of the phantom is due to the ingredient.
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(a) Using a contact thermometer

(b) Using a black tape(X = 0.95)

Fig. 6.10 Measurement method of the emittance.
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Table 6.5 Measured results of the emittance

Tissue Body AF Fetus

emittance 0.60 0.84 0.84

AF: Amniotic fluid

Corrective method of the temperature

In the measurement, the infrared camera in our laboratory can evaluate the temperature

using only an emittance. Therefore, three times measurement is necessary to evaluate the

temperature in the three types of phantoms. The correction of the temperature is necessary

to evaluate the temperature in the phantom at same time. In this Section, corrective method

of the temperature using the difference of the emittance is proposed. Here, the emittance of

the fetus-equivalent phantom is used as a criteria because the temperature of the fetus is the

most important in this study.

The emittance of the phantom is defined as expressed in Eq. (2.3). In the measurement,

the temperature-rise in the model using the emittance of the fetus phantom is given by

∆Tp : ∆Ta = 1 : Xa (6.5)

where ∆Tp is the temperature-rise in the model using the emittance of the black body [K],

∆Ta is the temperature-rise in the model using the emittance of the fetus phantom, Xa is

the emittance of the fetus phantom. Similarly, the temperature-rise in the model using the

emittance of the body or amniotic fluid phantom is given by

∆Tp : ∆Tb = 1 : Xb (6.6)

where ∆Tb is the temperature-rise in the model using the emittance of the body or amniotic

fluid phantom, Xb is the emittance of the body or amniotic fluid phantom. Substitution of
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Eq. (6.6) in Eq. (6.5) leads to Eq. (6.7)

∆Tb = ∆Ta
Xb

Xa

[K] (6.7)

From Eq. (6.7), the actual temperature-rise in the body or amniotic fluid phantom can be

evaluated.

Table 6.6 describes the comparison between the measured temperature-rise in the phan-

toms ∆Tc [K] by the contact thermometer and the that by the infrared camera ∆Tb using

Eq. (6.7) when the hot water is torched on the phantom at 10 s. As shown in Table 6.6,

difference between the ∆Tc and the ∆Tb is less than ± 0.1 oC. The difference is including in

the precision of the infrared camera. Therefore, I have confirmed from these results that the

temperature distribution in the three types of phantoms can be evaluated using the proposed

corrective method.

Table 6.6 Comparison between ∆Tc and ∆Ta

Tissue ∆Tc [K] ∆Ta [K] ∆Tb [K] ∆Tc −∆Tb [K]

Body 2.4 3.3 2.36 0.04

Fetus 2.4 2.4 2.4 0

∆Tc: Temperature-rise by the contact thermometer
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6.5.3 Measured temperature distribution

Figure 6.11 illustrate the temperature-rise ∆T distribution on the observation plane

after 84 W—180 s exposure using the thermographic method at X =0.84, when the ANT1 is

attached in front of the phantom. Here, the temperature distribution is not corrected by use

of the difference of the emittance. As shown in Fig. 6.11, the high ∆T distribution around

the amniotic fluid and fetus is obtained. On the other hand, the ∆T in the body is smaller

than that of the others. Moreover, the SAR in the abdomen model is asymmetrical on the

y axis.

Figure 6.12 shows the ∆T distribution on the observation line. Here, the distribution

in the body is corrected by the difference of the emittance, as expressed in last Section.

From Fig. 6.12, the ∆T distribution of the measurement around the amniotic fluid and fetus

layer is larger than that of the calculated one. The difference is mainly generated by the

gap between the body layer along the z axis. On the other hand, the distribution of the

measurement in the body layer conflicts with the calculated one, which is also caused by the

gap between the upper and lower phantom. In the measurement, the precision setting of the

phantom is indispensable to evaluate the SAR inside the abdomen phantom of the pregnant

women using the thermographic method. It is therefore necessary to develop the sticky body

phantom to realize the precision measurement.
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Fig. 6.11 Measured temperature-rise distributions on the observation plane (ANT1).

Fig. 6.12 Measured temperature-rise distributions on the observation line.
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6.6 Conclusions

In this Chapter, the SAR inside the proposed simple abdomen model of the pregnant

women, which was close to the NHAs, was investigated at 150 MHz.

The important findings in this Chapter are as follows;

1) The SAR distribution in the abdomen model was calculated using the FDTD method.

As a result, the peak SAR in the abdomen model by the ANT1 (0.11λ NHA) is larger

than that by the ANT2 (0.18λ NHA). On the other hand, the attenuation of the SAR

in the model by the ANT1 is larger than that by the ANT2 because the diffraction of

the E-field in z direction of the ANT2 is larger than that of the ANT1. Moreover,

the SAR distribution around the boundary of the amniotic fluid is sharp varied by the

layered structure when the antenna is attached in front of the body.

2) The average SAR in the abdomen model was also investigated. As a consequence, the

local 10 g average SAR in the fetus is less than 0.15 W/kg at 5 W input (maximum

input power of the portable radio terminals), when the antenna is attached to the side

of the model. On the other hand, the 10 g average SAR in the fetus is less than 1.50

W/kg at 5 W input, when the antenna is placed in front of the model. From these

results, the 10 g average SAR in the fetus is less than 2 W/kg to consider the worst

case exposure.

3) The thermal error in the abdomen model and the exposure condition of the measurement

was solved by the thermal analysis. As a result, it has been confirmed that the optimize

exposure time is 180 s in each NHA. In addition, the maximum thermal error is almost

equal to 40% at 180 s exposure.
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4) The temperature-rise distribution in the abdomen phantom was measured and compared

with the calculated result of the thermal analysis. As a result, great difference be-

tween the measurement and calculation, which is caused by the gap of the phantom, is

obtained. In the measurement, the precision setting of the phantom is indispensable

to evaluate the SAR inside the abdomen phantom of the pregnant women using the

thermographic method.

In near future, I will measure the temperature distribution in the abdomen model once

again using the sticky body phantom.
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Chapter 7 Conclusions

This dissertation dealt with the evaluation of the SAR inside the human bodies which is close

to the portable communication devices at VHF and UHF bands.

In Chapter 2, the definition, limits of guideline, and measurement method of the SAR

were introduced. This Chapter also explained the problems of the measurement method of

the SAR.

In Chapter 3, the simple evaluation method of the estimating local 10 g average SAR

was proposed, which is based on the SAR distribution in the specific plane or axes by use of

the thermal technique. First, the limit of simplification was investigated when the four types

of the antenna, which is the half-wave dipole antenna, monopole antenna mounted on the

metal box, PIFA, and half-wave dipole antenna with the planar reflector, were close to the

COST244 cubic and spherical head model at 900 MHz and 2 GHz. As a result, it had been

confirmed that the SAR distribution in the horizontal plane or axes is necessary to evaluate

the local 10 g average SAR because the variation in the horizontal direction is larger than

that in the vertical one using the antennas. In addition, the proposed method was almost

able to evaluate the local 10 g average SAR, which is the deviation within ± 10%, in the

cubic model at 900 MHz and 2 GHz. Moreover, the difference between the two methods

in the spherical model was within —12% to +17% at both frequencies. Next, the effect

of the distance between the antenna and the head model on the averaged SAR using this

method was evaluated at 900 MHz to investigate the application of this method. The results

indicated the deviation of the local 10 g average SAR was within ± 10% when the distance
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between the two is larger than 10 mm. Third, the dependence of the proposed method on

the frequency was investigated at 300 MHz to 3 GHz. It was found from the result that

the proposed method can be applied to the local average SAR estimation in the cubic model

at 300 MHz to 3 GHz. Finally, I evaluated the average SAR in the realistic head model

at 2 GHz. The result reached that the proposed method also evaluates the average SAR in

the realistic head model within ± 15% of the deviation. From these investigations, I may

conclude the proposed method can evaluate the local 10 g average SAR using the distribution

on the optimum planes and axes within ± 10% of the deviation at 300 MHz to 3 GHz, except

in special cases.

In Chapter 4, I investigated the effect of the inaccurate dielectric constants of the bio-

logical tissue-equivalent phantom on the local SARs in a human model when the dielectric

constants are changed at 150 MHz, 900 MHz, 2 GHz, and 3 GHz. First, Local peak, 1 g

and 10 g average SARs in the human model were calculated using the FDTD method when

the relative permittivity εr or conductivity σ are varied from criteria to ± 20% under the

condition that the other was the unity at 150 MHz—3 GHz. As a result, it has been con-

firmed the decrease in the local SARs is proportional to the increase in the εr. On the other

hand, the increase in the local SARs is proportional to the increase in the σ. Moreover, the

dependence of the local SARs on the inaccurate εr or σ is due to the frequency. However,

the variation in the peak SAR is hardly due to the frequency. Local 1 g and 10 g average

SAR were evaluated when the εr and σ were simultaneously varied from criteria to ± 20%

at 150 MHz—3 GHz. As a consequence, I have confirmed that the effect of the inaccurate

dielectric constants on the local average SARs are almost equal to the sum of the change

in the SAR caused by the inaccurate εrand that by the σ as given by 1). In addition, the

variation in the local average SARs is dependent on the frequency. Next, the variation in

the SAR distribution inside the model, which was caused by the inaccuracy of the relative

142



permittivity or conductivity, was evaluated to try to find the cause of the error of the local

average SARs. In addition, the relationship between the variation in the relative permittivity

or conductivity and the local SARs was investigated. Moreover, the effect of the shape on

the variation in the local SAR was investigated when the dielectric constants were varied at

2 GHz. As a result, it has been confirmed that the effect of the variation in the average

SARs is less than 3%. In addition, the dependence of the change in the average SAR on the

inaccurate dielectric constants is slightly due to the curvature of the shape. Furthermore, the

corrective method of the variation in the SAR, which was caused by the inaccurate dielectric

constants, was proposed.

In Chapter 5, the modeling of the abdomen of pregnant women was proposed. At first,

the dielectric constants of the amniotic fluid and fetus of the rabbit were measured. As a

result, the conductivity of the tissues was 1.8 or 1.3 times larger than that of the muscle

of the adults at 150 MHz. The results suggested the modeling of the pregnant women

including the amniotic fluid and the fetus is necessary. Next, a simple abdomen model of the

pregnant women, which was composed by three types of tissues, based on measurements of

MRI tomograms was introduced. Finally, an simple abdomen solid phantom of the pregnant

women was presented.

In Chapter 6, the SAR inside the proposed simple abdomen model of the pregnant

women, which was close to the portable radio terminals, was investigated at 150 MHz. At

first, the SAR distribution in the abdomen model was calculated using the FDTD method.

As a result, the SAR in the fetus by the ANT1 (0.11λ NHA) is larger than that by the ANT2

(0.18λ NHA). On the other hand, the attenuation of the SAR in the model by the ANT1 is

larger than that by the ANT2 because the diffraction of the E-field in the z direction of the

ANT2 is larger than that of the ANT1. Moreover, the SAR distribution around the boundary

of the amniotic fluid is sharp varied by the layered structure when the antenna is attached in
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front of the body. Next, the average SAR in the abdomen model was also investigated. As a

consequence, the local 10 g average SAR in the fetus is less than 0.15 W/kg at the 5 W input

(the maximum input of the portable radio terminals at 150 MHz in Japan), when the antenna

is attached to the side of the model. On the other hand, the 10 g average SAR in the fetus

is less than 1.50 W/kg at the 5 W input, when the antenna is placed in front of the model.

From these results, the 10 g average SAR in the fetus is less than 2 W/kg to consider the worst

case exposure. Third, the thermal error in the abdomen model and the exposure condition

of the measurement was solved by the thermal analysis. As a result, it has been confirmed

that the optimize exposure time is 180 s in each NHA. In addition, the maximum thermal

error is almost equal to 40% at 180 s exposure. Finally, the temperature-rise distribution in

the abdomen phantom was measured and compared with the calculated result of the thermal

analysis. As a result, great difference between the measurement and calculation, which is

caused by the gap of the body phantom, is obtained. In the measurement, the precision

setting of the phantom is indispensable to evaluate the SAR inside the abdomen phantom of

the pregnant women using the thermographic method.

In near future, the use of the portable communication devices will be going to grow.

Therefore, the importance of the evaluation of the SAR, which is not due to the frequency,

shape, devices, will be increasing.

The author will be glad if this study is of any help to the people concerning to the study

of the interaction between the EM waves and the human body.
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Appendix 1：How to make solid phantoms

Our laboratory has been proposed several types of solid phantoms. From now on, the making

method of the solid phantom, which is realized high-water content tissue, is presented.

[Necessary tools]

Necessity tools of the making phantom are as follows;

· Precise scale

· Gas stove (Stoves with an amount of high temperature is better . The one used in this
laboratory is of 4100kcal/h.)

· Pot (About 8-10 liters)

· Mold

· Spatula

· Sieve

· Mixer/ Beater

· Knife

· Plastic film

[Fabrication procedure]

Table A-1 discribes the ingredients of the brain-equivalent phantom at 300—2500 MHz. Mak-

ing method of this phantom are as follows.

1. Measure the mass of each ingredient accurately.

2. Put sodium chloride, preservatives and agar in the pot filled with deionized water. Then,

dissolve them thoroughly Mix.

3. Heat the compound liquid on the cooking stove strongly. Continuously stir the liquid

while rubbing the bottom of the pot with spatula evenly and lightly, so that the liquid

should not scorch.
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4. Stop the fire immediately when the substance starts boiling (bubble boils up all over and

the liquid side comes to rise). Nevertheless, note that is the agar is not sufficiently

heated, it does not coagulate. A minimum 15 minutes of heat is necessary.

5. While stirring, mix in the TX-151 with the substance. To avoid lumps, sieve the TX-151

and add it little by little. Pay attention to this stage as TX-151 lumps easily. About

10 minutes later, the substance should have become viscous.

6. Now sieve ands add little by little the polyethylene powder. It is easer to mix when the

stir machine is moved along the edge of the pot. At this time, take care not to make

bubbles. Stir about 15 minutes but do not beat.

7. After having uniformly mixed all of the material, pours the substance slowly into a mould

so that the air does not to enter. Note that the air does not enter easily when the

mould is slightly inclined and substance slowly poured.

8. A plastic film has to be put after finishing pouring so that the phantom does not stick to

the mould. Moreover, this prevents the foreign body from invading the phantom.

9. Leave at room temperature for one night. Meanwhile, put once the knife between the

sides of the phantom and mould 3 to 5 hours later after pouring if is possible. This

prevents from cracking the phantom during cooling.

10. After the phantom has coagulated, turn it out.

11. Round down the edges of the phantom and trim its shape. Cut off the top and bottom

of the phantom for several cm, because the surface is usually not smooth.

12. To prevent dryness, wrap the phantom with a plastic film. It can be kept for a quite

long time if at room temperature.
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Table A-1 Ingredients of the brain-equivalent phantom at 300—2500 MHz.

Material Mass [g] Weight ratio [%]

Deionized water 3,375 82.12

Sodium chloride 23.1 0.56

Polyethylene Powder 548.1 13.33

TX-151 57.1 1.39

DASS 2.0 0.05

Agar 104.6 2.55

DASS: Dehydroacetic acid sodium salt

The volume of a completed phantom is approximately 4,000 cm3.
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