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SUMMARY With the rapid increase of various uses of wireless com-

munications in modern life, the high microwave and millimeter wave

frequency bands are attracting much attention. However, the existing

databases on above 6 GHz radio-frequency (RF) electromagnetic (EM)

field exposure of biological bodies are obviously insufficient. An in-vivo

research project on local and whole-body exposure of rats to RF-EM fields

above 6 GHz was started in Japan in 2013. This study aims to perform

a dosimetric design for the whole-body-average specific absorption rates

(WBA-SARs) of unconstrained rats exposed to 6 GHz RF-EM fields in a re-

verberation chamber (RC). The required input power into the RC is clarified

using a two-step evaluation method in order to achieve a target exposure

level in rats. The two-step method, which incorporates the finite-difference

time-domain (FDTD) numerical solutions with electric field measurements

in an RC exposure system, is used as an evaluation method to determine

the whole-body exposure level in the rats. In order to verify the validity

of the two-step method, we use S-parameter measurements inside the RC

to experimentally derive the WBA-SARs with rat-equivalent phantoms and

then compare those with the FDTD-calculated ones. It was shown that the

difference between the two-step method and the S-parameter measurements

is within 1.63 dB, which reveals the validity and usefulness of the two-step

technique.

key words: specific absorption rate (SAR), reverberation-chamber

(RC) exposure system, finite-difference time-domain (FDTD) method, S-

parameter measurements

1. Introduction

Because of the wide uses of wireless devices and frequency

extension of the signals, the higher microwave and millime-

ter wave frequency bands have been attracting special atten-

tion in recent years. Meanwhile, the potential risk to the

human body and the biological effects related to the electro-

magnetic fields (EMF) exposure also have been raising in-

tense public concerns. In response to growing public health

concerns over possible health effects from exposure to an

ever increasing number and diversity of EMF sources, the

World Health Organization (WHO) launched a large, mul-

tidisciplinary research effort [1]. Based on a recent review

of the scientific literature, the WHO concluded that current

evidence does not confirm the existence of any health con-

sequences from exposure to low level EMF. However, the
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fact is that the databases on above 6 GHz radio-frequency

(RF) EMF exposure of biological bodies are obviously in-

sufficient and further research is needed to fill these gaps.

The safety standards for human exposure to RF-EMF

have been promulgated in various national or international

guidelines worldwide to ensure the protection of humans

against any effect of EMF exposure [2]. A whole-body-

average-specific absorption rate (WBA-SAR), or a tem-

porally and spatially averaged power deposited over the

whole body mass, is used as a physical quantity of ex-

posure assessment in view of the long-term base station

EMF exposure. According to the International Commission

on Non-Ionizing Radiation Protection (ICNIRP) guidelines,

the WBA-SAR is restricted to 0.4 W/kg for occupational

people, and 0.08 W/kg for general public with a reduction

rate of 5 [3]. Studies using human volunteers provide valu-

able insight into the short term physiological effects of EMF

exposure on humans, however, animal studies give opportu-

nities to investigate the possible effects of long term EMF

exposure, which cannot be conducted with human volun-

teers. As a result, in order to investigate the potential ad-

verse biological effects, an animal experiment with high-

quality exposure level quantification is indispensable in or-

der to link a biological effect to the exposure level. This

requires that the WBA-SAR be held at the designed level

with the smallest variation possible throughout the animal

experiment.

Reverberation chambers (RCs) are widely used for

immunity tests involving electromagnetic compatibility

(EMC). To simulate the electromagnetic (EM) environment

inside an RC, different numerical approaches such as the

finite-difference time-domain (FDTD) method, finite ele-

ment method (FEM), method of moment (MoM), have been

used [4]–[6]. In the last several years, RC-type exposure

systems were developed for non-restrained small animal ex-

posure experiments and have been adopted worldwide [7]–

[9]. Due to the difficulty in WBA-SAR measurements, the

SAR values are mainly calculated using numerical tech-

niques. The most popular one is the FDTD method, which

solves the Maxwell equations in a differential form. By link-

ing the FDTD-calculated average SAR values to the electric

field strength measured in an RC, an incident power related

to the RC can be determined and regulated to achieve a req-

uisite exposure level as done in [9]. We define the above

method as “two-step method”, in which the electric field

measurement and FDTD simulation are combined together

Copyright c© 2015 The Institute of Electronics, Information and Communication Engineers
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to determine the WBA-SAR for small animals in the RC.

The two-step method consists of the following steps:

Step 1: measure the average electric field strength inside the

RC with the small animals,

Step 2: calculate the SAR with numerical anatomical mod-

els by the FDTD simulation.

This two-step method avoids direct modeling of the RC in

the FDTD simulation in which the convergence of the cal-

culated fields is difficult to achieve. In the second step of the

two-step method, the FDTD simulation for SAR calculation

is on the basis of plane-wave superposition from various in-

cident directions with random phases, which simulates an

ideal EM environment with uniform field distribution in the

RC [10]. Based on our previous investigations in [11], the

validity of the two-step method was verified with the MoM

approach, a totally numerical approach, using the same RC

at 2 GHz for a whole-body exposure of mice. By compar-

ing the physical quantities of the electric field strength in-

side the RC and the derived WBA-SARs for the anatomical

mouse models, we found that the relative error of the two-

step method to the MoM approach was approximately below

10%, which demonstrates its high accuracy. When the fre-

quency changes from 2 GHz to 6 GHz, applying the MoM

to the RC at such a high frequency needs too large compu-

tational burden, which implies further validation of the two-

step method. We previously also proposed an S-parameter

measurement technique to estimate the WBA-SAR in a hu-

man volunteer with an RC at 2 GHz, and the comparison re-

sults between the measured and the FDTD-calculated WBA-

SARs revealed good agreements. As an experimental ver-

ification for the numerical dosimetry results of the above

two-step method at 6 GHz for our RC, we try to use the S-

parameter measurements to estimate the power absorbed by

the rat-equivalent bodies, and then derive the WBA-SAR of

the bodies to clarify the accuracy of the two-step method at

6 GHz. To the extent of authors’ knowledge, this is the first

time to experimentally verify the two-step method applied in

the RC exposure system for whole-body exposure at 6 GHz.

In this study, we first try to employ S-parameter mea-

surements in our developed RC exposure system at 6 GHz to

experimentally verify the accuracy of the two-step method

by comparing the WBA-SARs derived from the two-step

method and the S-parameter measurements. Then, we dedi-

cate ourselves to perform a quantitative dosimetric analysis

with the two-step method and determine the required RC in-

put power in order to achieve a target exposure level in rats.

This paper is organized as follows. In Sect. 2, we de-

scribe our developed RC-type exposure system, two-step

method for SAR quantification, as well as S-parameter mea-

surement technique to experimentally verify the two-step

method. In Sect. 3, we show our measured and simulated re-

sults in the two-step method for homogeneous rat-equivalent

phantoms, and then give an experimental verification by es-

timating the WBA-SARs in rat-equivalent phantoms to clar-

ify the validity and accuracy of the two-step method. Af-

ter the WBA-SAR verification, Sect. 4 gives a WBA-SAR

quantification for inhomogeneous anatomical rat models in

the RC at 6 GHz to link the antenna input power in our RC

exposure system to the actual exposure level. Section 5 con-

cludes this paper.

2. RC Exposure System and SAR Evaluation Methods

2.1 RC Exposure System

Figure 1 shows our developed RC exposure system for rats

at 6 GHz. The system is composed of rotation controllers

for the two stirrers, a signal generator (SG), a power am-

plifier, a PC for acquiring data and controlling the stir-

rers, a power meter, a directional coupler, and the RC.

The RC consists of a rectangular enclosure and two stir-

rers, which are made of aluminum. The dimensions of the

RC are 1.2 m × 1.0 m × 0.8 m. Both two stirrers “A” and

“B” are installed almost vertically close to lateral wall and

side wall, respectively, and each of the stirrers has a size of

64 cm × 24 cm. The two stirrers can be rotated with differ-

ent degrees by a connected controller to make the electric

field distribution inside the RC statistically uniform. An air

filter is also installed to supply fresh air for animals con-

fined in the RC to relieve their stress. A horn antenna avail-

able from 1 to 18 GHz was fixed inside the RC through the

connector in the right-side wall. It radiated the EM wave

toward a corner of the RC for avoiding the existence of a

strong direct-wave component. A directional coupler with a

coupling factor of 20 dB was used to connect the horn an-

tenna and the power amplifier. By using the power meter,

we can read the return loss from the antenna to obtain the

input power to the RC. For the electric field strength mea-

surements, a three-axis electric field probe (Narda, EP-600)

Fig. 1 RC exposure system for rats at 6 GHz.
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was used to record the temporal electric field strength of

|Ex|, |Ey|, |Ez| and |E| in the RC. A styrene foam with dimen-

sions of 60 cm × 60 cm × 25 cm was placed in the RC as a

working stand in order to arrange the exposure targets. The

field uniformity, which was measured in accordance with

IEC 61000−4−21 specification [12], was less than 3 dB for

our designed RC.

2.2 Two-Step Method

The two-step method we employed in this study is com-

posed of two steps. The first step is to measure the average

electric field strength inside the RC, and the second step is

to calculate the SARs with anatomically based numerical rat

models by FDTD simulation.

2.2.1 Step 1: Measurement of Electric Field Strength

As the first step of the two step method to evaluate the WBA-

SAR of biological bodies inside the RC, the average electric

field strength should be measured in an actual RC exposure

system with exposed biological bodies. The required elec-

tric field strength to produce a target SAR can be regulated

by the antenna input power of the RC. By using our devel-

oped RC exposure system in Fig. 1, we measured the electric

field strength inside the RC around the rat-equivalent homo-

geneous phantoms at 6 locations. Figure 2 shows an exam-

ple of the detailed specifications and arrangements with two

rat-equivalent phantoms on the styrofoam working stand.

The interval distance of the two phantoms is 16 cm. In order

to obtain a steady measured electric field strength, the dis-

tance between the measurement point and the phantom was

fixed as 6 cm which is larger than one wavelength at 6 GHz.

As discussed later based on the quality factor Q, the phan-

toms inside the RC are exposed in a uniformly distributed

electric field environment. This implies that the arrangement

of phantoms does not significantly affect the average value

of the measured electric field strengths around the phan-

toms. Moreover, it has been shown in [6] that the influence

from neighboring phantoms is almost ignorable when the

distance between them is larger than one wavelength. So our

measurements in the cases of one phantom, two phantoms,

and four phantoms were only conducted at one placement

pattern. Stirrer “A” was rotated counterclockwise from 0◦ to

353.5◦ with a 3.5◦ step angle in each turn of rotations, while

stirrer “B” was rotated counterclockwise from 0◦ to 575.7◦

with a 5.7◦ step angle in each turn. During one round ro-

tation, the measurements took five minutes approximately

with 102 steps in total. The rat-equivalent phantoms made

of agar, deionized water, polyethylene power, sodium chlo-

ride (NaCl), TX-151, and sodium azide (NaN3), have a rect-

angular shape with dimensions of 5 cm × 5 cm × 11 cm and

a weight of 300 g. The relative permittivity εr,conductivity

σ and density ρ of the phantom were 32.77, 8.63 S/m, and

1000 kg/m3, respectively, at 6 GHz. The measurement con-

ditions in this study is summarized and tabulated in Table 1.

Fig. 2 Arrangements and detailed specifications for electric field mea-

surement inside the RC exposure system.

Table 1 Electric field strength measurement conditions.

Frequency 6 GHz

Transmitting antenna Horn antenna

Stirrer A 3.5◦ step, 0◦∼353.5◦

Stirrer B 5.7◦ step, 0◦∼575.7◦

Electric probe 3 axes, Narda, EP-600

Rotation steps 102 (5 minutes)

Measurement points 6

300 g,

Rat-equivalent phantom 5 cm × 5 cm × 11 cm,

εr = 32.77, σ = 8.63 S/m,

Phantom number 0 (Empty), 1, 2, 4

2.2.2 Step 2: WBA-SAR Calculation

In the second step of the two-step method, to simulate the

same situation as in the RC, we assume EM plane-waves ir-

radiating from all directions with a constant electric field

strength, since the exposure to the experimental animals

in the RC could be considered as a far-field spherical ir-

radiation under the ideal RC condition. Figure 3 shows

EM plane-wave irradiations for two rat-equivalent phantoms

with (a) E-polarization and (b) H-polarization. The incident

direction of the EM plane-wave is defined by angles ϕ and

θ. E-polarization irradiation is defined so as to have an elec-

tric field along the tangential direction of the longitude of

the sphere, and a magnetic field along the tangential direc-

tion of the latitude of the sphere. H-polarization irradiation

is defined so as to have a magnetic field along the tangential

direction of the longitude of the sphere, and an electric field

along the tangential direction of the latitude of the sphere.

For complete simulation of an ideal RC, of course, all of

the incident angle pairs should be taken into account to ob-

tain the SAR values. However, we investigated the WBA-

SARs with three to nine incident directions for our rat mod-

els. Based on the investigated results, the WBA-SARs of

the rat models may reach a steady state as long as the inci-

dent number is over than 5 (with an angular interval of 72◦),

since the relative error with five, six, seven or eight incident
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Fig. 3 EM plane-wave incidence in spherical form for simulating an

ideal RC for two rat-equivalent phantoms with (a) E-polarization and (b)

H-polarization.

directions was below 3% compared to that with nine inci-

dent directions.

In this study, we therefore employed a 40◦ interval of

the angle of θ at the longitude direction and 80◦ interval

of the angle of ϕ at the latitude direction, which results

in 45 EM plane-wave irradiations with E-polarization and

45 EM plane-wave irradiations with H-polarization, respec-

tively, and 90 EM plane-wave irradiations in total to cal-

culate the WBA-SARs of the dielectric models inside the

RC. In the FDTD calculations, we used perfectly matched

layers (PML) of 12 layers as an absorbing boundary con-

dition to avoid spurious reflections. The cell size was

1 mm × 1 mm × 1 mm, and the calculation lasts up to 16 pe-

riods of the sinusoidal waveform at 6 GHz until it reaches a

steady state. In order to conduct the SAR verification with S-

parameter measurements, we first used rat-equivalent phan-

toms which have the same dielectric properties and arrange-

ments as those in the first step of the two step method to

calculate the WBA-SARs by FDTD simulations. After clar-

ifying the validity of the two-step method, we then employ

the anatomical rat models to perform the WBA-SAR quan-

tifications in our 6 GHz RC exposure system in Sect. 4.

2.3 S-Parameter Measurements for SAR Verification

According to [13], the absorbed power of the phantoms

placed inside the RC 〈Pab,p〉 can be derived as

Fig. 4 Arrangement for measuring S 11 and S 21 with a network analyzer.

〈

Pab,p

〉

=
〈

Ploss,p

〉

×
S in
〈

S in,p

〉 −
〈

Ploss,e

〉

×
S in
〈

S in,e

〉 . (1)

Here, 〈〉 denotes the average during one period of a rotation

cycle by the stirrers, and 〈Ploss〉 denotes the net dissipated

power in the RC. When the RC is empty, the net dissipated

power denoted as 〈Ploss,e〉 is mainly caused by the propaga-

tion loss or path loss and the Joule loss at the metal enclosure

of the RC. However, if there are phantoms in the RC, the net

dissipated power denoted as 〈Ploss,p〉 will contain not only

the path loss and the Joule loss at the metal enclosure but

also contain the power absorbed by the phantoms. Since the

path loss and the Joule loss are different in these two cases,

the absorbed power in the phantom cannot be simply defined

as 〈Ploss,p〉−〈Ploss,e〉. The terms of S in

〈S in,p〉
and S in

〈S in,e〉
are there-

fore portioned to 〈Ploss,p〉 and 〈Ploss,e〉, respectively, to de-

rive the power absorbed only in the phantoms at the spatial

power density S in. 〈S in,p〉 and 〈S in,e〉 indicate the the spa-

tially averaged power density with and without the phantom

inside the RC, respectively, and they can be derived from the

the squared electric field strength in the first step of the two

step method in Sect. 2.2.1. Therefore, the WBA-SAR of the

phantom at the spatial power density of S in is determined by

WBA-SAR =

〈

Pab,p

〉

W
, (2)

where W is the weight of the phantoms.

On the other hand, the net dissipated power in the

chamber of 〈Ploss,e〉 and 〈Ploss,p〉 can be obtained by

〈

Ploss,e

〉

=
〈

1 − |S 11,e|
2 − |S 21,e|

2
〉

Pi, (3)

and
〈

Ploss,p

〉

=
〈

1 − |S 11,p|
2 − |S 21,p|

2
〉

Pi. (4)

Here, S 11,e and S 11,p correspond to the S 11 parameters with-

out and with the phantoms in the RC, respectively, S 21,e and

S 21,p correspond to the S 21 parameters without and with the

phantoms in the RC, respectively, and Pi is the power sup-

plied to the antenna. Figure 4 shows the arrangement for

measuring S 11 and S 21 parameters. The transmitting and re-

ceiving antennas were arranged with different polarizations

and without a direct path between them. Moreover, in or-

der to remove the polarization influence of the antenna, we

arranged the receiving antenna at two locations as can be

seen in Fig. 5 and derived the average S-parameter results

between them. A network analyzer was used outside the RC
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Fig. 5 Receiving antenna location in the measurements.

to measure the S 11 and S 21 when the stirrers were rotating.

The measurements were conducted during three rotation cy-

cles of the stirrers, which spent approximately fifteen min-

utes.

3. Results and Discussions

3.1 Electric Field Strength

As shown in Fig. 1, the electric field strength was measured

by means of a three-axis electric field probe at six loca-

tions which surrounded the rat-equivalent dielectric phan-

toms when the stirrers were rotating. The measurement

were conducted in the case of one, two, and four rat phan-

toms inside the RC, as well as the case of empty. At each

measurement point, we obtained the time-averaged electric

field strength during one round of the stirrers rotating. The

input power to the antenna was measured with the power

meter when the stirrers were rotating, and the average value

was found to be approximately 0.0827 W at 6 GHz.

Figure 6 shows an example of the time-averaged elec-

tric field strength and standard deviation at each measure-

ment point with two rat-equivalent phantoms inside the RC.

The standard deviation was indicated as bars. It can be seen

that the time-averaged electric field strength for all the mea-

surement points ranges from 22.71 V/m to 25.21 V/m, with

the standard deviation from 4.87 V/m to 5.87 V/m. By us-

ing the time-averaged electric field strength at each mea-

surement point, we furthermore obtained the spatial-average

one denoted as 〈|E|〉 for all the measurement points and

used it as an average electric field strength for the exposure

evaluation. The mean values of the electric field strength

and standard deviation were 24.07 V/m and 5.43 V/m, re-

spectively, with the average antenna input power Pin of

0.0832 W.

The relationship between the spatial-average of the

squared value of the electric field strength 〈|E|2〉 and the an-

tenna input power Pin = (1 − |S 11|
2)Pi can be expressed as

〈|E|2〉 = KηPin (5)

Fig. 6 Measured average electric field strength with two rat-equivalent

phantoms.

Table 2 Summary of the measured average electric field strength inside

RC with Pin = 1 W.

Rat phantom Average electric field strength Standard deviation,

number 〈|E|〉, V/m V/m

0 (Empty) 95.32 22.22 (23.3% )

1 89.38 20.56 (22.9% )

2 83.44 18.86 (22.6% )

4 77.5 17.28 (22.3% )

where K and η indicate a radiation coefficient and intrinsic

impedance in the RC, respectively. It should be noted that

in our RC 〈|E|2〉 is found equal to 〈|E|〉2 within a difference

of 1%. We therefore use the expression 〈|E|〉 for
√

〈|E|2〉

hereafter. If we normalize the average input power Pin to

1 W, the average electric field strength produced inside the

RC should be 〈|E|〉 = 83.44 V/m in the measurements. Sim-

ilarly, we also obtained the statistical results of the electric

field strength for the cases of one, four rat-equivalent phan-

toms arranged inside the RC, as well as the case of empty.

It was found that in each case, the average electric field

strength and its deviation were almost constant. With the

increasing number of the rat phantoms, the measured aver-

age electric field strength becomes small compared to the

case of empty. The summarized results for these cases are

tabulated in Table 2 with a normalized antenna input power

of Pin = 1 W. Based on these measured results, we then

can take the temporally and spatially averaged electric field

strength as the plane-wave incident electric field strength in

the second step of the two-step method for determining the

WBA-SAR with the FDTD simulation.

Moreover, we also calculated the quality factor Q of the

RC using

Q =
2πV〈|E|2〉

Pinµtηλ
, (6)

where V is the volume of the RC, µt is the efficient factor of

the transmitting antenna, and λ is the wavelength. Based on

the measured electric field results in Table 2, the Q factors

of the RC at 6 GHz were calculated as 2905 for the case of

empty, 2555 for the case of one phantom, 2226 and 1921 for
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Fig. 7 S-parameter during stirrers rotation, (a) Empty (b) Two phantoms.

the cases of two and four phantoms, respectively. It reveals

that all of the derived Q factors in this study are higher than

1000, which guarantees good field uniformity inside the RC

[14].

3.2 WBA-SAR Verification

Figure 7 plots the measured S-parameter results when the

RC is empty (a) and with two phantoms arranged inside the

RC (b). This is the averaged result based on two receiving

antenna locations as can be seen in Fig. 5. The magnitude

of the S-parameter varied greatly according to the rotation

of the stirrers. Due to the power absorbed in the phantoms,

the difference of S 11 and S 21 is somewhat larger in (b) than

that in (a). Moreover, the measured results including the S-

parameter and net dissipated power are summarized in Ta-

ble 3 based on Eqs. (3) and (4). The antenna input power

was set as Pin = 1 W. As a result, using Eqs. (1) and (2)

the measured WBA-SARs in the case of two phantoms can

be derived as 0.0211 W/kg as shown in Table 4 at the spa-

tial power density S in = 1 W/m2. Here, the power density

S in = 1 W/m2 was obtained by assuming an electric field

intensity of 19.42 V/m and a free-space intrinsic impedance

of 377Ω. The 〈S in,p〉 and 〈S in,e〉 were obtained from the

squared values of the average electric field strength in Ta-

ble 2 by dividing a free-space intrinsic impedance of 377Ω.

On the other hand, in the two-step method, in the case

with the two phantom models inside the RC, the WBA-

SAR was calculated as 0.0145 W/kg for two phantoms at

the spatial power density S in = 1 W/m2. The difference be-

tween the measured WBA-SAR and the two-step calculated

Table 3 Measured S-parameters and dissipate power in the RC at 6 GHz.

Phantom 〈|S 11 |〉 〈|S 21 |〉 Ploss, W

0 0.1676 (−15.5 dB) 0.0690 (−23.2 dB) 0.9609

2 0.1533 (−16.3 dB) 0.0499 (−26.0 dB) 0.9702

Table 4 WBA-SAR (W/kg) comparison for S i = 1 W/m2.

Measured Two-step calculated Difference,

WBA-SAR, W/kg WBA-SAR, W/kg dB

0.0211 0.0145 1.63

WBA-SAR was approximately 1.63 dB. The comparison re-

sult is summarized in Table 4. Since IEEE recommends a

±2 dB uncertainty for practical SAR measurement in [15],

the difference of 1.63 dB is within the range of allowable

uncertainty in SAR measurement. As a result, it is accept-

able to say that the measured and two-step calculated WBA-

SARs are within a fair range, and the two-step method for

SAR quantification in our develop RC system at 6 GHz is

valid. The reasons about the difference between the two-

step method and the S-parameter measurement method may

be mainly attributed to the uncertainties in the electric field

and S-parameter measurements, as well as the non-ideal per-

formance of our developed RC at 6 GHz.

In addition, it should be noted that a key point to deter-

mine whether the RC or our evaluation method works well

depends on the volume ratio of the RC to the rats. According

to [13], as long as the volume of the RC is much larger than

the volume of the living lossy body, i.e., 500 times larger,

the RC can work well and the evaluation method can be

clarified to be valid. In this study, we found that the vol-

ume of the RC was approximately 3000 times larger than

the volume of four rats. Even though the rats get a little bit

bigger, the volume ratio will not change significantly until

it becomes smaller than 500. So our system and evaluation

method should work well even though the rats get bigger or

heavier during the exposure period.

4. WBA-SAR Quantification for Anatomical Rat Mod-

els

In previous chapter, the two-step method employed as a

SAR quantification technique has been clarified to have an

acceptable accuracy compared to the measured SAR result.

In view of the difficulty in measuring the SAR in actual rats,

we therefore perform a dosimetric analysis in our RC sys-

tem at 6 GHz with anatomical rat models using the validated

two-step method.

4.1 Rat Model

In order to accurately predict the whole-body exposure lev-

els and the SAR distribution inside the actual rats, high-

resolution anatomical models are essential for the dosimet-

ric analysis. The numerical rat model employed in the

WBA-SAR calculation in the RC was developed by Na-

tional Institute of Information and Communication Tech-
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Fig. 8 Anatomical rat model.

Fig. 9 Arrangements of the anatomical rat models.

nology (NICT), based on the magnetic resonance imag-

ing (MRI) data of a living rat. As can be seen in Fig. 8,

it was composed of ten tissue types including skin, fat,

muscle, liver, lung, eyeball, brain, skull, bowel, and stom-

ach with 1 mm resolution. Its maximum dimensions were

5.8 cm × 5.8 cm × 20.7 cm, and its weight was 300 g which

is almost the same as the rat-equivalent phantom used in

validating the two-step method. The dielectric constants at

6 GHz for the biological tissues of the rat model are cited

from [16], in which the modeling was based on sample data

from fresh animal and human autopsy materials.

4.2 WBA-SAR and Brain-Average SAR Results

Based on the FDTD simulation setting as described in

Sect. 2.2.2, we derived the WBA-SARs and the brain-

average SARs for one, two, and four anatomical rat model

exposure. Figure 9 shows the arrangements in the second

step of the two-step method for the cases of one, two, and

four rat models, which accord with those in the electric

field strength measurements in the first step of the two-step

method. Generally, the SAR of the rat model is given by

SAR =
σ|E|2

internal

ρ
(7)

where |E|internal is the root mean square value of the inter-

Table 5 WBA-SAR results for rat models with 〈|E|in〉 = 1 V/m.

Rat label WBA-SAR, mW/kg Brain-average SAR, mW/kg

(Std. deviation, %) (Ratio to WBA-SAR)

Rat1 0.0510, (10.2%) 0.0713, (1.40)

Rat2(a) 0.0505, (11.4%) 0.0709, (1.40)

Rat2(b) 0.0509, (12.2%) 0.0730, (1.43)

Rat2(mean) 0.0507, (11.8 %) 0.0719, (1.42)

Rat4(a) 0.0502, (13.9%) 0.0710, (1.41)

Rat4(b) 0.0507, (14.8%) 0.0711, (1.40)

Rat4(c) 0.0509, (13.8%) 0.0719, (1.41)

Rat4(d) 0.0505, (14.2%) 0.0705, (1.40)

Rat4(mean) 0.0506, (14.2%) 0.0711, (1.41)

nal electric field strength of the rat model, σ is the conduc-

tivity and ρ is the density related to different type of tis-

sues. The mean WBA-SAR in this study is defined as the

average value of the individual WBA-SAR in each anatom-

ical rat model. That is to say, after the WBA-SAR calcu-

lation of each rat model with the FDTD method, we fur-

thermore derived the mean WBA-SAR for two and four rat

models by means of dividing the total WAB-SARs by the

rat numbers of two and four. Table 5 tabulates the derived

WBA-SAR and the brain-average SAR results with the av-

erage incident electric field strength 〈|E|in〉 = 1 V/m in the

FDTD numerical simulations. From this result, it can be ob-

served that the mean WBA-SARs of one, two, and four rat

models were almost at the same level of 0.051 mW/kg, and

the brain-average SARs were about 1.4 times of the WBA-

SARs when the average incident electric field strength was

1 V/m. Moreover, there is no large variation in the WBA-

SAR of the rat model in each case since the standard devia-

tion was found to be in a narrow range between 10.2% and

14.8%.

4.3 Exposure Level Quantification

By linking the FDTD-calculated mean WBA-SAR values to

the electric field strength measured in an RC, an antenna in-

put power related to the RC can be determined and regulated

to achieve a requisite whole-body exposure level. Since the

WBA-SAR is proportional to 〈|E|2〉 � 〈|E|〉2, 〈|E|req〉 can be

simply obtained to achieve a target WBA-SAR from

〈

|E|req

〉

=

√

WBA-SARtarget

WBA-SAR
∣

∣

∣

〈|E|〉=1 V/m

. (8)

Under the assumption that the ratio of the power de-

posited in the rat-equivalent phantom to the loss in the metal

walls of the RC does not change with the antenna input

power, when a target exposure level is given for the rats,

a required input power Pin,req or a required spatial-average

electric field strength 〈|E|req〉 related to the RC exposure sys-

tem can be derived as

Pin,req =

〈

|E|2req

〉

Kη
(9)



SHI et al.: DOSIMETRY AND VERIFICATION FOR 6-GHZ WHOLE-BODY NON-CONSTRAINT EXPOSURE OF RATS USING REVERBERATION CHAMBER

1171

Fig. 10 Required input power versus WBA-SARtarget for rats.

=

〈

|E|2req

〉

〈

|E|2req

〉

∣

∣

∣

∣

Pin=1 W

(10)

=
WBA-SARtarget

〈

|E|2req

〉

∣

∣

∣

∣

Pin=1 W
×WBA-SAR

∣

∣

∣

∣

〈|E|〉=1 V/m

(11)

which is based on the proportional relationship in Eqs. (5)

and (8). Here, 〈|E|2req〉|Pin=1 W indicates the spatial-average

of the squared value of electric field strength produced

in the RC when 1 W antenna input power is given, and

WBA-SAR|〈|E|〉=1 V/m indicates the WBA-SAR value de-

rived from FDTD calculations with 1 V/m plane-wave in-

cident electric field strength.

As a result, by using the measured electric field

strength results in Table 2 and the mean WBA-SAR re-

sults in Table 5, we derived the relationship of required

antenna input power Pin,req to achieve a target WBA-SAR

or WBA-SARtarget in our RC exposure system for rats as

shown in Fig. 10. As can be seen in the figure, in order

to achieve a WBA-SARtarget of 4 W/kg, an antenna input

power of 9.8 W should be required for one rat. If increas-

ing the rat number, the corresponding required antenna in-

put power should be increased to 11.3 W and 13.2 W for two

and four rats, respectively. If the WBA-SARtarget decreases

to 0.4 W/kg, the required input power will be proportion-

ally reduced to 0.98 W for one rat, 1.13 W and 1.32 W for

two and four rat, respectively.

5. Conclusions

In this study, the validity of a two-step method, which com-

bines electric field measurement with the FDTD solution to

determine the WBA-SAR of rats in an RC exposure system

at 6 GHz, has been verified by S-parameter measurement.

The difference between the two-step method calculated and

the S-parameter measured SARs has been clarified to be ap-

proximately within 1.63 dB. This result represents the first

experimental confirmation of the validity of the two-step

method at 6 GHz, although it has been used as a dosimet-

ric tool in many RC exposure systems at lower frequencies.

As a result, we used the two-step method in quantifying the

exposure level quantification in an exposure experiment for

rats using our RC exposure system. In order to realize a

mean WBA-SAR in the rats of 4 W/kg (or 0.4 W/kg) in

the RC exposure system at 6 GHz, the antenna input power

should be 9.8 W (or 0.98 W) for one rat, 11.3 W (or 1.13 W)

for two rats, and 13.2 W (or 1.32 W) for four rats.

Under the quantified whole-body exposure levels in

such an approach, a large-scale animal experiment project

for testing the possible biological effects at a frequency as

high as 6 GHz has been started, and the corresponding find-

ings will be reported in the near future.
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