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Abstract—We developed a free-space type in vitro exposure 
apparatus for 60 GHz millimetre-waves (MMWs). The SAR 
distribution in the medium was numerically obtained by the 
finite-difference time-domain (FDTD) method. Temperature 
distributions were estimated by numerical calculations of the 
equation of heat conduction. The numerical results were also 
investigated experimentally by using two different methods of 
temperature measurement. Temperature elevation was measured 
by fluoroptic thermoprobes. Temperature distribution was 
measured by micro-encapsulated thermo-chromic liquid crystal 
(MTLC). It is found that MTLC has advantages over fluoroptic 
probes owing to the very high spatial resolution and quick 
temporal response which provide useful means for MMW 
dosimetry.
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I. INTRODUCTION

The use of millimeter-waves (MMWs) is expected to 
increase various applications including short-range 
communications, radar systems and sensor networks. Human 
exposure to MMWs will be increasing in daily lives. Possible 
health risks should be carefully examined. 

The exposure guidelines of electromagnetic fields [1] in the 
MMW region have been mainly derived from the 
extrapolation of the data obtained in microwaves and infrared 
optical radiations. It is necessary to investigate biological 
effects of MMWs through experiments directly [2 - 4]. 

The purpose of this study is the development and dosimetry 
of an exposure apparatus for in vitro experiments in MMW 
region. The penetration depth of MMWs is very small (less 
than 1 mm) in aqueous solutions such as culture medium. The 
spatial gradient of specific absorption rate (SAR) is very large 
in the medium, resulting in the steep temperature gradient. 
Some new approaches are necessary for dosimetry and 
thermal measurement for MMWs. 

We developed a free-space type in vitro exposure apparatus 
for 60 GHz MMWs. The SAR distribution in the medium was 
numerically obtained by the finite-difference time-domain 
(FDTD) method. Temperature distributions were estimated by 
numerical calculations of the equation of heat conduction. The 
numerical results were also investigated experimentally by 
using two different methods of temperature measurement. 
Temperature elevation was measured by fluoroptic 

thermoprobes. Temperature distribution was measured by 
micro-encapsulated thermo-chromic liquid crystal (MTLC). It 
is found that MTLC has advantages over fluoroptic probes 
owing to the very high spatial resolution and quick temporal 
response which provide useful means for MMW dosimetry. 

II. EXPOSURE APPARATUS FOR CELLS

The exposure apparatus used in this study is shown in Fig. 
1. This exposure apparatus employs a horn antenna as a basic 
structure. A culture dish is placed on the aperture of a horn 
antenna to achieve a sufficient exposure area. A Gunn 
oscillator (Quinstar Technology, INC. QBY-603400) 
generates MMW of 60 GHz band. The output power is 
applied to an IMPATT amplifier, and the maximum output 
power is approximately 2 W. 

Fig. 1 The free-space type exposure apparatus using horn antenna 

III. ELECTROMAGNETIC FIELD ANALYSIS

A.  Model for FDTD calculation 
The SAR distribution in the culture medium was calculated 

using FDTD method [5]. SEMCAD X (Schmid & Parther 
Engineering AG.) was used for the calculation. 

The model of the apparatus for FDTD calculation is shown 
in Fig. 2. We employed variable grid from 0.1mm to 0.2 mm 
in the culture medium. The source generates TE10 waves at 60 
GHz toward the positive direction of the z-axis, and they are 
expanded by the horn antenna. The total power fed from the 
source to the aperture of the horn antenna was normalized to 1 
W. Uniaxial perfectly matched layers (UPML) [5] was applied 
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to the boundary condition. The thickness of the polystyrene 
culture dish was 1.0 mm and its internal diameter was 52mm. 
The thickness of the culture medium was determined 3 mm. 
The SAR of the culture medium was calculated by using the 
following equation: 

,                                   (1) 

where E is the effective value of electric field,  is the 
conductivity and is the density. The electrical constants of 
the culture dish [6] and the medium [7] are shown in Table 1. 

Fig. 2  Model of the exposure apparatus for electromagnetic field calculation 

TABLE 1

ELECTRICAL CONSTANS USED IN THE FDTD CALCULATION

 air culture medium [6] culture dish [7] 
r 1.0 12.1 2.6 

 [S/m] 0.0 69.4 0.0 

B.  Results of FDTD calculation 
We assume the bottom of the culture medium as the 

location of cells as adherent cells are to be used for the 
experiments. The calculated SAR distribution is shown in Figs. 
3 and 4, for the X-Y plane in the bottom layer of the medium 
and the Y-Z plane along the cross section D, respectively. The 
results of SAR distribution are shown in Table 2. The 
maximum SAR was appeared on the bottom of the medium, 
and average SAR in the bottom layer was 1.57 103 W/kg per 1 
W output power from the horn antenna. 

TABLE 2

THE RESULTS OF SAR DISTRIBUTION

 on the bottom total medium 
number of voxels 52116 1355020 

maximum SAR [W/kg] 7.94 103 7.94 103

average SAR [W/kg] 1.57 103 113 

Fig. 3  SAR distribution in the X-Y plane on the bottom layer of the medium 

Fig. 4  SAR distribution in the Y-Z plane along the cross section D 

IV. THERMAL ANALYSIS AND MEASUREMENT

 A. Equation of heat conduction 
We investigate the thermal fields of the medium in the dish 

by using the SAR distributions obtained in the previous 
section. When heat convection is neglected, the thermal fields 
are described by the following equations: 

,                                        (2) 

,                                                             (3) 
where T is the temperature, is the heat flux, is the density, 
c is the specific heat and k is the heat conductivity.
    Additionally, heat flux in the direction of the normal 
vector on the boundary between the object (medium and 
culture dish) and the air is determined by the boundary 
condition:

,            (4) 
where h is heat transfer coefficient on the boundary, and Tair
is air temperature far from the boundary. The temperature 
distribution in the object was calculated by these equations 
with an explicit finite difference method. 

The model of the object with curved surfaces has staircases 
on the boundary when orthogonal grid is used. The heat 
transfer coefficient h was modified taking the staircase effects 
into account. 

B. Calculation conditions
Table 3 shows the values of the heat transfer coefficient, the 

density and the specific heat of each material [8]. Values of 
medium were assumed as those of water. 
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TABLE 3

CONSTANTS OF EACH MATERIAL USED IN THE CALCULATION [8]

 [kg/m3] c [J/K kg] k [W/m K]
medium 1.0 103 4.2 103 6.0 10-1

dish 1.1 103 1.3 103 8.0 10-2

The followings are calculation conditions. 
Time step t : 0.02 s 
Grid size x, y : 0.2 mm, z : 0.1 mm 
Heat transfer coefficient h on the boundary : 30 W/m2 K
Initial temperature : 22 oC
Air temperature far from the boundary Tair : 22 oC
Output power from the horn antenna: 2 W 

For natural flow gas convection, a typical value of heat 
transfer coefficient is reported 5-30 W/m2 K [9], so we 
assumed heat transfer coefficient h = 30 W/m2 K. Grid sizes 
are almost equal to those of electromagnetic analysis in the 
object.

C Results of thermal analysis 
Temperature distributions of the medium were calculated 

on the  calculation conditions. Figure 5 shows the 
temperature distribution in the X-Y plane in the bottom layer 
of the medium at 8 second from the onset of the exposure. 
Figure 6 shows the temperature distribution in the Y-Z plane 
along the cross section D defined in Fig. 3 at 18 second.

Temperature distributions shown in Figs. 5 and 6 were
consistent with the distribution of SAR in Figs. 3 and 4. 
Temperature of the medium elevated approximately 5 degrees 
at the maximum SAR point. The steep temperature gradient
was found in the medium. 

Fig. 5  Temperature distribution in the X-Y plane on the bottom layer of the 
object at 8 second by thermal analysis 

Fig. 6  Temperature distribution in the Y-Z plane along the cross section D 
(see Fig. 3) at 18 second by thermal analysis 

D. Temperature elevation measured with fluoroptic 
thermoprobe

The result of numerical calculation was experimentally 
confirmed. The SAR on the bottom of the medium was 
estimated from measured temperature elevation by using the 
following equation [10]: 

,                     (5) 

where c is the specific heat, T is the temperature elevation, 
and t is the exposure time duration.  t must be short enough 
for heat conduction to be ignored. 

The measurement was made with an output power of 2 W. 
A fluoroptic thermoprobe (Anritsu Meter Co., Ltd. FL-2000) 
was used to measure the temperature of the medium during 
exposure. The measurement points were three points shown in 
Fig. 3. Agar was mixed into the medium prevent the 
convection. The measurement was performed five times, and 
the data were averaged. The room temperature was kept 22 .

E. Measured results with fluoroptic thermoprobes 
Figure 7 shows the comparison between the numerical 

calculation and the measurement with thermoprobe placed on 
the bottom the medium. While the calculated temperature on 
the bottom elevated immediately, the measured temperature 
elevation delayed for several seconds.

Table 2 shows estimated SARs form measurement. SAR 
was estimated from the temperature elevation during 10 to 20 
second where the steepest temperature elevation occurred. The 
average SAR on the bottom of the medium was not 
reproduced, however. The discrepancy should be attributed to 
the insufficient spatial resolution and large heat capacity of 
the fluoroptic element of thermoprobe. 

Fig. 7  Comparison of temperature elevation on the bottom of the medium 
during exposure between the numerical calculation and the measurement 

TABLE 2

ESTIMATED SAR FROM TEMPERATURE ELEVATION MEASUREMENT

 A B C 
SAR [w/kg] 773 1.24 103 168 
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V. TEMPERATURE DISTRIBUTION MEASURED WITH MTLC[11] 

A. MTLC method 
Micro-encapsulated thermo-chromic liquid crystal (MTLC) 

was employed as the micro temperature probe. MTLC has a 
spatially high resolution and a high sensitivity to changes in 
temperature. The diameter of MTLC is between 20 and 30 m. 
MTLC was homogeneously suspended in transparent material 
to measure temperature distribution. The slit light was 
projected into the material. Temperature distribution was 
visualized within the cross section illuminated by the slit light. 
We observe temperature distribution with rainbow color 
visualized from red to blue.  

 We used carrageenan gel [11], because carrageenan gel has 
higher transparency than agar gel used in the previous section. 
The mixture ratio of MTLC is 0.1 wt% and 0.02 wt% when 
the thickness of carrageenan gel was 1 mm and 3 mm, 
respectively. MTLC was toned depending on temperature 
from 25 ºC to 30 ºC in this study. MTLC changes its color 
from red, yellow, green, to blue according to temperature 
elevation. 

B. Measured results with MTLC 
Figure 8 (a) shows the experimental setup for the 

temperature distribution measurement with MTLC method. 
The carrageenan gel was illuminated by the slit light of 1 mm 
in thickness from X direction. Visualized temperature 
distribution was observed by a CCD camera as shown in Fig. 
8 (a). Figure 8 (b) shows the visualized temperature 
distribution by MTLC after 8 second from the onset of the 
MMW exposure. It was found that the temperature profile 
obtained by MTLC method was similar to that calculated by 
the thermal analysis shown in Fig. 5. 

 

 
                              (a)                                                              (b) 

Fig. 8 (a) Setup of  temperature distribution measurement with MTLC. (b) 
Temperature distribution visualized by MTLC in the X-Y plane at the bottom 

of culture dish 
 

 
Fig. 9 Temperature distribution in the Y-Z plane along the cross section D 
 
Figure 9 shows the temperature distribution in the Y-Z 

plane along the cross section D defined by Fig. 3. The 
thickness of the carrageenan gel was 3 mm. This result was 
obtained after 18 second from the onset of the MMW 

exposure. The temperature distribution shown in Fig. 9 is also 
similar to that calculated by thermal analysis shown in Fig. 6. 

These results indicate that MTLC method has advantages 
over the measurement with fluoroptic thermoprobe. MMW 
exposure causes highly localized energy absorption and 
generates steep temperature gradient within several millimeter 
areas. MLTC can visualize those characteristics of changes in 
in-situ temperature distribution. 

VI. CONCLUSION 
We developed a free-space type in vitro exposure apparatus 

for MMWs. The SAR distribution and temperature 
distributions in the medium were obtained by numerical 
calculations. The dosimetry was performed by temperature 
measurement with fluoroptic thermoprobes and MTLC. As 
results, we found that it was impossible for fluoroptic 
thermoprobe to measure the local temperature. MTLC could 
measure owing to the very high spatial resolution and quick 
temporal response. MTLC provides useful means for MMW 
dosimetry. 
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