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Abstract – A novel 60 GHz band exposure system
was developed for studying thermal physiological responses
and cellular functions to millimeter-wave (MMW) localized
exposure at multiple points. To achieve a highly localized
exposure system operating at 60 GHz in the desired area,
the authors proposed a spatial synthetic beamtype setup con-
sisting of dielectric lens antennas capable of irradiating
focused beams. This system uses radio wave interference
and phase differences to achieve simultaneous localized
exposure at multiple sites. Experiments were conducted by
using an arm phantom to measure temperature increases,
confirming the system’s ability to simultaneously induce
high-intensity exposure at multiple locations. The developed
system enabled efficient and precise exposure control in
experiments aimed at exploring the biological effects of
local MMW exposure at multiple sites in human volunteer
studies. This approach could be used for human experi-
ments but at this time is studied with phantoms.

1. Introduction

The use of radio waves in the quasi-millimeter-
wave (qMMW) and millimeter-wave (MMW) spectrum is
rapidly advancing. Despite this progress, there remains a
significant gap in biological evidence concerning exposure
to qMMWand MMW radiation [1]. Obtaining research on
biologically plausible effects and reliable experimental
data is crucial for revising international safety guidelines
regarding radio wave exposure in frequency bands beyond
the MMW range.

The index used as the standard value for biologi-
cal effects in the middle-frequency and high-frequency
bands that have traditionally been used for mobile com-
munications is the specific absorption rate. The Interna-
tional Commission on Non-Ionizing Radiation Protection
(ICNIRP) and the Institute of Electrical and Electronics
Engineers (IEEE) have each published guidelines [2–4].
This index is based on assessment of basic effects of
exposure of the human body to electromagnetic fields,
such as rise in core body temperature, localized temper-
ature rise, and associated pain, and this is a conserva-
tive standard. For the previously mentioned qMMW
and MMW, power density (ICNIRP2020: transmitted
power density; IEEE2019: incident power density and
skin power density) is used as the standard value.

In the past, safety studies, such as simulations of
temperature rise in the human head [5] and of the power
absorption of a phantom near a LAN router [6] were
conducted. Considering the future expansion of use, it
is extremely important to conduct research on the bio-
logical effects of exposure to radio waves in the MMW
band and higher on the human body and to obtain reli-
able experimental data.

To address this need, we focused our efforts on
the 60 GHz band and developed an exposure system
specifically designed for animal and human volunteer
experiments. In this article, we report the results of our
development. A key feature of the system is its ability
to achieve simultaneous localized exposure at multiple
points on the skin by using radio wave interference
and phase differences. To verify the performance of
the developed system, temperature rise measurements
were conducted using a skin-simulating phantom.

2. Development of the Exposure System

Human volunteer experiments aimed at collect-
ing and analyzing thermal physiological indices, such as
the rise in body temperature and changes in skin blood
flow, resulting from exposure to 60 GHz MMW. The
experiments were conducted in an artificial climate cham-
ber where temperature and humidity were controlled, and
the surface temperature of the human body and physio-
logical indicators in response to radio wave exposure
were measured. In addition, this study also conducted ani-
mal experiments using a live rat to clarify the dose–
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response relationship of skin inflammatory reactions due
to MMW exposure. In preparation for human volunteer
experiments and animal experiments, a phantom evalua-
tion was performed.

We have previously verified the ability to achieve
intense exposure in specific target areas by using a sys-
tem that spatially synthesizes radio waves through two
dielectric lens antennas [7]. The block diagram is shown
in Figure 1, and the overview of the spatial synthetic
exposure system is shown in Figure 2. This spatial syn-
thetic exposure system can achieve high-intensity local-
ized exposure in a desired area by synthesizing radio
waves from two lens antennas in space. A notable feature
of this device is that the two lens antennas cause

interference between each other, depending on the polari-
zation of the antennas, making it possible to simulta-
neously expose multiple locations in addition to uniform
exposure to a single location.

We performed simulations to evaluate the
exposure pattern due to interference between two lens
antennas. The analysis in this study was performed by
using commercially available finite-difference time-
domain (FDTD) analysis software (Sim4Life, version
6.2.0.4280, Schmid & Partners Engineering AG, Z€urich,
Switzerland). A plane phantom with size 200 mm 3
200 mm3 10 mm was used as the target. The FDTD sim-
ulation settings are shown in Table 1, and the electrical
constants are shown in Table 2. The power density distri-
bution obtained by the analysis is shown in Figures 3
and 4. When the polarizations were orthogonal, uniform
exposure occurred in a single location, as shown in
Figure 3a, whereas when the polarizations were identical,
interference fringes appeared in the exposed area, as
shown in Figure 3b. Interference fringes cause the elec-
tric fields to reinforce each other at regular intervals,
resulting in high-intensity exposure at multiple locations. In
addition, as shown in Figure 4, we confirmed through simu-
lation that it is possible to change the exposure pattern
because the interference fringes vary, depending on the
phase difference between each lens antenna. Therefore, we
planned to use these interference fringes to conduct simulta-
neous localized exposure experiments at multiple locations.

3. Performance Measurement

To confirm whether exposure to a single location
and multiple locations is feasible using the developed expo-
sure device, surface temperature rise measurements were
carried out using an arm-shaped phantom. In this experi-
ment, an arm-shaped phantom was placed at 300 mm,
which is the focal length of the exposure device, and
localized exposure to a single location with orthogonally
polarized waves, and simultaneous exposure to multiple
locations with the same polarized wave were evaluated
by measuring the surface temperature rise using a

Figure 1. Block diagram of exposure setup.

Figure 2. Overview of spatial synthetic exposure system.

Table 1. Analysis conditionsa

Analysis region (mm) 1849 3 1629 3 835
Number of cells (Gcells) 2.515
Cell size (mm) 0.05–0.25
Frequency (GHz) 60
Simulation periods 300
Boundary condition 10 layers UPML
a Gcells, giga cells; UPML, uniaxial perfectly matched layers.

Table 2. Electrical constantsa

Relative
permittivity

Electrical
conductivity

Dielectric lens (PTFE) 2.1 1
Housing PEC
Phantom (skin at 60 GHz) 7.975 36.4
a PTFE, polytetrafluoroethylene; PEC, perfect electric conductor.
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thermal camera (FLIR T530, Teledyne FLIR LLC, Wil-
sonville, Oregon, USA). The arm-shaped phantom used
in the experiment was designed to match the electrical
constants of human skin (dry) at 60 GHz (Figure 5). The
electrical constants values are shown in Table 3. The
shape and dimensions are based on the arm of an average
Japanese numerical human body model. The surface after
molding is flat, and the effects of reflections during expo-
sure due to surface roughness are negligible.

The experimental conditions for this measurement
are shown in Table 4. The exposure time was set to 900 s
to allow sufficient temperature rise. The antenna input
power was carried out under the three conditions shown in
Table 4. When exposed to orthogonally polarized waves,
orthogonal polarization was achieved by changing the left-
hand waveguide to a cross tube and the right-hand wave-
guide to a straight tube when looking at the exposure
device from the front. The phase difference can be changed
by a phase shifter installed in the exposure device. In this
measurement, it was set to 0 rad and � rad. The tempera-
ture increase was evaluated at the pixel with the maximum
temperature increase after 900 s.

Figure 6 shows the images obtained by the ther-
mal camera when emitting orthogonally polarized and
the same polarized waves. When exposed to orthogonally
polarized waves, a single localized exposure was observed,
whereas when exposed to the same polarized wave,

exposure to multiple locations was observed due to inter-
ference fringes such as the analysis results previously
shown. The temperature rise graph shown in Figure 7, con-
firms that there is a correlation between the antenna input
power and the temperature rise in both the orthogonal and
same polarized cases. In addition, when comparing the
same polarized and orthogonally polarized waves, the tem-
perature rise value in the same polarized wave was about
1.5 times higher. This is thought to be because electric field
reinforcement occurs in the same polarization, and the
maximum absorbed power density on the arm-shaped
phantom surface is larger than that in the orthogonal polari-
zation. On the other hand, the temperature rise characteris-
tics for each phase difference when the polarization is the
same showed a larger temperature rise value when the phase
difference was � rad. These results show that the developed
exposure device can achieve localized exposure at a single
location and multiple locations. In addition, it was confirmed
that the same polarized exposure allows for higher intensity
exposure than the orthogonally polarized exposure.

4. Conclusion

In this article, we devised a novel spatially com-
pound exposure system, the first of its kind, enabling the
observation of thermal thresholds for physiological indi-
cators, such as skin surface temperature, skin blood flow,
and sweat rate, during localized MMW exposure in
human volunteer experiments and successfully achieved
the desired performance. This system is notable for its
ability to achieve simultaneous localized exposure at

Figure 3. Power density distribution for each polarization. (a)
orthogonal, (b) identical.

Figure 4. Power density distribution for each phase difference at
the same polarization. (a) 0 rad, (b) �/2 rad, (c) � rad, (d) 3�/2 rad.

Figure 5. Arm-shaped phantom.

Table 3. Condition of skin

Relative permittivity Loss tangent

Skin, dry 7.9 1.4

Table 4. Experimental conditions

Frequency (GHz) 60
Exposure time (s) 900
Antennas input power (W) 0.5 W for each antenna

1 W for each antenna
2 W for each antenna

Polarization Orthogonal, same
Phase difference in the same polarization (rad) 0, �
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multiple points on the skin. Temperature rise experiments
by using an arm-shaped phantom confirmed the system’s
ability to focus exposure at a single location with orthog-
onally polarized waves, as well as to induce temperature
increases from simultaneous exposure at multiple loca-
tions using the same polarized wave. In experiments with
the same polarized wave, it was confirmed that the inter-
ference fringes could be controlled by adjusting the
phase difference between each lens antenna by using a
phase shifter. Furthermore, when comparing the same
polarized wave with orthogonally polarized waves, it
was found that the temperature rise with the same polar-
ized wave was approximately 1.5 times higher.

In the future, we plan to use this innovative spatial
synthetic exposure system, with its capability for simul-
taneous multipoint skin exposure, to measure physiologi-
cal indices and temperature rise data, contributing to the
revision of current protection guidelines regarding the
effects of radio wave exposure on the human body.
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Figure 6. Thermal images of the arm-shaped phantom: (a) orthogonal polarization, (b) phase difference of 0 rad for identical polarization, and
(c) phase difference of � rad for identical polarization.

Figure 7. Peak temperature rise characteristics for: (a) orthogonal polarization, (b) phase difference of 0 rad for identical polarization, and (c)
phase difference of � rad for identical polarization.
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