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Abstract

This study investigated the definition of power density for
local exposure to electromagnetic fields (EMFs) by an
antenna positioned near-by a human body at frequencies
over 6 GHz. The relationship between the surface
temperature elevation and the power densities in various
near-field exposure conditions was analyzed . The results
show that the applicability of the incident power density
limits depends on the many factors, such as frequency,
antenna, and antenna to body separation distance.
Moreover, the analysis of heating factors of the absorbed
power density demonstrated the dependence of locality of
exposure. The findings obtained in this study may support
the local exposure limits on the spatially-averaged power
densities in safety guidelines and standard above 6 GHz.

1 Introduction

Rapid increase of using radio frequency (RF) transmitters
in MMW bands has raised public concerns on human
exposure to EMF in a general living environment [1] [2].
The use of MMW terminals in the vicinity of human body
may result in a local temperature elevation on the skin
surface due to the EMF exposure with a local beam.

Incident power density (/PD) is used as a metric in ICNIRP
guidelines [3] and IEEE standard C95.1 [4] to protect
human from excessive temperature elevation caused by
EMF exposure. Recently, the draft of ICNIRP [5] and the
revision of IEEE Std C95.1 [6] have been issued for human
safety against MMW exposure, where the reference levels
(RL) of IPD for local exposure are frequency-dependent
values of 2755 %77 and 55/ %"’ (f5: frequency in GHz)
from 6 to 300 GHz for occupational exposure/restricted
environment and general public exposure/unrestricted
environment [7] [8], respectively. In addition, the
averaging area of 4 cm? between 6 and 30 GHz is suggested
based on recent studies of thermal analysis [9] [10]. At
frequencies higher than 30 GHz, averaging area may need
to be reduced to consider the possibility of smaller beam
sizes, such as 1 cm? (see Table 1). On the other hand, the
power density inside a body surface has been mentioned as
a new dosimetric limit for the basic restriction of local
exposure, which is specified as the ‘transmitted/absorbed
power density (4PD)’ [5] [7] or ‘epithelial power density’
[6] [8]. Because the APD shows a high correlation with the
surface temperature elevation, as confirmed by the recent
studies [11] [12].

Table 1. Local exposure limits of incident power density
from 6 to 300 GHz in recent safety guideline/standard.

Ave. RL RL
IPD fo [GHz] area (General (Occupational
[cm?] public) environment)
ICNIRP | 6-30 4 275f 07
5117 _ 0.177 2 G
[51(7] 30 -300 1 55f5 %17 W/m Wi
IEEE [6] 6—300 4

Although the amplitude of Poynting vector is generally
used as the definition of power density in safety
standard/guideline, detailed studies on the relationship
between skin temperature elevation and physical quantities
of each power density definition were not sufficiently
reported. In particular, when radiation source is close to
human tissue, due to the mutual interaction between antenna
and body, the IPD in free space may not be suitable as a
dosimetric measure for exposure level evaluation. As
mentioned in the draft of ICNIRP [5], for the frequencies
above 6 GHz, far-field reference levels are also applicable to
radiative near-field exposure conditions, but no RL are
provided for reactive near-field situation. On the basis of
antenna theory, the boundary of the reactive near-field and
the radiative near-field can be roughly determined from 8 to
0.16 mm at frequencies from 6 to 300 GHz (A/2x, where A is
wavelength). However, for the compliance assessment of
commercial wireless devices, as mentioned in the technical
report by IEC [13], the minimum separation distance
between the evaluation surface and the device for /PD is
recommended to 2 mm. Due to the complexity of
electromagnetic field distribution at a close distance from an
antenna, power density definition should carefully be
determined to prevent the possibility of underestimation of
exposure level at frequencies over 6 GHz.

In this study, a computational comparison of power density
definitions for MMW exposure have been conducted.
Particular emphasis is placed on the relationship between
surface temperature elevation and the incident, or absorbed
power densities, in various near-field exposure conditions.

2 Model and Method

2.1 Configuration of human-skin model

Figure 1 shows a 4-layer skin model for dosimetry analysis,
which is composed of epidermis, dermis, fat, and muscle,
representing the skin tissue configuration in the forearm



[14]. The width of the skin model, i.e. w, and the thickness
of each layer, i.e. /;, are listed in Table 2. A half-wavelength
dipole antenna is placed at a distance d from the skin
surface from 6 to 300 GHz. The antenna input power is set
to 10 mW. Although the dipole antenna in this frequency
region is not used in practical, it is a typical
electromagnetic source in computational simulation. The
antenna was resonated with an adjusted length in order to
reduce the impedance mismatch caused by the mutual
interactions between antenna and skin tissue. The dielectric
properties reported in [14] were used for comparison with
the results in [11]. One-dimensional analysis to simulate
the plane wave exposure was also conducted using the
same skin model in Fig. 1.

A/2 dipole

Figure 1. A three-dimensional four-layer skin model
comprised of epidermis, dermis, fat, and muscle, and a
half-wavelength dipole antenna.

Table 2. Dimension of 4-layer skin model in simulation
Parameters

. Frequency [GHz]
Model size
6-30 40-60 100 300
w [mm] 100 50 25 12.5
[y [mm] 0.2
I/, [mm] 1.0
[; [mm] 3.8
Iy [mm] 15 5.0
Resolution [mm] 02 | o1 005 | 0.025

2.2 Thermal parameters and bio-heat
transfer computation

The finite-difference time-domain method (FDTD) [9] was
used to analyze the electromagnetic fields both outside and
inside the skin model. The SAR (specific absorption rate),
representing the heat-generating source related to the
electromagnetic wave exposure, is defined as

|E@m)|?

SAR(r) = a(r) 20

(D

where |E(r)| is the electric field inside the skin tissue and r
denotes the position vector. ¢ and p are the electrical
conductivity and mass density, respectively. The
temperature rise is obtained by solving Pennes’s bio-heat
transfer equation [15],

aT;:t) =V (k@) VT(r,1)) + p(r)SAR(r) +

A, t) = B(r,o)(T(r,t) = T,(r,0)) (2

c(M)p(r)

where T and Ty, are the temperatures of the human tissues and
blood (°C), respectively. c is the specific heat and i is the
thermal conductivity. ¢ is the time variable. 4 and B denote
the basal metabolism per unit volume and a term associated
with blood flow in each skin layer, respectively. The
boundary condition for the heat exchange between the air
and the skin tissue is given by

k)2 = h (T 1, O-Ter®) )

where A, Tor, and Ty denote the heat transfer coefficient,
surface temperature of the skin tissue, and air temperature,
respectively, and n is the normal vector component to the
boundary surface. The thermal parameters used in the
temperature elevation analysis were set based on a previous
study [16].

2.3 Incident and absorbed power densities

First of all, we discuss two general definitions of the /PD
used by [9] and [13], respectively, as shown in the following
equations,

Re[|S;o¢l] = iffA |Re(E x H*)|dA )
RelS,] =iﬂA Re(E x H") - ndA ©)

where Si: and S, are the norm and normal component of a
complex Poynting vector, respectively. n is the unit vector
component normal to the model surface. 4 is the averaging
area listed in Table 1. In this study, we also investigated the
absorbed power density (4PD), which has been studied by
[11] [12], recently. It is verified that the APD crossing a unit
area at air to skin boundary in the direction normal to the
interface represents the total power absorbed by the skin
tissue [11], defined as

APD = [f, Re(E) x H'(®)) ‘nddlco  (©

where plus z-axis is perpendicular to the body surface, as
the coordinate shown in Fig. 1. The APD also can be
represented by the integral value of the SAR over the skin
depth direction (see Eq. 2 in [12]). The same results of APD
can be obtained using these two equations mathematically.

3 Results

Figure 2 shows the computational results of the heating
factors, which are defined by the ratio of the peak surface
temperature elevation in steady state (AZpeak) to IPD, as a
function of frequency from 6 to 300 GHz. The A/2 dipole
antenna is set with a separation distance of = 10 mm from



the skin surface. The results of plane wave incidence at
normal direction were also included. Figs. 2 (a) and (b)
indicate the heating factors when the averaging area A
equals to 1 and 4 cm?, respectively. As shown in Fig. 2 (a),
when the averaging area 4 of 1 cm? is used, since the
separation distance of d = 10 mm approaches the outside
boundary of the radiative near-field region at 6 GHz
(roughly at 8 mm), a small difference less than 7% between
the use of norm and normal component of Poynting vector
can be observed. Moreover, the heating factors of IPD
shows below the heating factors of plane wave incidence
situation. On the other hand, when 4 is increased to 4 cm?,
the variation between these two definitions of IPD is
slightly increased to more than 15%. Compared with the
case of plane wave incidence, the difference is within 37%
at 6 GHz and no longer exceeds 15% above 10 GHz,
indicating the frequency dependence of the averaged /PD
over 6 GHz.

Figure 3 shows the ratio of the averaged APD to IPD using
the A/2 dipoles from 6 to 300 GHz. Here, the IPD defined as
the normal component of Poynting vector (see Eq. 5) was
used. The separation distance d was set to 2, 5, and 10 mm,
respectively. As shown in Fig. 3, when d = 10 mm, the
transmittances of dipoles show below that of the plane wave
incidence except 6 GHz. When d is reduced to 2 mm, an
obvious demarcation at 30 GHz can be observed. Especially
at frequencies from 6 to 30 GHz, some results of
transmittance exceed 1, which does not physically exist. This
is because that a small separation distance such as 2 mm is
almost covered by the near-field region of dipoles at the
frequency below 30 GHz, where the effects caused by the
mutual interaction between the antenna and the human body
may be significant. In that case, the limit of using incident
power density as a dosimetric measure is shown.

Figure 4 shows the heating factor of APD normalized to that
ofthe dipole antenna at d = 10 mm as a function of separation
distance d normalized to wavelength (A). A half-wavelength
dipole, the typical patch, 2x2, and 4x4 patch array antennas
with in-phase feeding, were employed as the radiation
sources. The frequency was set to 30 GHz. On the basis of
the proposal in the draft of safety guideline [5], the averaging
area of A = 4 cm? was utilized. As shown in Fig. 4, with the
reduce of separation distance d from 10 to 2 mm, the heating
factors of the APD using dipole and patch antenna are
increased about 4.5 times. On the contrary, the results of 2x2
and 4x4 patch arrays do not change significantly. Especially
for the case of 4x4 patch array antenna, an almost flat
characteristic independent of separation distance as that of
plane wave incidence in [11] is observed.

Figure 5 shows the normalized distributions of APD using
different antennas at 30 GHz. The separation distance was d
=2 mm. In Fig. 5, compared with the results of the dipole
and single patch antenna, which have sharp distributions
around the position of peak values, the patch array antennas
show relatively flat distributions of APD even the separation

distance is 2 mm, corresponding to the results shown in Fig.
4. From these results, it was found that the locality of
exposure caused by the radiation source may result in an
increase of heating factor of the APD. However, considering
the millimeter wave applications in practical, it may not be
realistic to use such as single dipole or 1-element patch
antenna in the actual devices.
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Figure 2. Heating factor of using A/2 dipoles with a

separation distance of d = 10 mm when /PD were averaged
over an area 4 of (a) 1 cm?, (b) 4 cm?.
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Figure 3. Ratio of averaged APD to IPD as a function of
frequencies from 6 to 300 GHz using A/2 dipole antennas
with various separation distance.
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Figure 4. Normalized heating factor of APD when 4 = 4
cm? using different antennas at 30 GHz vs. normalized
separation distance d.
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Figure 5. Normalized distributions of APD using different
antennas at 30 GHz with a separation distance of d =2 mm.

4 Conclusion

This study examined the comparison of power density
definitions for EMF exposure assessment above 6 GHz.
The relationship between the surface temperature elevation
and the incident power density was firstly analyzed using
the dipole antenna with various separation distances. The
findings show the applicability of the /PD limits depends
on the mutual interaction between the radiation source and
human body, which is affected by frequency and separation
distance. This is attributed to the complexity of antenna
near-field property, which is essentially differentiated from
the uniform exposure conditions in far-field, i.e. plane
wave incidence. Moreover, the investigations of the
heating factor of the APD demonstrated the importance of
locality of exposure, which are valuable for discussing the
local exposure limits on the spatially-averaged power
density in safety guidelines/standard above 6 GHz.
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