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W -Band Investigation of Material Parameters,
SAR Distribution, and Thermal Response

in Human Tissue
Frank Gustrau and Achim Bahr

Abstract—There are new applications in the automotive
industry that make use of electromagnetic fields in the cen-
timeter/millimeter-wave range, e.g., radar systems for adaptive
cruise control. In this frequency range, only few data are available
from the point of human safety and dosimetry. This investigation
is divided into three parts. First, the -band dielectric properties
of different biological tissues are determined. Afterwards the
electromagnetic field in the human eye and skin is simulated for
plane-wave exposure. An analytical method is used to investigate
the specific absorption rate (SAR) inside a layered model of the
human skin between 3–100 GHz. Furthermore, the SAR inside
a detailed model of the human eye is investigated numerically
by the finite-difference time-domain method for a frequency of
77 GHz. Maximum local SAR values of 27.2 W/kg in skin tissue
and 45.1 W/kg in eye tissue are found for 77 GHz and an incident
power density of 1 mW/cm2. In the third part of this investi-
gation, the temperature changes of superficial tissue caused by
millimeter-wave irradiation are measured by a thermal infrared
imaging system. The exposure setup is based on a horn antenna
with a Gunn oscillator operating at 15.8-dBm output power.
The measurements showed a maximum temperature increase of
0.7 C for a power density of 10 mW/cm2 and less than 0.1 C
for 1 mW/cm2, both in human skin (in vivo), as well as in porcine
eye (in vitro). The comparison of the temperature measurements
with a thermal bio-heat-transfer simulation of a layered skin
model showed a good agreement.

Index Terms—Basic restrictions, bio-heat-transfer equation,
biological tissues, dielectric properties, dosimetry, finite-difference
time-domain (FDTD) method, finite-element method (FEM),
numerical simulation, safety guidelines, thermal imaging system,

-band.

I. INTRODUCTION

T HERE ARE new applications in the automotive industry
that make use of electromagnetic fields in the cen-

timeter/millimeter-wave range, e.g., radar systems for adaptive
cruise control [8].

In this frequency range, the primary biological effect of
electromagnetic fields is the heating of tissue resulting from
the absorption of electromagnetic energy [22]. Consequently,
the limits in safety guidelines and standards are based on the
well-known thermal effect and fixed in order to avoid thermal
damage of tissue [2], [13], [22]. The relevant macroscopic
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TABLE I
SAR AND POWERDENSITY LIMITS FOR NONOCCUPATIONALEXPOSURE IN THE

FREQUENCYRANGE FROM 3 UP TO 100 GHzIN DIFFERENTSTANDARDS FOR

EXPOSURE OF THEHUMAN HEAD AND TRUNK: ANSI C95.1 [2], EUROPEAN

COUNCIL RECOMMENDATION [13], AND ICNIRP GUIDELINES [22] (*A REA

EQUIVALENT TO THE CROSSSECTION OF THEHUMAN BODY)

measure, which links the electromagnetic field with the thermal
response inside the biological tissue, is the specific absorption
rate (SAR). The SAR represents a local heat source [21].
According to the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) guidelines [22] and the Euro-
pean Council Recommendation [13], the basic restriction for
frequencies below 10 GHz is the SAR, between 10–100 GHz,
the basic restriction is the power density. In the ANSI C95.1
Standard [2], the SAR limit is restricted to frequencies below
6 GHz. Table I lists the relevant SAR and power density limits
in the frequency range from 3 up to 100 GHz for exposure of
the human head and trunk. In the standards, different averaging
masses for the SAR, as well as different averaging areas for the
power density, have to be taken into account.

In the frequency range of interest, the penetration depth of
the electromagnetic wave inside the human tissue is low, and
significant heating occurs in the superficial regions of the body
only. Therefore, two parts of the body are of special interest,
i.e., the skin and eye. The eye is particularly sensitive to heating
because of its lack of blood perfusion [6], [28].

The investigation presented in this paper is divided into three
parts. First, the dielectric properties of the relevant biological
tissues are measured in order to provide reliable data for the as-
sessment of the SAR distribution inside the human tissue. The
results are compared with the well-established and widely used
parametric model of Gabrielet al. [18], which allows the calcu-
lation of different biological tissues in the frequency range from
10 Hz to 100 GHz. In our investigation, the following tissues
are measured in the frequency range from 75 up to 100 GHz:
fat, muscle, skin (dermis), cornea, lens, liquid from the camera
anterior, retina, sclera, vitreous humor.

Next, the SAR distribution is determined inside the human
skin and eye by means of numerical calculations. The incident
electromagnetic field is represented by a homogeneous plane
wave. Skin tissue is modeled by a four-layer structure and the
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Fig. 1. Tissue sample inside the waveguide and principle setup.

electromagnetic field inside the tissue is described by an analyt-
ical model. In order to assess the field inside the human eye,
a detailed model for a finite-difference time-domain (FDTD)
analysis is developed. In both cases, the maximum local SAR,
as well as averaged values for the SAR, are determined.

Finally, the thermal response of millimeter-wave irradiation
at 77 GHz is analyzed. This investigation includes the measure-
ment of human skin and porcine eye surface temperaturein vivo
andin vitro, respectively, as well as thermal simulations of the
temperature inside the human skin. The tissue is irradiated with
a demonstrator of a radar device, operating at 77 GHz in con-
tinuous wave (CW) mode. The superficial temperature change
caused by the irradiation is recorded by an infrared thermal
imaging system. The measurement results are compared with
thermal simulations based on the bio-heat-transfer equation
[21]. The calculated SAR inside the skin model is transferred
to the thermal model and considered as a local heat source.

II. M ETHODS

A. Measurement of Dielectric Parameters

Investigations of the dielectric properties of biological tissues
have been presented in the literature for over 40 years (e.g., [11],
[16], and [29]). The results are obtained by measurements of
animal and human tissue in the frequency range up to 90 GHz
[12].

In the upper frequency range, only few data are available.
Therefore, in this investigation, the dielectric properties of dif-
ferent human tissues in the frequency range from 75 to 100 GHz
are measured. The measurements are carried out using the mea-
surement system WR 10 from Damaskos Inc., Concordville,
PA, with a rectangular -band waveguide. The waveguide is
partially filled with a small sample of the biological tissue and
connected to a vector network analyzer (VNA) (see Fig. 1). The
relative permittivity and conductivity are calculated from the
measured transmission coefficients. The sample has dimensions
of 2.54 mm 1.27 mm 1.5 mm (width height length)
for nonliquid biological tissues. For liquid material, one end of
the sample is attached to a foil. At the other end, the exact shape
of the sample is unknown because of the surface tension of the
liquid material. A first study has shown that this phenomenon

Fig. 2. Comparison of measured dielectric properties of water and theoretical
properties.

results in a reduction of the effective length of the sample with
respect to its transmission characteristics and, therefore, has to
be considered for the calculation of the dielectric properties.
However, in practice, this effective length cannot be determined.
In order to minimize the effect of surface tension, we soaked a
piece of cotton wool with the liquid material. The cotton wool
has no significant effect on the calculated dielectric properties.
Fig. 2 visualizes a comparison of the measurement results for
water using this procedure and theoretical data from literature
[11], [18]. In this case, the original length of the sample is used
for the calculation of the dielectric properties. The temperature
of the sample is C. This comparison shows a reason-
able agreement between measurement and theory.

The following tissues are measured at 27C and 37 C: fat,
muscle, skin (dermis). Since heating of such a small liquid
sample causes evaporation, the eye tissues are only measured
at 27 C: cornea, lens, liquid from the camera interior, retina,
sclera, vitreous humor.

B. Analytical Method and Model of the Human Skin

The skin of an adult man covers approximately 2 mand has a
thickness between 1.5–4 mm. Underneath, a fat layer (tela sub-
cutanea) is situated, which is located above muscle tissue. The
epidermis is the outer part of the skin. It is cornified, without
vessels, multilayered, and normally dry. The dermis, which rep-
resents the rest of the human skin, except the fat layer, is the wet
skin region. The layered model of the human skin is shown in
Fig. 3.

Since the penetration depth of electromagnetic fields in the
human body is very small in the frequency range of interest,
the electromagnetic field can be locally described by a plane
wave. Therefore, the electromagnetic problem is reduced to a
one-dimensional investigation of the field distribution in a lay-
ered medium. The typical thickness of the different layers is
taken from the literature [14], [25]. These values are summa-
rized in Table II together with the mass density of the layers,
which are taken from [9], [15], and [23].

The analytical method used for the calculation of the electro-
magnetic field in layered media is taken from [4]. The reflection
coefficients and transmission coefficients of multiple interfaces
between the different tissues are determined for normal inci-
dence of a linearly polarized plane wave. Introducing a phase
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Fig. 3. Layered model of the human skin.

TABLE II
THICKNESS AND MASS DENSITY OF THE DIFFERENT LAYERS OF THE

HUMAN SKIN INCLUDING TYPICAL VALUES FOR FAT AND MUSCLE

(*40 mm ASSUMED IN THESIMULATION ) TISSUE

and an attenuation term upon the traveling-field, the distribu-
tion of the electric field within the layers is calculated by super-
position of the different propagating waves in the media.

The SAR distribution inside the human skin is analyzed in the
frequency range from 3 to 100 GHz. The low-frequency range is
included in the investigation in order to demonstrate the transi-
tion in the SAR distribution from low to high frequencies. The
power density of the incident linearly polarized plane wave is
1 mW/cm . In this analysis, the frequency-dependent dielectric
properties are taken from the parametric model in [18] since this
model provides dielectric properties in closed form in the whole
frequency range. For the epidermis and dermis layer, the dielec-
tric properties of dry and wet skin are chosen, respectively.

C. FDTD Method and Model of the Human Eye

The calculations of the electromagnetic field inside the
anatomical model of the human eye is carried out using the
FDTD method [24], [31]. In this study, an implementation
developed in [3] is used.

For the numerical investigation of the field distribution, a
three-dimensional cubic voxel model of a spherical human eye
is developed. The eye has a diameter of mm and is
embedded in muscle and skin tissue. Fig. 4 shows a cut plane
through this voxel model with a homogeneous discretization.

The tissues of the eye are: 1) retina; 2) choroidea; 3) sclera;
4) cornea; 5) iris; 6) lens; 7) camera anterior; 8) vitreous humor;
and 9) nervus opticus. The dielectric parameters are listed in
Table III.

For the excitation, a normally incident plane wave with a
power density of mW/cm and a frequency of 77 GHz is
applied.

D. Thermal Measurement

For the experimental investigation of thermal effects in the
human skin and in the porcine eye, a high-speed thermal image
system (Thermo Tracer TH 2111, NEC San-ei Instruments Ltd.,

Fig. 4. FDTD model of the human eye.

TABLE III
MASSDENSITY �, RELATIVE PERMITTIVITY " , AND CONDUCTIVITY � OF THE

TISSUES OF THEEYE MODEL AT 77 GHz (*OUR MEASUREMENT, NO DATA

AVAILABLE : PROPERTIES OFMUSCLE TISSUEUSED)

Tokyo, Japan) is used. This system is a noncontact-type infrared
thermometer.

The detector unit of the thermal image system scans the sur-
face of an object and collects the infrared energy by an infrared
objective lens. After chopping this infrared energy with a refer-
ence temperature source, it is converted to an electrical signal
using an infrared HgCdTe detector. The relation between the
radiated energy and temperature is given by the well-known
Planck radiation law. The infrared detector remains cooled to

196 C by liquid nitrogen and is capable of converting infrared
energy with high sensitivity.

The main performance specifications of the system are as fol-
lows: temperature resolution: 0.1C (for blackbody at 30C),
0.02 C (in S/N improvement mode, for blackbody at 30C).

For exposure, a generator based on a Gunn-diode oscillator
with an output power up to 38 mW is used. The frequency of
the CW signal is 77 GHz and the size aperture of the rectangular
horn antenna is 1.5 cm 1.1 cm. The gain of the horn antenna
is dBi. An estimation of the power density yields

mW/cm at a distance of cm in front of the aperture
and a power density of 10 mW/cmat a distance of cm.



2396 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 10, OCTOBER 2002

Fig. 5. Block diagram of the experimental setup forin vitro eye temperature
measurement.

For the exposure of human skin, the antenna is oriented to the
forearm of two volunteers and the time-dependent temperature
field in the region of interest is recorded by the thermal image
system. All experiments are carried out in an anechoic chamber.

Before the measurement, the volunteers have a time to rest
in order to wait for thermal equilibrium in the human forearm.
The thermophysiological response of the skinin vivo is deter-
mined for different distances between the skin and exposure
system. The power was set to the maximum of mW
for all measurements. The ambient temperature during the dif-
ferent measurements is between 21C and 22 C, but is constant
( 0.1 C) for each measurement. The relative humidity of air
is between 50%–60%. There is essentially no air motion in the
laboratory.

Due to small motion artifacts, the resolution of the thermal
image system, and slight changes in the ambient conditions, the
accuracy of the measurement is estimated to be approximately
0.1 C–0.2 C in the region of interest.

The experimental setup for the thermal investigation of
porcine eyes is similar to that for the investigation of skin
temperature change. The schematics of the experimental setup
are shown in Fig. 5. The eye is inserted into a polystyrene layer
and positioned over a warm water bath ( C) in
order to consider the core temperature behind the eye. The
experiment is repeated without the warm water bath in order
to determine the influence of the physiological temperature on
thermal performance.

E. Thermal Simulation

In 1948, Pennes proposed a mathematical model for
heat-transfer processes in blood-perfused tissue. Although
more complex models for heat-transfer processes have been
developed, Pennes’ approach has been refined and is still being
used today [7]. Pennes’ model describes the effect of blood

Fig. 6. Finite-element model for the thermal simulation of skin tissue.

TABLE IV
THERMAL PROPERTIES OFSKIN TISSUE

flow on tissue temperature on a continuum basis. Therefore, a
heat source/sink term is introduced in the heat equation

(1)

The parameters of this equation are: 1)mass density of tissue;
2) specific heat capacity of tissue; 3)thermal conductivity;
4) heat generation rate according to metabolic processes (
metabolic rate); 5) perfusion rate; 6) mass density of blood;
7) specific heat capacity of tissue; 8) arterial temperature;
and 9) SAR.

On the surface of the body, Cauchy boundary conditions are
applied in order to account for the heat loss to the environment

(2)

where is the heat-transfer coefficient, is the heat flow,
is the ambient temperature, andis the outward unit normal
vector. The heat-transfer coefficient considers the four
heat-loss mechanisms, i.e., radiation, convection, conduction,
and evaporation. The differential equation with initial and
boundary conditions is solved using a finite-element method
(FEM)-based program described in [21].

Fig. 6 shows the finite-element model for the one-dimen-
sional analysis of the heat-transfer processes in the skin. The
thickness of the layers is chosen according to Table II. The SAR
of the analytical approach is scaled to an incident power density
of mW/cm (according to [2]) and applied to the thermal
model.

Table IV shows the thermal parameters of the three different
tissues taken from [1] and [30]. The high perfusion rate of
muscle identifies the isothermal core region of the body. The
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TABLE V
MEASURED RELATIVE PERMITTIVITY " AND CONDUCTIVITY � OF

PORCINE TISSUE IN THEFREQUENCYRANGE FROM 75 UP TO 100 GHz
(�STANDARD DEVIATION). (IN BRACKETS: RESULTS FROM THE

PARAMETRIC MODEL OF GABRIEL IF AVAILABLE )

additional parameters are: 1) C; 2)
J/(kg K); and 3) kg/m .

Thermoregulatory effector mechanisms, i.e., changes in
physiological parameters like perfusion rate caused by the
thermal impact, are negligible and, therefore, not considered in
this investigation.

III. RESULTS AND DISCUSSION

A. Dielectric Properties of Tissue

As demonstrated by the verification with pure water, the ac-
curacy of the measurement procedure is very good for electrical
conductivity. For relative permittivity, the accuracy is less good
and shows a stronger gradient than the theoretical curve. In the
frequency range from 75 up to 100 GHz, the tissues show small
changes in the dielectric properties compared with the accu-
racy of the measurement procedure. Therefore, only one value
is given for the relative permittivity and conductivity in the fre-
quency range of interest. Thirty-five measurement points are
taken and the average value as well as the standard deviation
have been determined. The values are listed in Table V. The skin
tissues are measured at 27C and 37 C. The eye tissues are
measured at room temperature 27C only, since the handling
of eye tissues at higher temperatures is difficult due to evapora-
tion of water. The tissue samples are prepared by biologists: the
appropriate tissue is excised from a freshly killed pig, the ma-
terials are homogenized and filled into the waveguide. Finally,
the length of the probe in the waveguide is determined using a
pipet of a patch–clamp system.

The dielectric properties of biological tissue are affected by
some factors, which are: 1) temperature (temperature coefficient

2% per C [26]); 2) natural variability of tissue (approxi-
mately 5% [19]); 3) aspecies (e.g., porcine versus human) (about
5%). “The variation in tissue properties within a species may
well exceed variations between species” [19]; 4) anisotropy of
muscle tissue is an important issue at low frequencies. Above
1 MHz muscle tissue becomes essentially isotropic [11]; and
5) only small changes following death above 1 MHz are reported
by [11].

Fig. 7. Distribution of the SAR for 3, 24, 77, and 100 GHz inside the model
of the human skin for an incident power density of 1 mW/cm.

TABLE VI
MAXIMUM SAR, 1-AND 10-g-AVERAGED SAR AT DIFFERENTFREQUENCIES

FOR AN INCIDENT POWER DENSITY OF 1 mW/cm

The results show significant deviations from the data reported
by Gabrielet al. [18], especially for fat tissue, which shows a
considerably higher conductivity than predicted by Gabrielet al.
However, Gabriel and Gabriel demonstrated in the literature
survey [19] that the dielectric properties of fat tissue show a
great span up to a factor of ten between minimum and max-
imum reported values. Furthermore, above 20 GHz, Gabriel and
Gabriel’s parametric model is based on very few experimental
data.

B. SAR Results in Skin Tissue

The results of the SAR calculation inside the human skin for
an incident power density of 1 mW/cmare shown in Fig. 7
for a frequency of 77 and 100 GHz. In order to show the tran-
sition from low to high frequencies, the SAR distribution for
frequencies of 3 and 24 GHz is included in the graphical plot.
With increasing frequency, the penetration depth of the electro-
magnetic wave decreases and the absorption of electromagnetic
energy becomes more and more superficial.

The maximum local SAR values as well as the 1- and
10-g-averaged SAR values according to the different safety
standards are listed in Table VI. In the -band, the electro-
magnetic field is nearly totally absorbed in the skin (dermis
and epidermis) and the maximum SAR occurs on the surface
of the skin. The inhomogeneous distribution shows that the
averaging of SAR approximately 1 or 10 g no longer results in
a meaningful measure.

The results show a good agreement with the literature. For
a frequency of 100 GHz, Gandhi and Riazi [20] predicted
a W/kg, compared to 33.9 W/kg in our
investigation.
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Fig. 8. SAR distribution in thexy-plane. The model of the human eye for an
incident power density of 1 mW/cmat 77 GHz.

TABLE VII
MAXIMUM LOCAL SAR IN THE DIFFERENTTISSUES OF THEEYE MODEL FOR

PLANE-WAVE EXCITATION (NORMAL INCIDENCE) WITH 1 mW/cm

C. SAR Results in Eye Tissue

Fig. 8 shows the distribution of the SAR in a sagittal plane
of the eye for an incident power density of 1 mW/cmat a fre-
quency of 77 GHz. Due to the strong attenuation of the wave
inside the eye tissues, most of the power is absorbed in the su-
perficial tissues.

In Table VII, the maximum values of the SAR are listed for
the different tissues of the model. The 1-g averaged SAR value
is 0.66 W/kg. The maximum SAR value occurs in the cornea.
The maximum SAR in the cornea (45.1 W/kg) is slightly higher
than in the skin (27.2 W/kg), which might be a result of the
higher conductivity of cornea tissue compared with dry skin
(epidermis).

In order to analyze how variations in the dielectric parameters
affect the maximum surface SAR, a one-dimensional investiga-
tion is performed at 77 GHz. A plane wave hits a half-space
made of cornea tissue. The surface SAR at the air–cornea in-
terface is calculated from the transmission coefficient. The di-
electric parameters of tissue are changed and the impact on the
surface SAR is analyzed. The dielectric parameters in the simu-
lation are relative permittivity and conductivity S/m.
Reducing the relative permittivity by 50% increases the surface

TABLE VIII
SUPERFICIAL TEMPERATURECHANGES (�STANDARD DEVIATION)

IN SKIN AND EYE TISSUE FOR ANINCIDENT POWER DENSITY

OF 1 AND 10 mW/cm AT 77 GHz

Fig. 9. Results of the thermal simulation of superficial temperature change in
skin for an incident power density of 10 mW/cmat 77 GHz. The simulation is
carried out with and without a fat layer.

SAR by 8.1%. Increasing the relative permittivity by 50% de-
creases the surface SAR by 9.0%. Reducing the conductivity
by 50% reduces the surface SAR by 29%. Increasing the rela-
tive permittivity by 50% increases the surface SAR by 13.4%.
Therefore, the conductivity is the more crucial value.

D. Measurements of Skin and Eye Temperature Change

In Table VIII, the measured temperature changes of superfi-
cial tissue are listed for a power density of 1 and 10 mW/cm.
Five volunteers as well as five eyes of a pig are investigated. No
significant differences in the temperature change between the
eye at an ambient temperature and the eye heated by a warm
water bath (37 C) are observed in the investigation.

E. Simulation of Skin Temperature Change

Fig. 9 shows the time plot of the superficial temperature
change in the layered model.

The simulation is carried out with and without a fat layer. It
turns out that the isolation of the fat layer influences both the
amplitude and the dynamic of the heat-balance process. In the
simulation with a fat layer, a steady-state temperature change of

C is achieved after 15 min of exposure; in the sim-
ulation without a fat layer, a temperature rise of C
is achieved after 3 min. The simulation results for a power den-
sity of mW/cm are compared with the measurement of
skin temperature changes for a distance cm. The mea-
surement data shows a temperature change of C. In
view of the natural variability of measurement data due to inter-
and intra-individual differences of the biological system, and in
view of the reduced complexity of the model, which considers
only one-dimensional heat transfer, the results of the thermal
measurements and simulations provide consistent results for the
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assessment of thermal effects of electromagnetic irradiation at
77 GHz.

IV. CONCLUSIONS

In this paper, dielectric properties of tissues, penetration
of electromagnetic fields inside the human body, and re-
sulting thermal effects on the surface of the body have been
investigated.

The investigation of the human skin has been carried out
using material parameters from the parametric model of Gabriel
et al.because it provides a closed form over the entire frequency
range and allows to study the transition of the SAR distribu-
tion from lower frequencies (3 GHz) up to 100 GHz. Of course,
the choice of dielectric properties influences the computational
results. This effect can be estimated by the transmission coef-
ficient of the boundary air skin. Due to the strong absorption
of the electromagnetic fields in superficial tissue, the averaged
values for higher frequencies are determined mainly by the pa-
rameters of the first layer of the model including the reflection
coefficient of the boundary air skin. The simulations showed
that the highest SAR value occurs at the surface of the skin for
a frequency of 100 GHz.

The human eye is modeled as a rotary body with the
above-mentioned tissues. The calculation is carried out using
the FDTD method at a frequency of 77 GHz and plane-wave
exposure with a power density of 1 mW/cm. At this frequency,
the calculations of the three-dimensional model of the human
eye and the layered skin model show similar results. In both
cases, maximum absorption occurs in superficial tissues and
the maximum local SAR values are comparable: for the layered
model of skin, the maximum local SAR value is 27 W/kg and,
for the model of the human eye, the local SAR value is 45 W/kg
in the cornea tissue.

The analysis of the SAR reveals a high attenuation and low
penetration depth of the electromagnetic wave inside the skin
and eye in the -band. The SAR distribution is very inho-
mogeneous. The highest values of the SAR are found in the
outer layers of the human skin because of the strong increase
of the losses in the human skin as a function of frequency. For
77 GHz, a decrease of the SAR of nearly ten decades is observed
from the epidermis layer to the fat layer. For a power density of
1 mW/cm , the strong losses yield a maximum SAR of 34 W/kg
at 100 GHz and 27 W/kg at 77 GHz. This allows the conclusion
that, in the -band, it is not necessary to model the whole eye
in great detail, but it is sufficient to consider its surface region.

For the investigation of thermal effects, an infrared thermog-
raphy system is used. A radiation source with a horn antenna
is oriented toward the skin of the forearm of two volunteers
and toward a porcine eye (in vitro). The measured temperature
changes in the skin and eye are in the order of 0.7C for a power
density of 10 mW/cm, and less than 0.1C for 1 mW/cm . The
temperature changes are beneath the warmth sensation thresh-
olds of the volunteers.

Finally, the calculated distribution of the SAR is imported in a
thermal model. The thermal calculations are based on the FEM.
Two canonical skin models are analyzed, i.e., a layered model
with and without a fat layer. The optional fat layer leads to an

isolation between the isothermal core and the shell of the body.
Hence, it influenced the dynamic and amplitude of the heat-
balance process. The simulations show temperature changes in
the same order of magnitude as the measurement: for a power
density of 10 mW/cm, the temperature rise is approximately
0.7 C in the measurement, and between 0.4C–0.84 C in the
simulation.
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