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ABSTRACT The recent advances in computational dosimetry for electromagnetics and thermodynamics are
reviewed to assess human exposure to electromagnetic fields in the MHz-to-terahertz range. This review em-
phasizes model variability in computational dosimetry. Apart from computational electromagnetic methods
and their usage, the developments in anatomical phantoms and tissue dielectric properties characterization
are also surveyed. In addition, the rationale for dosimetric quantities prescribed in international exposure
guidelines, such as the specific absorption rate (SAR) and absorbed power density, is revisited in relation to
their correlation with local and core temperature rises in various tissues and populations. A heating factor,
which is defined as a steady-state temperature rise per SAR, for the brain, eye lens, skin, and body core is
evaluated to estimate heating resulting from exposure to electromagnetic fields. The transition of a physical
quantity in the guidelines at 6 GHz, from SAR to the absorbed power density, is discussed along with the
optimal spatial averaging volume and areas. Computational evaluations of product compliance, 5G devices,
and wireless power transfer systems are also reviewed. This review aims to synthesize the current knowledge,
identify key sources of computational model variability and uncertainty, and outline further research needs
for setting exposure guidelines and compliance assessment.

INDEX TERMS Biological effects of radiation, computational electromagnetics, dosimetry.

I. INTRODUCTION
In protecting humans from excessive exposure to electro-

Committee on Electromagnetic Safety (ICES) Technical
Committee (TC) 95.

magnetic fields (EMFs), exposure guidelines and standards
have been published by international standardization bodies.
Two international standardization bodies for nonionizing ra-
diation protection have been proposed by the World Health
Organization: the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) and the IEEE International

These guidelines and standards have systematically set and
updated exposure limits [1]. The procedure adopted is as fol-
lows: peer-reviewed journal papers are reviewed to identify
the adverse health effects of EMF exposure and the (opera-
tional) threshold is determined for substantiated (established)
effects. Considering safety or reduction factors, the limits for
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internal physical quantities, which are referred to as basic
restrictions (BRs) by the ICNIRP [2] and dosimetric reference
limits (DRLs) by the IEEE ICES [3], are derived. The external
EMEF strengths and power density levels, which are referred to
as reference levels (RLs) by the ICNIRP or exposure reference
levels (ERLs) by the IEEE ICES, were conservatively derived
from BRs or DRLs.

In the case of pulsed exposures with low-frequency EMFs
ranging from 0 to 100 kHz and up to several MHz, the primary
adverse effect is the stimulation of central and peripheral
nervous tissues [3], [4]. By contrast, for radiofrequency (RF)
EMFs above 100 kHz, the dominant effect is heating, which
is due to Joule loss in tissues.

Dosimetry studies of RF EMFs above 100 kHz have fo-
cused on the electromagnetic power absorbed by tissues and
the resulting local or core temperature rise. In a tutorial
paper, Chou et al. reviewed experimental dosimetry and high-
lighted the intricate nature of RF dosimetry [5]. The factors
influencing power absorption in tissues include the dielectric
properties, geometry, and size of the tissue; field orientation
and polarization, modulation and waveform, frequency, and
source configuration. A discontinuity in the limit was ob-
served at 300 GHz between the RF [2] and infrared guidelines
[6], even though the underlying interaction mechanism re-
mains the same across this frequency range.

Computational dosimetry for electromagnetics and thermo-
dynamics using realistic human body models plays a crucial
role in deriving thresholds and exposure limits. These dosi-
metric evaluations are directly linked to the reduction factors
applied in international guidelines, as they quantify the vari-
ability and uncertainties that the safety margins are intended
to cover. In addition, accurate replication of the experimen-
tal conditions is essential for determining the limits based
on power absorption and temperature rise. Identifying the
relevant physical quantities and conditions associated with
thermal effects and establishing their correlations with tissue
temperature rise are also necessary. RLs (ERLs) are derived
from BRs (DRLs) under conservative worst-case assumptions.
Furthermore, dedicated computational standards have been
developed to facilitate product compliance assessments [7],
[8].

Reviews at frequencies above 6 GHz [9] and the IEEE ICES
Workshop Report on Computational Bioelectromagnetics [10]
have been published previously. However, dosimetry reviews,
except for those in a frequency range of >6 GHz, are limited
[11], [12]. In addition, reviews on recent advancements in
numerical phantom development and compliance assessment
are limited in this field.

This review aims to summarize the recent advances in
computational dosimetry studies and related standards. In
particular, it aims to evaluate how variability in anatomical
models affects dosimetric quantities such as specific absorp-
tion rate (SAR), power density, and temperature rise, in
comparison with uncertainties arising from dielectric prop-
erties and computational methods. The scope of this review
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is limited to frequencies above 100 kHz, consistent with the
range covered by international RF exposure guidelines [2].

Il. COMPUTATIONAL MODELS

A. TISSUE DIELECTRIC PROPERTIES

The dielectric properties of biological tissues are dispersive
quantities, essential to computational dosimetry and electro-
magnetic exposure assessment. The widely used database in
[13], which was derived primarily from comprehensive mea-
surements of more than 50 mammalian tissues below 20 GHz,
has served as a universal reference for decades in numerical
modeling. Comparative studies have shown that the dielectric
properties of mammalian tissues are generally representative
of human tissues across the 100 MHz—10 GHz range [14],
[15]. A recent comprehensive review can be found in [16].
Building upon such reviews, a comprehensive database of
tissue dielectric properties has been constructed to support
numerical modeling and exposure assessment [17].

Several factors can influence dielectric properties [18].
Species differences (human versus animal) are relatively small
for most tissues in the RF range [14], [15]. However, post-
mortem changes can lead to measurable deviations, especially
in in vitro samples [14], [19]. These changes are related
to physiological and biochemical alterations after death, in-
cluding changes in water content, ion concentration, and
membrane integrity. However, the postmortem effect has not
been fully characterized partly because of the difficulty in
maintaining consistent tissue states during measurement [16].
Aging can also affect dielectric properties through structural
and compositional changes, such as reduced water content
[20] and altered lipid composition, and it has been incorpo-
rated into age-specific numerical models [14], [21], [22], [23],
[24], [25].

At frequencies above 6 GHz, where penetration depths
are shallow, accurate dielectric data for surface tissues are
becoming increasingly important. Measurements have been
performed on the skin [13], [14], tissue mimicking phantom
[26], and ocular tissues [15], revealing regional variations in
skin dielectric properties caused by differences in stratum
corneum thickness and underlying dermal structure [14]. At
frequencies below 1 MHz, electrode polarization dominates
the measurement uncertainty, and its impact has not been fully
quantified [16], thereby limiting the reliability of the dielectric
data [15], [17].

Recent studies have emphasized the importance of broad-
band dielectric characterization, improved measurement pro-
tocols to minimize electrode polarization and thermal drift,
and accounting for physiological variability (e.g., hydration
level and anatomical site) when constructing computational
models (reviewed in [16], [18]). These refinements are essen-
tial for accurate simulations in emerging exposure scenarios,
particularly at millimeter wave (mmW) and terahertz (THz)
frequencies, where localized interactions with superficial tis-
sues are critical.
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TABLE 1. Anatomical Human Models Used for Computational Dosimetry

Model name (year) Type Resolution Number of Number of subjects (adult/child,
regions male/female)
HUGO (2002) [31] Voxel 1 mm isotropic 32 1(1/0, 1/0)
E@?O/HANAKO (2004) Voxel 2 mm isotropic 51 2 (2/0, 1/1)
Mazzurana female model . .
(2004) [42] Voxel 2 mm isotropic 25 1 (1/0,0/1)
NAOMI (2005) [43] Voxel 2 mm isotropic 41 1 (1/0,0/1)
CNMAN (2007) [32] Voxel 0.16 mm % 0.16 mm x 1.0 mm 29 1(1/0, 1/0)
HANAKO (pregnant) [44]  Voxel 2 mm isotropic 21( f(:t‘u"st)her) 1(1/0, 0/1): based on HANAKO
. 1.775 mm x 1.775 mm x 4.84 153 (mother) 1 (1/0, 0/1) based on ICRP adult
Katja (2008) [43] Voxel mm 18 (fetus) female model
2.08 mm x 2.08 mm x 8.0 mm
ICRP 110 (2009) [38] Voxel (male) 141 2.(2/0, 1/1)
1.875 mm x 1.875 mm x 5.0 mm ’
(female)
0.5 mm x 0.5 mm x 1.5 mm
Virtual Family (2009) [33]  Voxel (heart) 80 4(2/2,2/2)
Y 0.9 mm x 0.9 mm x 2.0 mm >
(others)
0.33 mm x 0.33 mm x 1.0 mm
é%“ phantom (2010) Voxel (male) 120 3. 3/0, 2/1)
0.33 mm isotropic (female)
Virtual Population 3.0 . .
(2014) [34] Voxel 0.5 mm isotropic (upsampled) 120 11 (4/7, 6/5)
Eglg]P -Female 2.0 (2015) Mesh 190 1 (1/0, 0/1)
2.08 mm x 2.08 mm x § mm
Adult Computational (male) .
Phantoms (2019) [37] Voxel 1875 mm x 1.875 mmx 5mm 140 479 (479/0, not specified)
(female)
ICRP 145 (2020) [39] Mesh - 58 2200, 1/1)
XCAT 3.0 (2025) [40] Voxel + Mesh L5 mm isotropic, 0.625 mm x 140 2528 (2528/0, not specified)

0.625 mm x 3.75 mm

B. COMPUTATIONAL PHANTOMS
Computational human models play an essential role in various
fields that are related to human exposure to EMFs, including
protection, product compliance testing, and biomedical appli-
cations [27], by assessing physical and physiological effects
[28]. In the early stages of research, these models were pri-
marily represented using simplified geometrical shapes [29].
However, they have evolved into high-fidelity models that
precisely replicate anatomical structures. In general, these
computational models are provided in voxel format or other
formats that are compatible with simulation environments,
and they are commonly constructed by identifying tissues and
organs through the segmentation of medical imaging data.
Many numerical human models have been developed and
used for EMF analysis, and they have exhibited consider-
able diversity with regard to anatomical fidelity, imaging
modality, subject demographics, such as age and sex, and
the number of segmented tissues. Prior to 2000, models
with a relatively coarse resolution along the body axis, typ-
ically 5-10 mm [30], were commonly used. Since 2000,
the development of high-resolution models advanced signif-
icantly. Apart from the increased anatomical detail, efforts
have been made to enhance the structural and practical aspects
of human models, including the expansion of organ types,
improved statistical representativeness based on multiple
subjects, and greater compatibility with numerical simulations
spatial discretization (e.g., mesh generation or voxelization).
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The characteristics of representative human models developed
after 2000 are summarized in Table 1.

The HUGO model [31] is one of the earliest high-resolution
adult models, which has a 1-mm isotropic resolution and a
detailed anatomical representation. The CNMAN model [32]
was generated from a Chinese adult male, which features an
exceptionally high anatomical resolution of 0.16 mm. Virtual
Family [33] and Virtual Population 3.0 [34] provide models
that reflect different ages, sexes, and body types, and they
have been used in the formulation of international exposure
guidelines. The TARO and HANAKO models [35], which
represent the anatomical features of Japanese adults, have
been widely used for dosimetric assessments. VHP-Female
2.0 [36] provides a single female model with an exceptionally
high level of anatomical detail, comprising 190 segmented
regions and supporting mesh-based simulations. In addition,
the Adult Computational Phantom [37] provides 479 body
models derived from the ICRP voxel model [38], [39], offer-
ing a comprehensive anatomical basis for various dosimetric
evaluations. More recently, XCAT 3.0 [40] was developed as
a model library constructed from CT images of more than
2500 patients. It maintains detailed organ information and
supports mesh generation, thereby providing high flexibility
and applicability.

The development of anatomically realistic female human
body phantoms has been pivotal in extending computational
dosimetry beyond male-based references [41]. An early work
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[42] demonstrated the feasibility of constructing a female
RF dosimetry phantom directly from MRI data, enabling
more accurate estimation of gender-specific SAR distribu-
tions. Building on this, a detailed female voxel phantom
was developed [43]. Subsequent efforts expanded to pregnant
female models [44]. Further studies introduced specialized
gestational-stage models such as Katja, representing a 24-
week pregnancy for dosimetric calculations [45]. Collectively,
these phantoms address physiological and anatomical differ-
ences critical for accurate safety assessments in women and
developing fetuses.

On the contrary, high-resolution and multi-tissue head mod-
els such as MIDA [46] and CMODEL [47] have been used
for head EMF analyses to assess exposure, brain stimulation,
and conductivity mapping. Furthermore, SHARM [48], which
was developed on the basis of a large number of adult subjects
with varied anatomical characteristics, enables reliable studies
in electromagnetic dosimetry and human safety.

In recent years, the development of highly accurate segmen-
tation techniques based on artificial intelligence, particularly
deep learning [49], [50], as well as the increasing availability
of subject-specific model generation tools [51], [52], [53], has
led to a shift from standardized anatomical models to person-
alized ones. However, methods that assign conductivity values
to segmented anatomical regions have inherent limitations,
including the propagation of segmentation errors into con-
ductivity assignment and the inability to represent spatially
nonuniform conductivity within a given tissue, as a uniform
value is typically assigned to each region. Thus, several
segmentation-free conductivity estimation methods have been
proposed to address these limitations [54], [55]. The proposed
methods can estimate conductivity distributions without being
affected by segmentation errors [2], while allowing the repre-
sentation of individual variability and spatial heterogeneity.
Personalized models incorporating such nonuniform conduc-
tivity distributions can improve the accuracy of electric field
simulations [50], [56]. Thus, their further implementation and
clinical application are anticipated [57].

C. SUPERFICIAL TISSUE MODELING

At frequencies above 6 GHz, electromagnetic dosimetry is
influenced by skin modeling caused by the shallow penetra-
tion depth of RF energy (4 mm at 6 GHz, 2 mm at 10 GHz,
and 0.4 mm at 30 GHz) [59], [60]. Most anatomical models
(see Section II-B) are derived from medical imaging with
original resolutions of a few millimeters, thereby limiting
their ability to represent a detailed skin morphology. Although
some CAD-based anatomical models allow adjustable reso-
lution [34], the accuracy of the rescaled geometry remains
uncertain on anatomical data [61], realistic modeling of skin
thickness variation can improve dosimetric accuracy. The skin
is a multilayered structure comprising the epidermis, dermis,
and hypodermis, which contains sweat gland ducts, nerves, oil
glands, and blood vessels. Multilayer computational models
have been used to examine mmW and THz heating effects.
Recently, a 3D skin segment containing sweat gland ducts was

VOLUME 6, NO. 2, MARCH 2026

modeled [62]. The model incorporated the detailed morphol-
ogy of cutaneous appendages, including nerves, lymphatics,
pilosebaceous units, microvasculature, eccrine sweat glands,
and sensory corpuscles, based on morphometric data and
microscopic images [62], [63]. The tissue-specific dielectric
properties were estimated using Maxwell’s and mixture equa-
tions derived from the reported free water content. A recent
study also proposed a reference skin model in the 6—100 GHz
range for the experimental phantoms design and absorbed
power density evaluation [64].

1Il. COMPUTATIONAL METHODS

A. SUB-6 GHZ BAND

At frequencies above 10 MHz, volume-based full-wave anal-
ysis methods, particularly the finite-difference time-domain
(FDTD) [65] and finite element (FEM) [66] methods, are
typically used to capture EMF interactions in heterogeneous
biological tissues. Surface-based approaches, such as the
method of moments (MoM), can also be used, but they are
less suitable for modeling heterogeneous structures.

At frequencies ranging from MHz to THz, which is
the scope of this paper, the primary health concern is
thermal effects, particularly tissue heating caused by energy
absorption. The most relevant dosimetric quantity in the range
from 100 kHz to 6 GHz, is the SAR [W/kg], which quantifies
the rate at which electromagnetic energy is absorbed per unit
mass of tissue. Peak spatially averaged SAR averaged over
10 g of tissue (psSARjggz) and whole-body averaged SAR
(WBASAR) are used as physical quantities, thereby limiting
the spatial peak and core temperatures.

Computational dosimetry in this frequency band typically
relies on the FDTD and FEM approaches. The FDTD method
is widely used because it can easily accommodate voxel-based
anatomical models and account for inhomogeneous tissue
properties; this method is also highly amenable to parallel
computations [65]. The FEM provides flexibility for com-
plex geometries and unstructured meshes, making it suitable
for human models with curved boundaries [66]. Alternative
methods, such as the finite integration technique (FIT) and
the transmission line method, are also used, particularly in
compliance testing. These methods have contributed to the
derivation of BR (SAR-based limits) and associated RLs or
ERLs in the current exposure guidelines and standards [2], [3].

Notably, domain decomposition (i.e., differential equation)
approaches such as FDTD and FEM have advantages with re-
gard to robustness and relative algorithmic simplicity, but they
also suffer from drawbacks such as staircasing error (FDTD)
and problems with unbounded domains (FDTD and FEM).

On the contrary, when using boundary discretization (i.e.,
integral equation) approaches such as MoM or boundary ele-
ment methods (BEM), volume meshes or the implementation
of absorbing boundary conditions (ABC) is not necessary, and
staircasing error is avoided because of the use of isoparametric
elements [67]. However, these methods have significant
drawbacks, including complex formulation and numerical
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implementation, Green’s function singularities/quasi-
singularities, and higher computational resources when
compared with FDTD and FEM. Over the recent decades,
hybrid approaches such as coupled MoM/FEM and BEM/
FEM emerged as efficient methods for solving problems
in computational bioelectromagnetics taking the best from
differential and integral approaches. However, they inevitably
end up in rather complex formulations [68].

More advanced or hybrid techniques, such as FEM/MoM
and FDTD/MoM, have been used to combine the strengths
of volume-based and surface-based methods. These hybrid
methods are particularly useful for solving problems that
involve interactions between the human body and external
antennas or devices [69], [70]. These approaches are mainly
used for product assessment, such as verifying the compliance
of induced SAR with exposure limits or optimizing antenna
design.

A coupled edge-element BEM/FEM approach to analyze
the electric field induced inside the human head caused by
plane wave exposure has been previously reported [71]. The
operating frequency is 3.5 GHz, which corresponds to 5G
cellular networks. A trade-off between the BEM/FEM and
MoM/FEM approach is given in the paper.

B. MILLIMETER-WAVE AND TERAHERTZ BAND

For frequencies above 6 GHz, particularly in the mmW range,
EMFs penetrate only the epidermis and dermis. Consequently,
surface heating is the predominant effect, and SAR is no
longer appropriate. Instead, absorbed power density (APD)
and epithelial power density (EPD) [2], [3] are used, whereas
incident power density (IPD) in free space serves as the RL
or ERL for compliance testing. Although the WBASAR Ilimit
in the ICNIRP guidelines has been extended up to 300 GHz,
local exposure assessments focus on the accurate estimation
of surface power absorption.

Early investigations used one-dimensional (1D) and later
two-dimensional (2D) stratified skin models to analyze power
absorption [72], [73] and the effect of oblique incidence [74],
[75]. The transmission factor depends on incident angle, espe-
cially for TM polarization beyond Brewster’s angle [74], [75],
whereas normal incidence generally represents the conserva-
tive scenario.

For near-field exposure, the FDTD method has been
widely applied to planar and curved skin models up to
~100 GHz [60], [76], [77]. Compared with the sub-6-GHz
range, where exposure is dominated by nearby antennas,
frequencies above 6 GHz may involve larger source—body
separations due to beamforming and localized hotspots. In
assessing such conditions efficiently, hybrid approaches such
as ray-tracing/FDTD, MoM/fast multipole [78], and spherical
wave expansion/FDTD [79] have been developed.

In the far field, where the wavelength is smaller than the
body dimensions, APD can be estimated by multiplying free-
space IPD with the transmission factor of the plane wave,
which is mainly determined by the skin model (see Sec-
tion II-C) [80]. In capturing small-scale variations near the
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surface, FDTD or FIT method with a fine resolution has been
applied.

In this band, accurate simulation requires a fine voxel res-
olution and a mesh quality near the tissue—air interface due
to shallow penetration and steep gradients. Recent studies
have shown the applicability of voxel-based methods [81]. By
contrast, BEM and MoM are less common in mmW dosimetry
because of the high computational cost for complex heteroge-
neous bodies [82]. However, hybrid methods are still explored
for cases where device—body coupling is critical.

IV. PHYSICAL QUANTITIES USED IN GUIDELINES:
COMPUTATIONAL BASIS AND RATIONALE

As heating is the substantiated effect in this frequency range
>100 kHz, a multiphysics approach was adopted. This section
reviews the role of computational dosimetry in setting the
physical quantities used in international guidelines.

A. SAR AVERAGED OVER 10 G OF TISSUES

International guidelines and standards adopt psSAR|qg as a
metric because of its ability to provide a strong correlation
with the spatial peak temperature rise. Notably, a spatial peak
temperature rise appears around the surface but not always
at the surface [83]. This correlation has been examined in
several studies using different averaging masses and schemes.
For example, previous studies [84], [85] demonstrated that
10 g averaging shows a stronger correlation with a steady-state
temperature rise than 1 g averaging. Similarly, the optimal av-
eraging mass has been reported to lie between approximately
8 and 20 g, which remains effective for frequencies up to
6 GHz [86]. The primary determinant of this optimal range
is the thermal diffusion length, which is strongly influenced
by the blood perfusion rate of the tissue and the penetration
depth of the incident RF fields.

The influence of different averaging schemes was also stud-
ied, and the findings revealed that the averaging mass has
a greater correlation with temperature rise than the shape of
the averaging volume, with cube- and sphere-based schemes
providing comparable results [87]. Furthermore, several stud-
ies [85], [88], [89] confirmed that 10 g averaging remains a
reliable predictor of local temperature rise, even under whole-
body exposure conditions.

B. AREA-AVERAGED APD

At frequencies above 6 GHz, the shallow penetration depth
makes SAR (10 g) unsuitable for assessing local heating. In
this regime, APD at the surface is a more reliable metric,
which correlates well with temperature rise and is less sen-
sitive to frequency and exposure conditions [90], [91].

The ICNIRP guidelines recommend two equivalent formu-
lations: the integration of (1) SAR along depth multiplied by
mass density and (2) the real part of the complex Poynting
vector over a defined averaging area. These formulations yield
nearly identical results for flat surfaces, but they may differ
slightly in more complex skin models because of averaging
schemes.

VOLUME 6, NO. 2, MARCH 2026



IEEE Journal of

@ Microwaves

MTT-S

MHz to THz Community

The averaging area for APD/IPD has been studied in rela-
tion to thermal diffusion length. Optimal values of 24 cm?
(~7 mm diffusion length) were reported [72], [92] at frequen-
cies > 6 GHz; 4 cm? roughly corresponds to the surface area
of a face of the 10 g cube. At frequencies above 10 GHz, using
a4 cm? average predicted temperature rises that are consistent
with 1D or plane-wave exposures [92]. At mmW frequencies,
where the irradiated spot may be <4 cm?, reducing the av-
eraging area improved the correlation with spatial peak skin
temperature, which motivated the current guideline’s addi-
tional 1 cm? limit above 30 GHz [93].

Intercomparison studies conducted by IEEE ICES
TC95/SC6 using curved models (cylinders and spheres)
confirmed that spatially averaged APD over 4 cm? strongly
correlated with spatial peak temperature rises, whereas
smaller areas improved correlation at higher frequencies
such as 90 GHz [94]. Geometry also influenced averaging:
The differences between the two schemes reached ~20%
at 6-10 GHz with small radii but dropped below 10% at
above 20 GHz with larger radii. The effect of averaging shape
(square versus circular) was minor (<5%), except at very
close source-body distances [95], [96].

C. WHOLE-BODY AVERAGED SAR

The rise in body core temperature under uniform RF expo-
sure was examined in different populations, including adults,
children, fetuses, and elderly individuals, as well as under
varying environmental and clothing conditions. Thermoreg-
ulatory mechanisms, including sweating and vasodilatation,
are key factors limiting the rise in core temperature, and spa-
tiotemporal variation in blood temperature must be considered
for accurate modeling.

For healthy adults, the required WBASAR to increase the
core temperature by 1 °C within approximately 1 h typically
ranges from 4 to 6 W/kg [97], [98]. The dominant factor
characterizing the temperature is the body surface-to-mass
ratio, which is larger in adults than in children. With regard
to exposure at the RL for the general public, the computed
rise in core temperature was 0.014 °C [99].

V. MODEL VARIABILITY AND COMPUTATIONAL
UNCERTAINTY IN SAR EVALUATION

This section reviews model variability in SAR as reported in
the literature. The number of APD study is still limited to
summarize the data, and thus this aspect is discussed in detail
in Section VII, together with case studies on wireless devices.

A. SAR AVERAGED OVER 10 G OF TISSUES

Computational comparisons of adult and child head models
have been extensively reviewed [100]. Overall, psSAR (g dur-
ing mobile phone use does not differ substantially between
children and adults, although a smaller head size and anatomy
can produce higher localized SAR in certain regions. These
effects are relevant to dosimetry but not directly to compliance
metrics, which rely on psSARg.
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Thus, this section focuses on the intermodel variability of
psSAR g in studies using three or more anatomical models.
For example, in [101], psSARog at 900 MHz was assessed
in three adults and one synthetic model, showing ~13%
variability and a max-to-min ratio of ~1.3, which indicates the
influence of anatomical geometry on localized peaks. In addi-
tion [102], four adults, two children, and scaled child models
exposed at 835 and 1900 MHz yielded coefficients of varia-
tions (CVs) ranging from 12% to 28% and max-to-min ratios
of 1.3—-1.9, highlighting the impact of head size and scaling
methods. In [103], six adults and seven children exposed
to 900-2100 MHz exhibited broader variability, with CVs
ranging from 10% to 62%, and morphing techniques further
emphasized sensitivity to head morphology. In [104], five ho-
mogeneous adult head phantoms exposed to 900-1950 MHz
produced psSAR;o; CVs of 9%—20% and max-to-min ratios
of 1.2-1.8, underlining the role of geometry.

The largest dataset was reported in [105], which analyzed
20 adult models at 835 and 1900 MHz. They reported CVs
of 21%-35% and max-to-min ratios of 2.5-3.1 for psSAR g,
providing the most robust estimate of variability across real-
istic head anatomies. In [106], four adults and five children
exposed to phones at 900-1950 MHz showed additional dif-
ferences depending on the phone position and hand presence,
with max-to-min ratios between 1.0 and 2.0, although CV
values were not reported.

In summary, all studies consistently demonstrated vari-
ability in psSAR;og across the anatomical models. Although
small-sample studies (<6 models) showed CVs typically be-
low ~30% with limited reliability, the larger dataset [105] in-
dicates that interindividual anatomical variability in psSAR g
is on the order of ~30%, with rare extreme cases producing
up to threefold differences.

B. WHOLE-BODY AVERAGED SAR

Multiple studies have shown that children exhibit higher
WBASARSs than adults. In [107], [108], infant and child
models (9 months—14 years) exposed to 50 MHz-2.45 GHz
had 40%—50% higher WBASARs than adults, with additional
dependence on incidence angle. Other investigations further
highlighted anatomical and physiological factors: For exam-
ple, in [109], variation with incidence direction and an inverse
correlation with BMI led to higher WBASARSs in children;
in [110], empirical formulas linked WBASAR to body size.
Using realistic ICRP-based models (1-10 years), a previ-
ous study [111] reported 40%—60% higher WBASARSs than
adults, whereas homogeneous scaling underestimated vari-
ability by 20%—-30%. Similarly, thin body types (~10th per-
centile weight) exhibited ~20% higher WBASARSs, whereas
age-dependent dielectric properties contributed a <6% varia-
tion [112].

Variability is also influenced by the construction method
and internal morphology of the models. In [113], child mod-
els (3—7 years) generated by nonlinear scaling differed by
<15% from simply scaled models, highlighting the influence
of modeling approaches. In [114], a predictive formula linked
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resonance SAR to body size, with variability of ~10% from
dielectric properties and 30% from body-shape differences
within the same age group. Similarly, analysis of 30 anatomi-
cal models and 18 morphed phantoms at 2.1 GHz showed that
internal factors such as the muscle-to-fat ratio significantly af-
fected SAR, whereas regression models predicted WBASAR
with ~10% error [94].

In [115], an infant model was exposed to 50 MHz—4 GHz
with estimated newborn dielectric properties; the WBASAR
at resonance was 15% higher than that for an adult, although
the relationship reversed at higher frequencies because of
high conductivity and shallow penetration depth. In [116],
the effect of polarization was analyzed, showing that it
strongly influenced WBASAR; in the 2-5 GHz range, hor-
izontally polarized fields produced WBASAR values up to
60% higher than vertically polarized fields in adults. In
[117], a 12-month-old infant and an adult female model were
evaluated at 3.5 GHz; the differences in SAR caused by
age-dependent dielectric properties accounted for <6%, and
embracing or carrying configurations changed SAR by only
5%—T7%, with infant absorption not exceeding that at 1.9 or
2.4 GHz.

In FDTD simulations, the IEC/IEEE standard specifies the
criteria for numerical uncertainty [7], including voxel reso-
lution, positioning, convergence, and ABCs. The voxel size
must be smaller than one-tenth of the wavelength in the tissue,
keeping the WBASAR variation within +10% under plane-
wave exposure [107], [118], [109]. At higher frequencies and
coarser grids, discrepancies also arise from SAR computation
algorithms [76]. ABCs, such as split-field, uniaxial, or convo-
lutional PML, can produce errors of up to 10% [119], which
can increase to 15%-20% under unfavorable conditions [120],
[115], [121] but can be reduced by proper parameter control.

In summary, WBASAR in child and smaller models was
40%—-60% higher than that in adults. Additional variabil-
ity arises from body shape, modeling methods, and tissue
composition (10%-30%), whereas factors such as polariza-
tion or incidence angle can increase SAR by up to ~60%.
For a reliable interstudy comparison, the SAR calculation
algorithm and boundary conditions used must be explicitly
stated.

VI. MODEL VARIABILITY IN TEMPERATURE RISE

A. TEMPERATURE RISE IN THE BRAIN (<6 GHZ)

Numerous computational studies have quantified the heating
factor, which is defined as the brain temperature rise per
unit psSAR g under localized exposure from various antenna
types and frequencies. A discrete vessel model was used to
incorporate arterial heat exchange, reporting heating factors
of 0.095-0.12 °C-kg/W [122], which were lower than the
conventional bioheat estimates. For multiple handset anten-
nas (0.9-1.9 GHz), similar heating factors were found across
antennas and scenarios: 0.020-0.12 °C - kg/W [123]. In [124],
comparable heating factors of 0.10-0.115 °C - kg/W were ob-
served in adult and child models (0.8-2.45 GHz). A strong
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dependence on the thermal parameters was also confirmed,
with a maximum heating factor of 0.12 °C - kg/W [125].

At higher frequencies, heating factors of 0.04—
0.12 °C-kg/W have been reported, which indicates that
the 10 g-averaged SAR remains a valid surrogate for brain
heating up to ~3-4 GHz [126]. Considering its impact
when temperature rises exceeded 2 °C, thermoregulatory
vasodilatation estimated that SAR values above 100 W/kg
would be necessary to raise the brain temperature to 43 °C
(0.3-10 GHz) [127].

Stochastic thermal dosimetry of a realistic head model ex-
posed to plane-wave radiation at 3.5 GHz was performed
using stochastic collocation, which shows that scalp and brain
blood perfusion rates are the dominant factors governing the
uncertainty of temperature rise [128], consistent with the find-
ings from deterministic approaches [129].

In summary, the brain heating factors for 10 g-averaged
SAR generally fall below 0.12 °C-kg/W. Under the oc-
cupational exposure limit of 10 W/kg [2], [3], this value
corresponds to a brain temperature rise of 1 °C or less in most
scenarios. Thermal properties, particularly blood perfusion
around the brain, are key determinants of these values.

B. TEMPERATURE RISE IN THE EYE LENS (<6 GHZ)
Computational and experimental studies have investigated the
heating factor in the human lens, which is defined as the
temperature rise per unit SAR, across a frequency range of
sub-gigahertz to several gigahertz. Most studies have used
eye-averaged SAR (with a mass of approximately 7-11.5 g)
in accordance with previous guidance [130], whereas others
have used 10-g cubic averaging volumes that included the
eye. For the eye-averaged SAR, the reported heating factors
generally range from approximately 0.09 to 0.19 °C - kg/W
for frequencies below 6 GHz, with some higher values
up to 0.30 °C-kg/W in specific cases (e.g., [131], [132]).
Notable examples include 0.15-0.17 °C - kg/W [133], 0.093—
0.14 °C-kg/W [134], 0.18-0.19 °C - kg/W [135], and 0.11-
0.15 °C-kg/W [136]. For the 10-g cubic SAR, heating
factors were generally lower, mostly <0.16 °C - kg/W, such
as 0.12-0.15 °C-kg/W [137], 0.083-0.15 °C-kg/W [138],
and 0.090-0.16 °C - kg/W [132]. Some studies have reported
a gradual increase in heating factors above approximately
3 GHz, although the values remained below ~0.157 °C - kg/W
for frequencies below 6 GHz. In some cases, incorporat-
ing thermoregulatory responses, such as vasodilatation and
blood perfusion in the choroid/sclera, substantially reduced
heating factors by 30%—-50%, with reported values of 0.036—
0.084 °C - kg/W at 2.45 GHz [139].

In the absence of thermoregulation, the lens heating factor
for psSAR g is at most ~0.1 °C-kg/W in typical scenarios,
which corresponds to the maximum lens temperature rise of
approximately 1 °C under the occupational [2] or controlled
exposure [3] limits of 10 W/kg. This value is well below the
threshold for cataract formation, and under realistic overexpo-
sure conditions, heating of the surrounding facial skin is the
dominant concern.
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In summary, the variability in lens heating factors arises
from the choice of averaging scheme (eye-averaged versus
10-g cubic) and the inclusion of thermoregulatory responses,
which can reduce the predicted values by up to 50%, whereas
detailed evaluations using child-specific eye models remain
limited.

C. TEMPERATURE RISE IN THE SKIN (>6 GHZ)

The EPD/APD in head models was computed with a spatially
varied skin thickness at 1-100 GHz, reporting that realistic
variation suppressed strong standing waves, thereby reducing
the averaged EPD/APD by up to ~20% (4 cm?) and ~10%
(1 cmz) compared with uniform-thickness models [80].

An approximate formula was derived for the steady-state
skin temperature rise in a 1D three-layer model (skin, fat,
and muscle) exposed to 30-300 GHz plane waves, incorpo-
rating a Debye-type approximation for dielectric dispersion
[140]. Thermal constants and tissue thickness were found to
have a greater impact on heating than dielectric properties,
with temperature rise correlating more with total absorbed
power than with IPD. In a follow-up study [141], one-layer
and three-layer models were compared, and the result showed
spatial peak rises of 1.1 °C at 30 GHz and 1.9 °C at 300 GHz
(50 W/m?), with the three-layer model yielding 1.3-2.8 times
higher surface temperatures because of the adiabatic effect of
the fat layer. The heat transfer coefficient was identified as the
dominant factor.

A thick stratum corneum acts as a matching layer, which
can reduce mm-wave reflection [142]. In [143], a four-layer
(epidermis, dermis, subcutaneous tissue, and muscle) skin
model for temperature rise was used in 10 GHz— 1 THz expo-
sure, and individual variability in tissue thickness was found
to cause 8%—11% variation at a steady state. In addition, the
impact on the variance due to tissue dielectric properties had
less impact on the temperature rise compared to the variability
due to tissue thickness. Furthermore, the transmission coef-
ficient at skin surface increases with frequency, resulting in
higher power absorption.

Fine-scale structures such as sweat gland ducts can con-
centrate electromagnetic energy and produce localized SAR
hotspots [144]. For exposure at 94 GHz, such hotspots were
observed inside and around the ducts, but the corresponding
steady-state temperature rise was modest, remaining <10%
higher than that in the surrounding tissue. The temperature
rise in cutaneous nerves and capillaries was computed at
60 GHz, showing a spatial peak power density that is 30%
higher than that of the surrounding skin [63].

In summary, variability in skin heating mainly reflects
differences in tissue thickness, multilayer structure, and mi-
crostructural features, which simultaneously influence both
average absorption and local hotspots.

D. TEMPERATURE RISE FOR BRIEF PULSE

In [2], [3], the RF exposure limits for brief pulses were re-
vised. The current restrictions for brief exposure are provided
as the permissible energy fluence (integral of the EPD/APD),
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which is a function of the pulse duration based on the early
transient response of temperature. The surface temperature
rise was evaluated for brief pulse exposures [77], [145], [146],
[147], [148]. In [145], the temperature rise for brief pulses and
pulse trains was demonstrated. In [77], the effect of exposure
duration on temperature rise was investigated in a human face
model with a 100-um resolution. The surface temperature
showed a steeper initial transient response, particularly at
frequencies >20 GHz. Hotspot absorption in complex struc-
tures may result in higher temperature rises than those in
1D or planar models. In [149], the temperature increase at
the skin surface exposed to an RF pulse train was computed
using a 1D baseline model. The temperature rise induced by a
mmW RF pulse exhibits sharp peaks because of the short-term
accumulation of heat near the surface; however, the heat is
progressively conducted to deeper tissue layers, and it dissi-
pates rapidly. In [148], a 1D thermal model was demonstrated
to provide a useful baseline and agree moderately well with
3D simulations and experimental data. Pulsed heating in skin
sub-structures was investigated in [63]. The model showed
that differences in anatomy, energy absorption patterns, and
tissue properties can lead to notable deviations between the
models and measurements.

In summary, the variability in the predicted temperature
rise induced by brief pulses is mainly associated with sur-
face heating, where simplified 1D models capture the initial
response but differ from 3D anatomical simulations because
of anatomical and tissue property heterogeneity.

E. TEMPERATURE RISE IN BODY CORE

Children generally exhibit a 30% smaller core temperature
rise than adults at the same WBASAR, for example, a 0.03 °C
rise at 0.08 W/kg in a 3-year-old model [150].

Fetal heating strongly depends on the maternal thermal
status. A model that incorporated placental heat exchange
showed that the fetal core temperature is ~0.5 °C higher than
the mother’s baseline [151] and increases by an additional
~30% of the maternal increase in temperature under EMF
exposure [152]. Older individuals may experience greater core
temperature rises because of reduced sweating capacity [152].

Environmental and clothing factors outweigh the effects of
EMF-induced heating in occupational scenarios. Under high
humidity, high ambient temperature, and heavy clothing, the
additional thermal load from EMF exposure at occupational
limits is relatively small [153], [154]. For example, at 4 W/kg
WBASAR, the maximum observed rise was 0.9 °C, whereas
at 0.4 W/kg over 0.1-6 GHz, the rise was <0.1 °C.

At frequencies above several gigahertz, superficial energy
deposition limits the core temperature rise, and local temper-
ature elevations become more relevant even in whole-body
exposure scenarios. For high local exposures (>20 W/kg,
10 g-averaged SAR), the local thermoregulatory capacity
largely determines the resultant tissue heating [155].

WBASAR is affected by skin thickness below 20 GHz,
and the WBASAR values in unsmoothed anatomical models
are 10%—-17% higher than those in smoothed models [76].
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TABLE 2. Summary of Model Variability and Dominant Factors in SAR and Temperature Rise

Category Parameter / Condition Range of Variability Dominant Factors / Notes
SAR Variability psSAR10g ~30% inter-model; up to 3% in extremes Head size, anatomical differences
WBASAR Children 40—60% higher than adults; +10—  Body size, shape, modeling method

Polarization & incidence
Numerical uncertainty

30% from body shape/tissue properties
Up to ~60% variation
Typically, £10-20% if not controlled

Field orientation, exposure geometry
Mesh resolution, boundaries, algorithm

Temperature Rise

Brain & eye (per
psSAR10g) (< 6 GHz)
Skin (> 6 GHz)

Core temperature

0.12-0.19 °C-kg/W
10-20% variability

Children smaller; fetuses/elderly larger;
environment dominates

Limited age differences, perfusion important

Tissue thickness, microstructure; transient
effects in pulses

Body shape, Thermal physiology, clothing,
environment

Dominant
Influences

SAR (< 6 GHz)
Local temperature rise

Core temperature rise

Anatomical scaling, body size
Thermal and physiological parameters

Body shape and sweating

Structural differences drive most SAR
variability

Blood perfusion and thermoregulatory
responses more critical than body size
Body surface-to-mass ratio and

thermoregulatory responses

However, its impact on the core temperature rise has not yet
been investigated, and it remains a topic for future research.

In summary, variability in core temperature rise is driven
by body morphology and physiology, with children showing
smaller increases, fetuses and the elderly showing greater
susceptibility, and additional influences from skin thickness
modeling and environmental factors.

VII. RECENT ASSESSMENT FOR WIRELESS DEVICES

A. WIRELESS POWER TRANSFER SYSTEM

Wireless power transfer (WPT) systems can be classified into
near-field and far-field types based on their coupling mecha-
nisms and operating frequencies. In general, in far-field and
narrow-beam WPT, assessment is conducted to compare the
RL of exposure guidelines.

Near-field systems can be classified into inductive coupling
(IC) and magnetically coupled resonant (MCR) types, which
typically operate from a few kilohertz to several megahertz.
Such technologies have been implemented in practice, for
example, in the wireless charging of electric vehicles (EVs)
and various household devices. Although WPT for implanted
medical devices [156] is outside the scope of compliance as-
sessments defined in international exposure guidelines such as
those of ICNIRP, it remains a subject of considerable interest
because of its relevance for power transfer efficiency. In the
present review, attention has been directed toward frequencies
ranging from megahertz to terahertz; consequently, EV WPT
[157], which is standardized at 85 kHz, is not considered here.

IC-WPT primarily uses the magnetic interaction between
two coils to transfer power over short distances, usually only
a few centimeters. Typically, the frequency of WPT systems
is below 100 kHz, but 140 kHz was considered in [158].
In the study, SAR and in situ electric fields were analyzed
for a 140-kHz inductive WPT system with two coils and
magnetic sheets. Evaluations with three whole-body anatom-
ical models showed the chest region as most restrictive for
compliance. Anatomical differences caused ~13% variability,
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whereas variation in tissue conductivity contributed up to 30%
uncertainty.

In [159], local and whole-body averaged SAR at 10-
12 MHz were evaluated for a resonant WPT system using a
homogeneous cylindrical phantom and an anatomical whole-
body model. The quasi-static approach was validated, with
psSAR |, differing by only 4%—-8% from full-wave analysis.
The chest was the compliance-limiting region, which the sim-
plified cylinder could not capture. In [160], dosimetry for a
10-MHz MCR-WPT system was performed using an anatomi-
cal human model. The quasi-static approximation showed that
neglecting incident electric fields causes minor differences
(<1%) in the skin for central torso exposure and large dis-
crepancies (up to 70%—100%) in the peripheral regions. In
[161], [162], a printed midrange high-frequency WPT sys-
tem (~10 MHz) was assessed using an anatomically detailed
model. The results showed that the compliance metrics (E-
field percentile, current density, and SAR) did not coincide
spatially, indicating that no single metric was sufficient. This
result emphasizes the need for a multimetric evaluation when
assessing practical WPT designs due to the intermediate range
values of the working frequency.

In [163], the SAR and induced electric fields were evaluated
for MCR-WPT systems near 8 MHz using four anatomical
body models (two adults and two children). Local SAR was
shown to be the most restrictive metric, with intermodel vari-
ability exceeding 3 dB, depending on body size and anatomy.
In addition, a simplified cylindrical phantom was shown to
provide conservative estimates that are comparable to those
of anatomical models. In [164], the local SAR was evaluated
for a 6.78-MHz resonant WPT system using adult and child
anatomical models with different coil configurations. The re-
sults showed that the adult model exhibited higher localized
SAR than the child model, and that the standing posture in-
creased SAR by 20%-30% compared with the sitting posture.
The number of receiving coils (1 or 2) only marginally af-
fected exposure outcomes.
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In [165], the local SAR was evaluated for near-field WPT
systems at 100 kHz, 6.78 MHz, and 13.56 MHz using simpli-
fied phantoms and a realistic homogeneous human model. The
results showed that the simplified models reproduced the torso
SAR within approximately 10%—-13% of the realistic model,
although localized differences appeared in regions such as the
neck and limbs.

In summary, for near-field WPT systems, the computational
results showed notable variability: Anatomical differences
contributed approximately 10%—-20%, whereas tissue conduc-
tivity assumptions contributed up to ~30% to the local SAR
computation, depending on the scenario.

B. 5G/6G WIRELESS TERMINALS

Several studies have been conducted to highlight the variabil-
ity across antenna and human anatomical models as well as
the uncertainty in exposure assessment methods for wireless
terminals at a frequency of >6 GHz.

In [166], exposure from an eight-element phased-array
patch antenna at 27 GHz was studied using homogeneous
and multilayer skin models. The homogeneous model under-
estimated the APD by up to 55%, highlighting the strong
influence of tissue representation on the outcome. In [167],
exposure was evaluated in adult and child anatomical mod-
els in realistic usage scenarios of mobile communications
at 28 GHz. The results showed that children experienced
higher localized APD than adults, illustrating the mechanism
by which body size and anatomical features can substan-
tially affect compliance results. These findings underscore
the importance of age-specific models for reliable compliance
assessment at mmW frequencies. In [60], dosimetry was con-
ducted to examine the impact of model accuracy at 28 GHz,
and the result showed that multilayer slab models may not
fully capture the spatial variations observed with anatomi-
cally detailed models. In [168], dosimetry was conducted for
wearable patch antenna arrays operating at 28 and 39 GHz.
This study analyzed four different skin models: homogeneous
dermis, two-layered (SC and dermis), (iii) three-layered (SC,
dermis, and fat), and (iv) four-layered (SC, dermis, fat, and
muscle) models. The distribution of the APD was shown to
strongly depend on the antenna configuration and placement
on the body, indicating that the device design can be a key
factor causing variability in localized exposure.

Similarly, studies considering simultaneous exposure from
multiple antennas [169] or realistic handset usage scenarios
at 60 GHz [170] further confirmed that antenna configuration,
placement, and operating conditions strongly influence local
absorption patterns, although certain factors, such as dry ver-
sus wet skin, had only marginal effects.

In addition, the evaluation of patch antenna arrays at 10—
100 GHz [171] indicated that the conventional 20 mm X
20 mm averaging area may underestimate localized exposure
at higher frequencies, and that a smaller 10 mm x 10 mm
averaging provides a more conservative assessment.

Stochastic analysis of APD on the skin surface exposed to
half-wave dipole radiation at 10, 30, and 90 GHz considered
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FIGURE 1. Schematic illustration of the dominant factors influencing
variability in SAR and temperature rise.

SAR variability
(structure driven)

Temperature variability
(mainly physiology driven)

a three-layer tissue model with the skin, fat, and muscle being
represented by random permittivities and conductivities [172].
The results showed that uncertainties in the inner layers had
only minor effects, indicating that stochastic APD assessment
can be reliably performed using simplified 2D models.

In [173], the importance of accounting for antenna/body
interactions in APD evaluation was demonstrated.

VIIl. SUMMARY

This review highlights the mechanism by which variability
across anatomical, thermophysiological, and numerical hu-
man models affects the prediction of temperature rise in
computational dosimetry. Computational dosimetry plays a
crucial role in defining the physical quantities used in the
guidelines and setting the limit. The conceptual framework
is schematically illustrated in Fig. 1, highlighting that SAR
variability is largely driven by anatomical scaling, whereas
temperature rise is predominantly governed by thermophysi-
ological parameters. To complement this, the key quantitative
findings are summarized in Table 2.

Model variability and computational uncertainty in SAR
showed consistent patterns across studies. For psSAR oz un-
der local exposure, children and adults exhibit broadly similar
values, although anatomical factors, such as head size, can
yield higher localized absorption in children. Intermodel anal-
yses indicated variability on the order of ~30%, with rare
extreme cases up to a threefold difference. For WBASAR,
smaller and child models generally show 40%—60% higher
values than adults, whereas additional variability arises from
body shape, modeling method, and tissue properties (10%—
30%), with polarization and incidence angle occasionally
producing variations of up to ~60%. Computational uncer-
tainty, which arises from discretization, boundary conditions,
and algorithmic implementation, is typically small; however,
additional errors of £10%-20% may occur if the parameters
are not properly controlled.

The model variability in the temperature rise showed a
different pattern compared with the SAR. For the brain and
eye, heating factors per psSAR o, remained consistently be-
low ~0.12-0.19 °C - kg/W, corresponding to <0.1 °C-0.2 °C
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rises under guideline limits, with limited differences between
adults and children. In the skin, variability is mainly due to
tissue thickness and microstructure, generally accounting for
10%—-20%, whereas pulse exposures highlight the importance
of transient surface heating. Core temperature rise is smaller
in children and higher in fetuses and the elderly; however,
in occupational scenarios, environmental and clothing fac-
tors outweigh EMF-induced heating. Furthermore, vascular
models, which explicitly represent major blood vessels, have
demonstrated additional influence on local temperature dis-
tributions, particularly near large arteries and in deep brain
regions, although their contribution is generally secondary
compared to bulk blood perfusion [174], [175].

Overall, unlike SAR, where anatomical scaling and body
size are the dominant sources of variability, temperature rise is
more sensitive to thermal and physiological parameters, such
as blood perfusion and thermoregulatory responses. While
further investigations into these aspects are warranted, with
several challenges already identified by international stan-
dardization bodies [10], [176], the variability observed to date
remains within the margins covered by the reduction factors
in ICNIRP and IEEE guidelines, supporting both the robust-
ness of current limits and their value for future refinement.
Further research is essential, particularly in view of emerging
applications such as 6G.

REFERENCES

[1] ICNIRP, “Principles for non-ionizing radiation protection,” Health
Phys., vol. 118, no. 5, pp. 477482, 2020.

[2] ICNIRP, “Guidelines for limiting exposure to electromagnetic fields

(100 kHz to 300 GHz),” Health Phys., vol. 118, no. 5, pp. 483-524,

2020.

IEEE Standard for Safety Levels With Respect to Human Exposure

to Radio Frequency Electromagnetic Fields, 0 Hz to 300 GHz, IEEE

Standard -C95.1, 2019.

ICNIRP, “Guidelines for limiting exposure to time-varying electric
and magnetic fields (1 Hz to 100 kHz),” Health Phys., vol. 99, no. 6,
pp. 818-836, 2010.

[5] C. K. Chou et al., “Radio frequency electromagnetic exposure: Tuto-

rial review on experimental dosimetry,” Bioelectromagnetics, vol. 17,

no. 3, pp. 195-208, 1996.

ICNIRP, “ICNIRP guidelines on limits of exposure to incoherent vis-
ible and infrared radiation,” Health Phys., vol. 105, no. 1, pp. 74-96,
2013.

Determining the Peak Spatial-Average Specific Absorption Rate (SAR)

in the Human Body from Wireless Communications Devices, 30 MHz
to 6 GHz-Part 1: General Requirements for Using the Finite Difference

Time-Domain (FDTD) Method for SAR Calculations, IEC/IEEE Stan-
dard 62704-1, International Electrotechnical Commission, Geneva,
Switzerland, 2017.

Assessment of Power Density of Human Exposure to Radio Frequency

Fields from Wireless Devices in Close Proximity to the Head and Body
(Frequency Range of 6 GHz to 300 GHz)-Part 2: Computational Pro-
cedure, IEC/IEEE Standard 63195-2, International Electrotechnical
Commission, Geneva, Switzerland, 2024.

A. Hirata et al., “Human exposure to radiofrequency energy above 6

GHz: Review of computational dosimetry studies,” Phys. Med. Biol.,
vol. 66, 2021, Art. no. 08TRO1.

[10] Y. Diao et al., “Recent advances and future perspective in computa-
tional bioelectromagnetics for exposure assessments,” Bioelectromag-
netics, vol. 46, no. 3, 2025, Art. no. ¢70002.

[11] G. Sacco and M. Zhadobov, “Physical interactions between millimeter
waves and human body: From macro-to micro-scale,” IEEE J. Mi-
crowaves, vol. 4, no. 3, pp. 318328, Jul. 2024.

[3

—

[4

[inar

[6

=

[7

—

[8

—_

[9

—

512

[12] M. Zhadobov, C. Leduc, A. Guraliuc, N. Chahat, and R. Sauleau,
“Antenna/human body interactions in the 60 GHz band: State of
knowledge and recent advances,” 2016. [Online]. Available: https:
//doi.org/10.1049/PBTE065E

[13] S. Gabriel, R. W. Lau, and C. Gabriel, “The dielectric properties of
biological tissues: II. Measurements in the frequency range 10 Hz to
20 GHz,” Phys. Med. Biol., vol. 41, no. 11, pp. 2251-2269, 1996.

[14] A. Peyman, S. J. Holden, S. Watts, R. Perrott, and C. Gabriel,
“Dielectric properties of porcine cerebrospinal tissues at microwave
frequencies: In vivo, in vitro and systematic variation with age,” Phys.
Med. Biol., vol. 52, no. 8, pp. 2229-2245, Apr. 2007.

[15] A.P. O’Rourke et al., “Dielectric properties of human normal, malig-
nant and cirrhotic liver tissue: In vivo and ex vivo measurements from
0.5 to 20 GHz using a precision open-ended coaxial probe,” Phys. Med.
Biol., vol. 52, no. 15, pp. 4707-4719, 2007.

[16] K. Sasaki, E. Porter, E. A. Rashed, L. Farrugia, and G. Schmid,
“Measurement and image-based estimation of dielectric properties
of biological tissues—Past, present, and future,” Phys. Med. Biol.,
vol. 67, no. 14, 2022, Art. no. 14TRO1.

[17] P. Hasgall et al., IT’IS Database for Thermal and Electromagnetic
Parameters of Biological Tissue. Lexington, MA, USA: ScienceOpen,
2025.

[18] L. Farrugia et al., “The complex permittivity of biological tis-
sues: A practical measurement guideline,” IEEE Access, vol. 12,
pp. 10296-10314, 2024.

[19] G. Schmid, R. Ueberbacher, T. Samaras, M. Tschabitscher, and P.
R. Mazal, “The dielectric properties of human pineal gland tissue
and RF absorption due to wireless communication devices in the
frequency range 400-1850 MHz,” Phys. Med. Biol., vol. 52, no. 17,
pp. 5457-5468, 2007.

[20] S.DiMeo et al., “The variability of dielectric permittivity of biological
tissues with water content,” J. Electromagn. Waves Appl., vol. 36,
no. 1, pp. 48-68, 2022.

[21] G. Schmid and R. Uberbacher, “Age dependence of dielectric proper-
ties of bovine brain and ocular tissues in the frequency range of 400
MHz to 18 GHz,” Phys. Med. Biol., vol. 50, no. 19, pp. 4711-4720,
2005.

[22] A. Peyman, “Dielectric properties of tissues; variation with age and
their relevance in exposure of children to electromagnetic fields; State
of knowledge,” Prog. Biophys. Mol. Biol., vol. 107, no. 3, pp. 434-438,
2011.

[23] C. Gabriel and A. Peyman, “Dielectric properties of biological tissues;
variation with age,” Conn’s Handbook Models Hum. Aging, vol. 9,
pp. 939-952, 2018.

[24] G. Sacco, S. Pisa, and M. Zhadobov, “Age-dependence of electromag-
netic power and heat deposition in near-surface tissues in emerging 5G
bands,” Sci. Rep., vol. 11, no. 1, 2021, Art. no. 3983.

[25] G. Sacco, D. Nikolayev, R. Sauleau, and M. Zhadobov, “An-
tenna/human body coupling in 5G millimeter-wave bands: Do age and
clothing matter?,” IEEE J. Microwaves, vol. 1, no. 2, pp. 593-600,
Apr. 2021.

[26] S. Di Meo, G. Matrone, G. Magenes, and M. Pasian, “On the low-
cost production of tissue-mimicking skin phantoms up to 40 GHz,”
IEEE J. Electromagn., RF Microw. Med. Biol., vol. 8, no. 1, pp. 51-58,
Mar. 2024.

[27] 1. Laakso et al., “Roadmap towards personalized approaches and safety
considerations in non—ionizing radiation: From dosimetry to therapeu-
tic and diagnostic applications,” Phys. Med. Biol., to be published.

[28] W. Kainz et al., “Advances in computational human phantoms and
their applications in biomedical engineering—A topical review,” IEEE
Trans. Radiat. Plasma Med. Sci., vol. 3, no. 1, pp. 1-23, Jan. 2019.

[29] X. G. Xu and K. F. Eckerman, Handbook of Anatomical Models For
Radiation Dosimetry. Boca Raton, FL, USA: CRC Press, 2009.

[30] I. G. Zubal, C. R. Harrell, E. O. Smith, Z. Rattner, G. Gindi, and
P. B. Hoffer, “Computerized three-dimensional segmented human
anatomy,” Med. Phys., vol. 21, no. 2, pp. 299-302, 1994.

[31] E.Gjonaj, M. Bartsch, M. Clemens, S. Schupp, and T. Weiland, “High-
resolution human anatomy models for advanced electromagnetic field
computations,” IEEE Trans. Magn., vol. 38, no. 2, pp.357-360,
Mar. 2002.

[32] B. Zhang, J. Ma, L. Liu, and J. Cheng, “CNMAN: A Chinese adult
male voxel phantom constructed from color photographs of a visible
anatomical data set,” Radiat. Protection Dosimetry, vol. 124, no. 2,
pp. 130-136, 2007.

VOLUME 6, NO. 2, MARCH 2026


https://doi.org/10.1049/PBTE065E
https://doi.org/10.1049/PBTE065E

IEEE Journal of

@ Microwaves

MHz to THz Community

(33]

(34]

[35]

(36]

[37]

(38]
[39]

[40]

[41]

(42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(511

(52]

(53]

A. Christ et al., “The virtual family—Development of surface-based
anatomical models of two adults and two children for dosimetric sim-
ulations,” Phys. Med. Biol., vol. 55, no. 2, pp. N23-N38, 2010.
M.-C. Gosselin et al., “Development of a new generation of high-
resolution anatomical models for medical device evaluation: The
virtual population 3.0,” Phys. Med. Biol., vol. 59, no. 18, 2014,
Art. no. 5287.
T. Nagaoka et al., “Development of realistic high-resolution whole-
body voxel models of Japanese adult males and females of average
height and weight, and application of models to radio-frequency
electromagnetic-field dosimetry,” Phys. Med. Biol., vol. 49, no. 1,
2003, Art. no. 1.
J. Yanamadala et al., “New VHP-female v. 2.0 full-body computational
phantom and its performance metrics using FEM simulator ANSYS
HFESS,” in Proc. 37th Annu. Int. Conf. IEEE Eng. Med. Biol. Soc.,
2015, pp. 3237-3241.
A. Akhavanallaf, T. Xie, and H. Zaidi, “Development of a library
of adult computational phantoms based on anthropometric indexes,”
IEEE Trans. Radiat. Plasma Med. Sci., vol. 3, no. 1, pp.65-75,
Jan. 2019.

ICRP, Adult Reference Computational Phantoms. Ottawa, ON,
Canada: ICRP, 2009.
ICRP, Adult Mesh-Type Reference Computational Phantoms. Ottawa,
ON, Canada: ICRP, 2020.
L. Dahal et al., “XCAT 3.0: A comprehensive library of personalized
digital twins derived from CT scans,” Med. Image Anal., vol. 9, 2025,
Art. no. 103636.
N. Dolciotti, M. Colella, S. D’ Agostino, F. Apollonio, and M. Liberti,
“Oblique plane wave exposure at 24 GHz of an advanced female an-
thropomorphic model,” in Proc. IEEE Wireless Power Technol. Conf.
Expo, 2025, pp. 1-5.
M. Mazzurana, L. Sandrini, A. Vaccari, C. Malacarne, L. Cristoforetti,
and R. Pontalti, “Development of numerical phantoms by MRI for
RF electromagnetic dosimetry: A female model,” Radiat. Protection
Dosimetry, vol. 111, no. 4, pp. 445-451, 2004.
P. Dimbylow, “Development of the female voxel phantom, NAOMI,
and its application to calculations of induced current densities and
electric fields from applied low frequency magnetic and electric
fields,” Phys. Med. Biol., vol. 50, no. 6, pp. 1047-1070, 2005.
T. Nagaoka, T. Togashi, K. Saito, M. Takahashi, K. Ito, and S. Watan-
abe, “An anatomically realistic whole-body pregnant-woman model
and specific absorption rates for pregnant-woman exposure to elec-
tromagnetic plane waves from 10 MHz to 2 GHz,” Phys. Med. Biol.,
vol. 52, no. 22, pp. 6731-6745, 2007.
J. Becker, M. Zankl, U. Fill, and C. Hoeschen, “Katja—the 24th week
of virtual pregnancy for dosimetric calculations,” Polish J. Med. Phys.
Eng., vol. 14, no. 1, 2008, Art. no. 13.
M. L Tacono et al., “MIDA: A multimodal imaging-based detailed
anatomical model of the human head and neck,” PLoS One, vol. 10,
no. 4, 2015, Art. no. e0124126.
L. Zhao, Q. Ye, K.-L. Wu, G. Chen, and W. Yu, “A new high-resolution
electromagnetic human head model: A useful resource for a new
specific-absorption-rate assessment model,” IEEE Antennas Propag.
Mag., vol. 58, no. 5, pp. 32-42, Oct. 2016.
E. A. Rashed, M. Al-Shatouri, I. Laakso, S. Kodera, and A. Hirata,
“SHARM: Segmented head anatomical reference models,” Biomed.
Signal Process. Control, vol. 104, 2025, Art. no. 107481.
G. Litjens et al., “A survey on deep learning in medical image analy-
sis,” Med. Image Anal., vol. 42, pp. 60-88, 2017.
E. A. Rashed, J. Gomez-Tames, and A. Hirata, “Development of accu-
rate human head models for personalized electromagnetic dosimetry
using deep learning,” Neurolmage, vol. 202, 2019, Art. no. 116132.
G. B. Saturnino, O. Puonti, J. D. Nielsen, D. Antonenko, K. H. Mad-
sen, and A. Thielscher, “SimNIBS 2.1: A comprehensive pipeline
for individualized electric field modelling for transcranial brain stim-
ulation,” Brain Hum. Body Model., Comput. Hum. Model., vol. 31,
pp. 3-25, 2019.
I. Laakso, S. Tanaka, S. Koyama, V. De Santis, and A. Hirata, “Inter-
subject variability in electric fields of motor cortical tDCS,” Brain
Stimul., vol. 8, no. 5, pp. 906-913, 2015.
T. Medani et al., “Brainstorm-DUNEuro: An integrated and user-
friendly finite element method for modeling electromagnetic brain
activity,” Neuroimage, vol. 267, 2023, Art. no. 119851.

VOLUME 6, NO. 2, MARCH 2026

[54]

[55]

[56]

(571

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

[73]

[74]

E. A. Rashed, J. Gomez-Tames, and A. Hirata, “Deep learning-based
development of personalized human head model with non-uniform
conductivity for brain stimulation,” IEEE Trans. Med. Imag., vol. 39,
no. 7, pp. 2351-2362, Jul. 2020.

Y. Kubota, S. Kodera, and A. Hirata, “A novel transfer learning
framework for non-uniform conductivity estimation with limited data
in personalized brain stimulation,” Phys. Med. Biol., vol. 70, 2025,
Art. no. 105002.

E. A. Rashed, J. Gomez-Tames, and A. Hirata, “Influence of seg-
mentation accuracy in structural MR head scans on electric field
computation for TMS and tES,” Phys. Med. Biol., vol. 66, no. 6, 2021,
Art. no. 064002.

M. Colella et al., “Patient semi-specific computational modeling of
electromagnetic stimulation applied to neuroprotective treatments in
acute ischemic stroke,” Sci. Rep., vol. 10, no. 1, 2020, Art. no. 2945.
W. P. Segars, M. Mahesh, T. J. Beck, E. C. Frey, and B. M. Tsui,
“Realistic CT simulation using the 4D XCAT phantom,” Med. Phys.,
vol. 35, no. 8, pp. 3800-3808, 2008.

K. R. Foster, M. C. Ziskin, Q. Balzano, and G. Bit-Babik, “Modeling
tissue heating from exposure to radiofrequency energy and relevance
of tissue heating to exposure limits: Heating factor,” Health Phys.,
vol. 115, no. 2, pp. 295-307, 2018.

M. Colella, S. Di Meo, M. Liberti, M. Pasian, and F. Apollonio,
“Advantages and disadvantages of computational dosimetry strategies
in the low mmW range: Comparison between multilayer slab and an-
thropomorphic models,” IEEE Trans. Microw. Theory Techn., vol. 71,
no. 10, pp. 4533-4545, Oct. 2023.

ICRP, Report of the Task Group On Reference Man (ICRP Publica-
tion). Oxford, U.K.: Pergamon Press, 1975.

Z. Haider, Y. Le Dréan, G. Sacco, D. Nikolayev, R. Sauleau, and
M. Zhadobov, “High-resolution model of Human skin appendages for
electromagnetic dosimetry at millimeter waves,” IEEE J. Microwaves,
vol. 2, no. 1, pp. 214-227, Jan. 2022.

Z. Haider, J. Modolo, M. Liberti, F. Apollonio, and M. Zhadobov,
“Millimeter-wave induced heating of cutaneous nerves and capillar-
ies,” IEEE J. Microwaves, vol. 3, no. 1, pp. 170-180, Jan. 2023.

A. Boriskin, M. Ziane, M. Mafamane, S. M. Anwar, L. J. Foged, and
M. Zhadobov, “Universal electromagnetic reference skin model for
APD evaluation at 6-100 GHz,” IEEE J. Microwaves, vol. 5, no. 3,
pp. 543-554, May 2025.

A. Taflove and S. Hagness, Computational Electrodynamics: The
Finite-Difference Time-Domain Method, 3rd ed. Norwood, MA, USA:
Artech House, 2003.

S. C. Brenner and L. R. Scott, The Mathematical Theory of Finite
Element Methods. Heidelberg, Germany: Springer, 2008.

D. Poljak, D. Cavka, H. Dodig, C. Peratta, and A. Peratta, “On the use
of the boundary element analysis in bioelectromagnetics,” Eng. Anal.
Boundary Elements, vol. 49, pp. 2-14, 2014.

D. Poljak and A. Susnjara, Deterministic and Stochastic Modeling in
Computational Electromagnetics: Integral and Differential Equation
Approaches. Hoboken, NJ, USA: Wiley, 2023.

S. Mochizuki, S. Watanabe, T. Masao, Y. Yamanaka, and H. Shirai, “A
new iterative MoM/FDTD formulation for simulating human exposure
to electromagnetic waves,” IEICE Trans. Electron., vol. 87, no. 9,
pp. 1540-1547, 2004.

K. Baskourelos and T. Samaras, “An iterative FDTD/MoM tech-
nique for assessing coupling effects in front of base-station antennas,”
IEEE Trans. Electromagn. Compat., vol. 54, no. 6, pp. 13101313,
Dec. 2012.

H. Dodig, D. Poljak, and M. Cvetkovi¢, “On the edge element bound-
ary element method/finite element method coupling for time harmonic
electromagnetic scattering problems,” Int. J. Numer. Methods Eng.,
vol. 122, no. 14, pp. 3613-3652, 2021.

K. R. Foster, M. C. Ziskin, and Q. Balzano, “Thermal modeling for
the next generation of radiofrequency exposure limits: Commentary,”
Health Phys., vol. 113, no. 1, pp. 41-53, 2017.

M. C. Ziskin, S. I. Alekseev, K. R. Foster, and Q. Balzano, “Tissue
models for RF exposure evaluation at frequencies above 6 GHz,”
Bioelectromagnetics, vol. 39, no. 3, pp. 173-189, 2018.

Y. Diao et al., “Effect of incidence angle on the spatial-average of
incident power density definition to correlate skin temperature rise
for millimeter wave exposures,” IEEE Trans. Electromagn. Compat.,
vol. 63, no. 5, pp. 1709-1716, Oct. 2021.

513



HIRATA ET AL.: MODEL VARIABILITY IN ASSESSMENT OF HUMAN EXPOSURE TO RADIOFREQUENCY FIELDS

[75]

[76]

[77]

(78]

[79]

[80]

(81]

[82]

[83]

[84]

[85]

[86]

(87]

[88]

[89]

[90]

(911

[92]

[93]

514

T. Samaras and N. Kuster, “Theoretical evaluation of the power trans-
mitted to the body as a function of angle of incidence and polarization
at frequencies >6 GHz and its relevance for standardization,” Bioelec-
tromagnetics, vol. 40, no. 2, pp. 136-139, 2019.

S. Kodera, K. Taguchi, Y. Diao, T. Kashiwa, and A. Hirata, “Com-
putation of whole-body average SAR in realistic human models from
1 to 100 GHz,” IEEE Trans. Microw. Theory Techn., vol. 72, no. 1,
pp. 91-100, Jan. 2024.

I. Laakso, R. Morimoto, J. Heinonen, K. Jokela, and A. Hirata, “Hu-
man exposure to pulsed fields in the frequency range from 6 to 100
GHz,” Phys. Med. Biol., vol. 62, no. 17, pp. 6980-6992, 2017.

M. Skiljo, A. S. Nejasmi¢, and D. Poljak, “A note on the use of hybrid
numerical method approach in dosimetry for exposure to mmWaves,”
in Proc. Int. Conf. Softw., Telecommun. Comput. Netw., 2024, pp. 1-6.
Y. Diao and A. Hirata, “Exposure assessment of array antennas
at 28 GHz using hybrid spherical near-field transformation and
FDTD method,” IEEE Trans. Electromagn. Compat., vol. 63, no. 5,
pp. 1690-1698, Oct. 2021.

K. Taguchi, S. Kodera, A. Hirata, and T. Kashiwa, “Computation of ab-
sorbed power densities in high-resolution head models by considering
skin thickness in quasi-millimeter and millimeter wave bands,” IEEE
J. Electromagn., RF Microw. Med. Biol., vol. 6, no. 4, pp. 516-523,
Aug. 2022.

W. He, B. Xu, M. Gustafsson, Z. Ying, and S. He, “RF compliance
study of temperature elevation in human head model around 28 GHz
for 5G user equipment application: Simulation analysis,” IEEE Access,
vol. 6, pp. 830-838, 2018.

P. S. Hall and Y. Hao, Antennas and Propagation for Body-Centric
Wireless Communications. Norwood, MA, USA: Artech House,
2012.

J. Wang and O. Fujiwara, “FDTD computation of temperature rise in
the human head for portable telephones,” IEEE Trans. Microw. Theory
Techn., vol. 47, no. 8, pp. 1528-1534, Aug. 1999.

A. Hirata, K. Shirai, and O. Fujiwara, “On averaging mass of SAR
correlating with temperature elevation due to a dipole antenna,” Prog.
Electromagn. Res., vol. 84, pp. 221-237, 2008.

A. Razmadze, L. Shoshiashvili, D. Kakulia, R. Zaridze, G. Bit-Babik,
and A. Faraone, “Influence of specific absorption rate averaging
schemes on correlation between mass-averaged specific absorption
rate and temperature rise,” Electromagnetics, vol. 29, no. 1, pp. 77-90,
Jan. 2009, doi: 10.1080/02726340802530088.

A. Hirata and O. Fujiwara, “The correlation between mass-averaged
SAR and temperature elevation in the human head model exposed to
RF near-fields from 1 to 6 GHz,” Phys. Med. Biol., vol. 54, no. 23,
2009, Art. no. 7227.

R. L. McIntosh and V. Anderson, “SAR versus VAR, and the size and
shape that provide the most appropriate RF exposure metric in the
range of 0.5-6 GHz,” Bioelectromagnetics, vol. 32, no. 4, pp. 312-321,
2011.

J. Bakker, M. Paulides, E. Neufeld, A. Christ, N. Kuster, and G.
Van Rhoon, “Children and adults exposed to electromagnetic fields
at the ICNIRP reference levels: Theoretical assessment of the induced
peak temperature increase,” Phys. Med. Biol., vol. 56, no. 15, 2011,
Art. no. 4967.

A. Hirata, I. Laakso, T. Oizumi, R. Hanatani, K. H. Chan, and J. Wiart,
“The relationship between specific absorption rate and temperature
elevation in anatomically based human body models for plane wave
exposure from 30 MHz to 6 GHz,” Phys. Med. Biol., vol. 58, no. 4,
2013, Art. no. 903.

D. Funahashi, A. Hirata, S. Kodera, and K. R. Foster, “Area-averaged
transmitted power density at skin surface as metric to estimate surface
temperature elevation,” IEEE Access, vol. 6, pp. 77665-77674, 2018.

K. Li, K. Sasaki, and S. Watanabe, “Relationship between power
density and surface temperature elevation for human skin exposure to
electromagnetic waves with oblique incidence angle from 6 GHz to 1
THz,” Phys. Med. Biol., vol. 64,2019, Art. no. 065016.

Y. Hashimoto et al., “On the averaging area for incident power density
for human exposure limits at frequencies over 6 GHz,” Phys. Med.
Biol., vol. 62, no. 8, pp. 3124-3138, 2017.

D. Funahashi, A. Hirata, K. Sachiko, and K. R. Foster, “Area-averaged
transmitted power density at skin surface as metric to estimate sur-
face temperature elevation,” IEEE Access, vol. 6, pp. 77665-77674,
2018.

[94]

[95]

[96]

[971

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

K. Li et al., “Spatially averaged epithelial/absorbed power density
for nonplanar skin models exposed to antenna at 10-90 GHz,” IEEE
Access, vol. 12, pp. 15379-15389, 2024.

Y. Diao, E. A. Rashed, and A. Hirata, “Assessment of absorbed power
density and temperature rise for nonplanar body model under electro-
magnetic exposure above 6 GHz,” Phys. Med. Biol., vol. 65, no. 22,
2020, Art. no. 224001.

R. Morimoto and A. Hirata, “Assessment of incident power density in
different shapes of averaging area for radio-frequency exposure above
6 GHz,” Phys. Med. Biol., vol. 67, no. 21, 2022, Art. no. 215014.

A. Hirata, T. Asano, and O. Fujiwara, “FDTD analysis of human body-
core temperature elevation due to RF far-field energy prescribed in the
ICNIRP guidelines,” Phys. Med. Biol., vol. 52, no. 16, pp. 5013-5023,
2007.

A. Hirata, I. Laakso, T. Oizumi, R. Hanatani, K. H. Chan, and J. Wiart,
“The relationship between specific absorption rate and temperature
elevation in anatomically based human body models for plane wave
exposure from 30 MHz to 6 GHz,” Phys. Med. Biol., vol. 58, no. 4,
pp. 903-921, 2013.

F. Niedermayr, N. Leitgeb, and W. Siegl, “Simulation of the tempera-
ture elevation in children exposed to plane wave electromagnetic fields
(10 MHz-1 GHz) at the ICNIRP reference level,” Biomedizinische
Technik/Biomed. Eng., vol. 57, no. 3, pp. 193-200, 2012.

K. R. Foster and C.-K. Chou, “Are children more exposed to radio
frequency energy from mobile phones than adults?,” IEEE Access,
vol. 2, pp. 1497-1509, 2014.

V. Hombach, K. Meier, M. Burkhardt, E. Kiihn, and N. Kuster, “The
dependence of EM energy absorption upon human head modeling
at 900 MHz,” IEEE Trans. Microw. Theory Techn., vol. 44, no. 10,
pp. 1865-1873, Oct. 1996, doi: 10.1109/22.539945.

W. Kainz et al., “Dosimetric comparison of the specific anthropomor-
phic mannequin (SAM) to 14 anatomical head models using a novel
definition for the mobile phone positioning,” Phys. Med. Biol., vol. 50,
no. 14, 2005, Art. no. 3423.

J. Wiart, A. Hadjem, M. F. Wong, and I. Bloch, “Analysis of RF
exposure in the head tissues of children and adults,” Phys. Med.
Biol., vol. 53, no. 13, pp.3681-3695, Jul. 2008, doi: 10.1088/
0031-9155/53/13/019.

V. Monebhurrun, “Conservativeness of the SAM phantom for the SAR
evaluation in the child’s head,” IEEE Trans. Magn., vol. 46, no. 8,
pp. 3477-3480, Aug. 2010.

F. Adibzadeh, J. F. Bakker, M. M. Paulides, R. F. Verhaart, and
G. C. van Rhoon, “Impact of head morphology on local brain specific
absorption rate from exposure to mobile phone radiation,” Bioelectro-
magnetics, vol. 36, no. 1, pp. 66-76, 2015.

J. Keshvari, M. Kivento, A. Christ, and G. Bit-Babik, “Large scale
study on the variation of RF energy absorption in the head & brain
regions of adults and children and evaluation of the SAM phantom
conservativeness,” Phys. Med. Biol., vol. 61, no. 8, 2016, Art. no. 2991.
P. Dimbylow and W. Bolch, “Whole-body-averaged SAR from 50
MHz to 4 GHz in the University of Florida child voxel phantoms,”
Phys. Med. Biol., vol. 52, no. 22, pp. 6639-6649, Nov. 2007, doi:
10.1088/0031-9155/52/22/006.

E. Conil, A. Hadjem, F. Lacroux, M. F. Wong, and J. Wiart, “Variabil-
ity analysis of SAR from 20 MHz to 2.4 GHz for different adult and
child models using finite-difference time-domain,” Phys. Med. Biol.,
vol. 53, no. 6, pp. 1511-1525, 2008.

J. Bakker, M. Paulides, A. Christ, N. Kuster, and G. Van Rhoon,
“Assessment of induced SAR in children exposed to electromagnetic
plane waves between 10 MHz and 5.6 GHz,” Phys. Med. Biol., vol. 55,
no. 11, 2010, Art. no. 3115.

E. Piuzzi, P. Bernardi, M. Cavagnaro, S. Pisa, and J. C. Lin, “Anal-
ysis of adult and child exposure to uniform plane waves at mobile
communication systems frequencies (900 MHz-3 GHz),” IEEE Trans.
Electromagn. Compat., vol. 53, no. 1, pp. 3847, Feb. 2010.

T. Nagaoka and S. Watanabe, “Development of Voxel models adjusted
to ICRP reference children and their whole-body averaged SARs for
whole-body exposure to electromagnetic fields from 10 MHz to 6
GHz,” IEEE Access, vol. 7, pp. 135909-135916, 2019.

S. M. Mortazavi et al., “Human short-term exposure to electromag-
netic fields emitted by mobile phones decreases computer-assisted
visual reaction time,” Acta Neurologica Belgica, vol. 112, no. 2,
pp. 171-175, Jun. 2012, doi: 10.1007/s13760-012-0044-y.

VOLUME 6, NO. 2, MARCH 2026


https://dx.doi.org/10.1080/02726340802530088
https://dx.doi.org/10.1109/22.539945
https://dx.doi.org/10.1088/0031-9155/53/13/019
https://dx.doi.org/10.1088/0031-9155/53/13/019
https://dx.doi.org/10.1088/0031-9155/52/22/006
https://dx.doi.org/10.1007/s13760-012-0044-y

e

IEE!:' Journal of
Microwaves

MHz to THz Community

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

T. Nagaoka, E. Kunieda, and S. Watanabe, “Proportion-corrected
scaled voxel models for Japanese children and their application to the
numerical dosimetry of specific absorption rate for frequencies from
30 MHz to 3 GHz,” Phys. Med. Biol., vol. 53, no. 23, pp. 6695-6711,
2008.

A. Hirata, O. Fujiwara, T. Nagaoka, and S. Watanabe, “Estimation
of whole-body average SAR in human models due to plane-wave
exposure at resonance frequency,” IEEE Trans. Electromagn. Compat.,
vol. 52, no. 1, pp. 41-48, Feb. 2010.

P. Dimbylow, W. Bolch, and C. Lee, “SAR calculations from 20 MHz
to 6 GHz in the University of Florida newborn voxel phantom and
their implications for dosimetry,” Phys. Med. Biol., vol. 55, no. 5,
Mar. 2010, Art. no. 1519, doi: 10.1088/0031-9155/55/5/017.

T. Uusitupa, I. Laakso, S. Ilvonen, and K. Nikoskinen, “SAR variation
study from 300 to 5000 MHz for 15 voxel models including different
postures,” Phys. Med. Biol., vol. 55, no. 4, pp. 1157-1176, Feb. 2010,
doi: 10.1088/0031-9155/55/4/017.

D. Liu, C. Li, Y. Kang, Z. Zhou, Y. Xie, and T. Wu, “Numerical
analysis for infant’s unintentional exposure to 3.5 GHz plane wave
radiofrequency electromagnetic fields by field test of fifth generation
wireless technologies,” Radio Sci., vol. 52, no. 9, pp. 1140-1148,
2017.

M.-C. Gosselin, A. Christ, S. Kiihn, and N. Kuster, “Dependence of
the occupational exposure to mobile phone base stations on the prop-
erties of the antenna and the human body,” IEEE Trans. Electromagn.
Compat., vol. 51, no. 2, pp. 227-235, May 2009.

J. Wang, O. Fujiwara, S. Kodera, and S. Watanabe, “FDTD calculation
of whole-body average SAR in adult and child models for frequen-
cies from 30 MHz to 3 GHz,” Phys. Med. Biol., vol. 51, no. 17,
pp. 4119-4127, Sep. 2006, doi: 10.1088/0031-9155/51/17/001.

P. J. Dimbylow, A. Hirata, and T. Nagaoka, “Intercomparison of
whole-body averaged SAR in European and Japanese voxel phan-
toms,” Phys. Med. Biol., vol. 53, no. 20, pp. 5883-5897, 2008.

I. Laakso, T. Uusitupa, and S. Ilvonen, “Comparison of SAR calcula-
tion algorithms for the finite-difference time-domain method,” Phys.
Med. Biol., vol. 55, no. 15, pp. N421-N4231, 2010.

G. M. J. van Leeuwen, J. J. W. Lagendijk, B. J. A. M. Van Leersum,
A. Zwamborn, S. Hornsleth, and A. Kotte, “Calculation of change in
brain temperatures due to exposure to a mobile phone,” Phys. Med.
Biol., vol. 44, no. 10, pp. 2367-2379, 1999.

P. Bernardi, M. Cavagnaro, S. Pisa, and E. Piuzzi, “Power absorption
and temperature elevations induced in the human head by a dual-band
monopole-helix antenna phone,” IEEE Trans. Microw. Theory Techn.,
vol. 49, no. 12, pp. 2539-2546, Dec. 2001.

M. Fujimoto, A. Hirata, J. Wang, O. Fujiwara, and T. Shiozawa,
“FDTD-derived correlation of maximum temperature increase and
peak SAR in child and adult head models due to dipole antenna,” [EEE
Trans. Electromagn. Compat., vol. 48, no. 1, pp. 240-247, Feb. 2006.
T. Samaras, E. Kalampaliki, and J. N. Sahalos, “Influence of
thermophysiological parameters on the calculations of temperature
rise in the head of mobile phone users,” IEEE Trans. Electro-
magn. Compat., vol. 49, no. 4, pp.936-939, Nov. 2007, doi:
10.1109/temc.2007.908257.

R. Morimoto, I. Laakso, V. De Santis, and A. Hirata, “Relationship
between peak spatial-averaged specific absorption rate and peak tem-
perature elevation in human head in frequency range of 1-30 GHz,”
Phys. Med. Biol., vol. 61, no. pp. 5406-5425, 2016.

S. Kodera, J. Gomez-Tames, and A. Hirata, “Temperature elevation
in the human brain and skin with thermoregulation during expo-
sure to RF energy,” Biomed. Eng. Online, vol. 17, no. 1, 2018,
Art. no. 1.

A. Sudnjara, H. Dodig, D. Poljak, and M. Cvetkovié, “Stochastic-
deterministic thermal dosimetry below 6 GHz for 5G mobile commu-
nication systems,” IEEE Trans. Electromagn. Compat., vol. 63, no. 5,
pp. 1667-1679, Oct. 2021.

A. Hirata, M. Fujimoto, T. Asano, J. Wang, O. Fujiwara, and
T. Shiozawa, “Correlation between maximum temperature increase
and peak SAR with different average schemes and masses,” IEEE
Trans. Electromagn. Compat., vol. 48, no. 3, pp. 569-577, Aug. 2006.
ICNIRP, “Guidelines for limiting exposure to time-varying electric,
magnetic, and electromagnetic fields (up to 300 GHz),” Health Phys.,
vol. 74, no. 4, pp. 494-521, 1998.

VOLUME 6, NO. 2, MARCH 2026

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

C. Li, Q. Chen, Y. Xie, and T. Wu, “Dosimetric study on eye’s
exposure to wide band radio frequency electromagnetic fields: Vari-
ability by the ocular axial length,” Bioelectromagnetics, vol. 35, no. 5,
pp- 324-336, 2014.

Y. Diao et al., “Detailed modeling of palpebral fissure and its influence
on SAR and temperature rise in human eye under GHz exposures,”
Bioelectromagnetics, vol. 37, no. 4, pp. 256-263, 2016.

A. Hirata, “Temperature increase in human eyes due to near-field and
far-field exposures at 900 MHz, 1.5 GHz, and 1.9 GHz,” IEEE Trans.
Electromagn. Compat., vol. 47, no. 1, pp. 68-76, Feb. 2005.

C. Buccella, V. De Santis, and M. Feliziani, “Prediction of tem-
perature increase in human eyes due to RF sources,” IEEE Trans.
Electromagn. Compat., vol. 49, no. 4, pp. 825-833, Nov. 2007, doi:
10.1109/isemc.2007.77.

P. Wainwright, “Computational modelling of temperature rises in the
eye in the near field of radiofrequency sources at 380, 900 and 1800
MHz,” Phys. Med. Biol., vol. 52, no. 12, pp. 3335-3350, 2007.

A. Hirata, S. Watanabe, O. Fujiwara, M. Kojima, K. Sasaki, and T.
Shiozawa, “Temperature elevation in the eye of anatomically based
human head models for plane-wave exposures,” Phys. Med. Biol.,
vol. 52, no. 21, pp. 6389-6399, 2007.

V. Flyckt, B. Raaymakers, H. Kroeze, and J. Lagendijk, “Calcula-
tion of SAR and temperature rise in a high-resolution vascularized
model of the human eye and orbit when exposed to a dipole antenna
at 900, 1500 and 1800 MHz,” Phys. Med. Biol., vol. 52, no. 10,
pp. 2691-2701, 2007.

I. Laakso, “Assessment of the computational uncertainty of tempera-
ture rise and SAR in the eyes and brain under far-field exposure from
1 to 10 GHz,” Phys. Med. Biol., vol. 54, no. 11, pp. 3393-3404, 2009.
[Online]. Available: http://stacks.iop.org/0031-9155/54/i=11/a=008
T. Oizumi et al., “FDTD analysis of temperature elevation in the
lens of human and rabbit models due to near-field and far-field ex-
posures At 2.45 GHZ,” Radiat. Protection Dosimetry, vol. 155, no. 3,
pp. 284-291, 2013.

A. Kanezaki, A. Hirata, S. Watanabe, and H. Shirai, “Effects of dielec-
tric permittivities on skin heating due to millimeter wave exposure,”
Biomed. Eng. Online, vol. 8, 2009, Art. no. 20.

A. Kanezaki, A. Hirata, S. Watanabe, and H. Shirai, ‘“Parameter
variation effects on temperature elevation in a steady-state, one-
dimensional thermal model for millimeter wave exposure of one-
and three-layer human tissue,” Phys. Med. Biol., vol. 55, no. 16,
pp. 4647-4659, 2010.

S. Alekseev, A. Radzievsky, M. Logani, and M. Ziskin, “Millimeter
wave dosimetry of human skin,” Bioelectromagn., J. Bioelectromagn.
Soc., Soc. Phys. Regulation Biol. Med., Eur. Bioelectromagn. Assoc.,
vol. 29, no. 1, pp. 65-70, 2008.

K. Sasaki, M. Mizuno, K. Wake, and S. Watanabe, “Monte Carlo
simulations of skin exposure to electromagnetic field from 10 GHz
to 1 THz,” Phys. Med. Biol., vol. 62, no. 17, pp. 6993-7010, 2017.

G. Shafirstein and E. G. Moros, “Modelling millimetre wave propa-
gation and absorption in a high resolution skin model: The effect of
sweat glands,” Phys. Med. Biol., vol. 56, no. 5, 2011, Art. no. 1329.
S. Kodera, A. Hirata, D. Funahashi, S. Watanabe, K. Jokela, and R. J.
Croft, “Temperature rise for brief radio-frequency exposure below 6
GHz,” IEEE Access, vol. 6, pp. 65737-65746, 2018.

Z. Vilagosh, A. Lajevardipour, and A. Wood, “Computer simulation
study of the penetration of pulsed 30, 60 and 90 GHz radiation into the
human ear,” Sci. Rep., vol. 10, no. 1, pp. 1-10, 2020.

K. R. Foster, M. C. Ziskin, Q. Balzano, and A. Hirata, “Transient
thermal responses of skin to pulsed millimeter waves,” IEEE Access,
vol. 8, pp. 130239-130251, 2020.

K. R. Foster, I. Laakso, and Q. Balzano, “Standards: Exposure limits
for brief high intensity pulses of radiofrequency energy between 6 and
300 GHz,” IEEE Access, vol. 13, pp. 134648-134654, 2025.

K. R. Foster, M. C. Ziskin, Q. Balzano, and A. Hirata, “Thermal
analysis of averaging times in radio-frequency exposure limits above
1 GHz,” IEEE Access, vol. 6, pp. 74536-74546, 2018.

A. Hirata, T. Asano, and O. Fujiwara, “FDTD analysis of body-core
temperature elevation in children and adults for whole-body expo-
sure,” Phys. Med. Biol., vol. 53, no. 18, pp. 5223-5238, 2008.

H. Asakura, “Fetal and neonatal thermoregulation,” J. Nippon Med.
Sch., vol. 71, no. 6, pp. 360-370, 2004.

515


https://dx.doi.org/10.1088/0031-9155/55/5/017
https://dx.doi.org/10.1088/0031-9155/55/4/017
https://dx.doi.org/10.1088/0031-9155/51/17/001
https://dx.doi.org/10.1109/temc.2007.908257
https://dx.doi.org/10.1109/isemc.2007.77
http://stacks.iop.org/0031-9155/54/i$=$11/a$=$008

HIRATA ET AL.: MODEL VARIABILITY IN ASSESSMENT OF HUMAN EXPOSURE TO RADIOFREQUENCY FIELDS

[152] A. Hirata, I. Laakso, Y. Ishii, T. Nomura, and K. H. Chan, “Compu-
tation of temperature elevation in a fetus exposed to ambient heat and
radio frequency fields,” Numer. Heat TransferA, Appl., vol. 65, no. 12,
pp. 1176-1186, 2014.

S. M. Moore, R. L. Mclntosh, S. Iskra, and A. W. Wood, “Mod-
eling the effect of adverse environmental conditions and clothing
on temperature rise in a human body exposed to radio frequency
electromagnetic fields,” IEEE Trans. Biomed. Eng., vol. 62, no. 2,
pp. 627-637, Feb. 2016.

S. M. Moore, R. L. McIntosh, S. Iskra, A. Lajevardipour, and A.
W. Wood, “Effect of adverse environmental conditions and protective
clothing on temperature rise in a human body exposed to radiofre-
quency electromagnetic fields,” Bioelectromagnetics, vol. 38, no. 5,
pp. 356-363, 2017.

I. Laakso and A. Hirata, “Dominant factors affecting temperature rise
in simulations of human thermoregulation during RF exposure,” Phys.
Med. Biol., vol. 56, no. 23, pp. 7449-7471, 2011.

T. Campi, S. Cruciani, F. Palandrani, V. De Santis, A. Hirata, and
M. Feliziani, “Wireless power transfer charging system for AIMDs
and pacemakers,” IEEE Trans. Microw. Theory Techn., vol. 64, no. 2,
pp. 633-642, Feb. 2016.

Devices for Use Defining Measuring Vehicle Seating Accommoda-
tions, SAE Standard J826-1995, Society of Automotive Engineers,
Warrendale, PA, USA, 2008.

T. Sunohara, A. Hirata, I. Laakso, and T. Onishi, “Analysis of in situ
electric field and specific absorption rate in human models for wireless
power transfer system with induction coupling,” Phys. Med. Biol.,
vol. 59, no. 14, 2014, Art. no. 3721.

1. Laakso, S. Tsuchida, A. Hirata, and Y. Kamimura, “Evaluation of
SAR in a human body model due to wireless power transmission in
the 10 MHz band,” Phys. Med. Biol., vol. 57, no. 15, pp. 4991-5002,
2012, doi: 10.1088/0031-9155/57/15/4991.

S. W. Park, K. Wake, and S. Watanabe, “Incident electric field
effect and numerical dosimetry for a wireless power transfer sys-
tem using magnetically coupled resonances,” IEEE Trans. Microw.
Theory Techn., vol. 61, no. 9, pp.3461-3469, Sep. 2013, doi:
10.1109/tmtt.2013.2274053.

M. Koohestani, M. Zhadobov, and M. Ettorre, “Design method-
ology of a printed WPT system for HF-band mid-range appli-
cations considering Human safety regulations,” IEEE Trans. Mi-
crow. Theory Techn., vol. 65, no. 1, pp.270-279, Feb. 2017, doi:
10.1109/tmtt.2016.2609931.

M. Koohestani, M. Ettorre, and M. Zhadobov, “Local dosimetry ap-
plied to wireless power transfer around 10 MHz: Dependence on
EM parameters and tissues morphology,” IEEE J. Electromagn., RF
Microw. Med. Biol., vol. 2, no. 2, pp. 123-130, Jan. 2018.

A. Christ et al., “Evaluation of wireless resonant power transfer
systems with human electromagnetic exposure limits,” IEEE Trans.
Electromagn. Compat., vol. 55, no. 2, pp. 265-274, Apr. 2013.

[164] T. Shimamoto, M. Iwahashi, Y. Sugiyama, I. Laakso, A. Hirata, and
T. Onishi, “SAR evaluation in models of an adult and a child for
magnetic field from wireless power transfer systems at 6.78 MHz,”
Biomed. Phys. Eng. Exp., vol. 2, no. 2, 2016, Art. no. 027001.

P. Rasi¢, M. Skiljo, Z. Blazevi¢, V. Dori¢, and D. Poljak, “Simulation
of human body exposure to near field of high and low RF wireless
power transfer systems,” Int. J. Eng. Modelling, vol. 33, no. 1-2,
pp. 19-36, 2020.

M. Bonato, L. Dossi, S. Gallucci, M. Benini, G. Tognola, and M.
Parazzini, “Assessment of human exposure levels due to mobile phone
antennas in 5G networks,” Int. J. Environ. Res. Public Health, vol. 19,
no. 3, 2022, Art. no. 1546.

M. S. Morelli, S. Gallucci, B. Siervo, and V. Hartwig, “Numerical
analysis of electromagnetic field exposure from 5G mobile communi-
cations at 28 GHZ in adults and children users for real-world exposure
scenarios,” Int. J. Environ. Res. Public Health, vol. 18, no. 3, 2021,
Art. no. 1073.

S. Gallucci, M. Bonato, M. Benini, M. Parazzini, and M. Zhadobov,
“Exposure assessment for wearable patch antenna array at millimeter
waves,” IEEE Access, vol. 12, pp. 80223-80232, 2024.

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[165]

[166]

[167]

[168]

516

[169] N. Miura, S. Kodera, Y. Diao, J. Higashiyama, Y. Suzuki, and
A. Hirata, “Power absorption and skin temperature rise from simul-
taneous near-field exposure at 2 and 28 GHz,” IEEE Access, vol. 9,
pp. 152140-152149, 2021.
A. R. Guraliuc, M. Zhadobov, R. Sauleau, L. Marnat, and L. Dussopt,
“Near-field user exposure in forthcoming 5G scenarios in the 60 GHz
band,” IEEE Trans. Antennas Propag., vol. 65, no. 12, pp. 6606-6615,
Dec. 2017.
D. Funahashi, T. Ito, A. Hirata, T. Iyama, and T. Onishi, “Averaging
area of incident power density for human exposure from patch antenna
arrays,” IEICE Trans. Electron., vol. 101, no. 8, pp. 644-646, 2018.
A. S. Nejasmic and D. Poljak, “Stochastic analysis of epithe-
lial/absorbed power density in multilayered planar skin model with
uncertain tissue electric properties,” Radio Sci., vol. 59, no. 10,
pp. 1-15, 2024.
M. Ziane, R. Sauleau, and M. Zhadobov, “Antenna/body coupling in
the near-field at 60 GHz: Impact on the absorbed power density,” Appl.
Sci., vol. 10, no. 21, 2020, Art. no. 7392.
H. P. Kok, J. Gellermann, C. A. Van Den Berg, P. R. Stauffer, J. W.
Hand, and J. Crezee, “Thermal modelling using discrete vasculature
for thermal therapy: A review,” Int. J. Hyperthermia, vol. 29, no. 4,
pp. 336-345, 2013.
J. Zheng, Y. Zhang, Y. Diao, and D. Shi, “Assessment of spatial-
average absorbed power density and peak temperature rise in skin
model under localized eletromagnetic exposure,” Radiat. Protection
Dosimetry, vol. 110, 2025, Art. no. ncaf096.

ICNIRP, “Gaps in knowledge relevant to the ‘ICNIRP guidelines for
limiting exposure to time-varying electric, magnetic and electromag-
netic fields (100 kHz TO 300 GHz),” Health Phys., vol. 128, no. 2,
pp. 190-202, 2025.

[170]

[171]

[172]

[173]

[174]

[175]

[176]

AKIMASA HIRATA (Fellow, IEEE) received the
B.E. and M.E. degrees in communications engi-
neering from Osaka University, Suita, Japan, in
1996, 1998, and 2000, respectively.

From 1999 to 2001, he was a Research Fel-
low of the Japan Society for the Promotion of
Science. In 2001, he joined the Department of
Communications Engineering, Osaka University,
as an Assistant Professor. In 2004, he joined the
Department of Computer Science and Engineering,
Nagoya Institute of Technology as an Associate
Professor, where he is currently a Full Professor and Research Director. His
research interests include electromagnetic field protection, risk management
system for heat-related illness, methods in neuroscience, antennas, filters, and
related computational techniques.

Prof. Hirata is the Chair (2024 to 2028) and Main Commissioner (2016
to 2028) of International Commission on Non-Ionizing Radiation Protection
(ICNIRP), an Associate Editor for IEEE TRANSACTIONS ON ELECTROMAG-
NETIC COMPATIBILITY, an Executive Editorial Board Member of physics
in medicine and biology, and a member of administrative committee and
a Subcommittee (EMF Dosimetry Modeling) Chair of IEEE International
Committee on Electromagnetic Safety. He was the recipient of several awards
including Young scientists’ Prize in 2006 and Prizes for Science and Technol-
ogy (Research Category in 2011; Public Understanding Promotion Category
in 2014 and 2020; Development Category in 2024) by the Commendation
for Science and Technology by the Minister of Education, Culture, Sports,
Science, and Technology, Japan, and IEEE EMC-S Technical Achievement
Award in 2015, the Japan Academy Medal and JSPS Prize in 2018, Japan
Open Innovation Prize (President of the Science Council of Japan Prize in
2022) from the Cabinet Office, IEEE EMC-S Richard R. Stoddart Award
for Outstanding Performance in 2023, and EMC-S Motohisa Kanda Award
in 2025. He is a fellow of Institute of Physics, IEICE, IEE Japan, and Asia
Pacific Al Association, and a member of Bioelectromagnetics Society.

VOLUME 6, NO. 2, MARCH 2026


https://dx.doi.org/10.1088/0031-9155/57/15/4991
https://dx.doi.org/10.1109/tmtt.2013.2274053
https://dx.doi.org/10.1109/tmtt.2016.2609931

IEEE Journal of

@ Microwaves

MHz to THz Community

ILKKA LAAKSO (Member, IEEE) received the
M.Sc. degree in electromagnetics and circuit the-
ory from Helsinki University of Technology, Es-
poo, Finland, in 2007, and the D.Sc. (Tech.) degree
in electromagnetics from Aalto University, Espoo,
in 2011.

From 2011 to 2015, he was with the Nagoya
Institute of Technology, Nagoya, Japan, as a Post-
doctoral Researcher, Research Assistant Professor,
and Research Associate Professor. Since 2015, he
has been leading the research group of electromag-
netics in health technologies with Aalto University, where he is currently
an Associate Professor. He is currently a member of the Task Group on
Radiofrequency Fields and Health of the World Health Organization, Main
Commissioner of the International Commission of Non-Ionizing Radiation
Protection, and an Official Member (Finland) of the Commission K “Elec-
tromagnetics in Biology and Medicine” of the International Union of Radio
Science. He was the recipient of the IEEE Electromagnetic Compatibility
Society Technical Achievement Award for contribution to computational
dosimetry of human exposure to electromagnetic fields from low frequency
to millimeter waves.

FRANCESCA APOLLONIO (Member, IEEE) re-
ceived the Ph.D. degree from the Sapienza Univer-
sity of Rome, Rome, Italy, in 1998.

She has been a Full Professor with the Depart-
ment of Electronic Engineering, Sapienza Univer-
sity of Rome, where she has been affiliated since
2003. She is the Chair of URSI Commission K,
Electromagnetics in Biology and Medicine, and
is a member of the Board of Directors of the
BioEM Society. Within the BioEM Society, she
was the Technical Program Committee Chair for
the 2024-2025 annual meeting (BioEM2025). She has authored more than
200 scientific publications on peer-reviewed international journals and con-
ferences and chapter books. Her research interests focus on the interaction
between electromagnetic fields and biological systems, including electropo-
ration, smart drug delivery, molecular simulations of complex systems and
the dosimetry and design of exposure systems. Since 2022, she has been a
member of the IEEE MTT-S Technical Committee TC-28, and since 2020
she has been part of the Scientific Expert Group of the International Com-
mission on Non-Ionizing Radiation Protection. From 2016 to 2020, she was
the National Representative for COST Action CA15211. She was also the
Technical Program Committee Chair for the BioEM2016 Annual Meeting
of the Bioelectromagnetics Society and the European BioElectromagnetics
Association. From 2012 to 2015, she was a member of the BEMS Board of
Directors.

SACHIKO KODERA (Member, IEEE) received the
B.E. and MLE. degrees in electrical and computer
engineering and the Ph.D. degree in computer
science from the Nagoya Institute of Technol-
ogy, Nagoya, Japan, in 2002, 2006, and 2019,
respectively. In 2016, she joined the Department
of Electrical and Mechanical Engineering, Nagoya
Institute of Technology, where she is currently an
Associate Professor. Her current research interests
include electromagnetic and thermal dosimetry
modeling in humans for radio frequency and am-

bient heat exposures.

Dr. Kodera is a member of the Subcommittee six in Technical Committee
95 of IEEE International Committee on Electromagnetic Safety and a member
of the Scientific Expert Group of International Commission on Non-Ionizing
Radiation Protection. She was the recipient of the Prizes for Science and
Technology (Public Understanding Promotion Category, in 2020) from the
Commendation for Science and Technology, Minister of Education, Culture,
Sports, Science, and Technology, Japan, and Japan Open Innovation Prize
(President of the Science Council of Japan Prize, in 2022) from the Cabinet
Office.

VOLUME 6, NO. 2, MARCH 2026

YOSHIKI KUBOTA received the Ph.D. degree
in Intelligence Science from the Interdisciplinary
Graduate School of Science and Engineering,
Tokyo Institute of Technology, Tokyo, Japan, in
2009.

In 2009, he joined the National Institute of Ra-
diological Sciences, Chiba, Japan. In 2012, he
joined Gunma University Heavy Ion Medical Cen-
ter, Maebashi, Japan, as an Assistant Professor and
Medical Physicist. In 2021, he joined B dot Medi-
cal Inc., Tokyo, Japan. Since 2024, he has been an
Associate Professor (specially appointed) with the Department of Electrical
and Mechanical Engineering, Nagoya Institute of Technology, Nagoya, Japan.
His research interests include medical image processing, medical physics, and
machine learning-based conductivity estimation for applications in electric
field simulations.

JUNQING LAN was born in Datong, China, in
1983. He received the Ph.D. degree in radio
physics from Sichuan University, Chengdu, China,
in 2013.

From 2019 to 2021, he was a Visiting Scholar
and Specially Appointed Researchers with the
Nagoya Institute of Technology, Nagoya, Japan.
In 2022, he was the Associate Professor with the
Chengdu University of Information Technology,
Chengdu. Since 2014, he has been an Assistant
Professor with the Chengdu University of Infor-
mation Technology, Chengdu, China. His current research interests include
electromagnetic dosimetry modelling, wireless power transmission, and bio-
logical electromagnetic effects.

Prof. Lan is currently a member of IEEE ICES Technical Committee 95.

KUN LI (Member, IEEE) received the B.E. degree
in communication engineering from the Nanjing
University of Posts and Telecommunications, Nan-
jing, China, in 2011, and the Ph.D. degree in elec-
trical engineering from the University of Toyama,
Toyama, Japan, in 2017.

From 2017 to 2019, he was a Researcher with
the National Institute of Information and Commu-
nications Technology, Tokyo, Japan. From 2020 to
2023, he was an Assistant Professor with Kagawa
University, Takamatsu, Japan. He was also a Visit-
ing Researcher with CNRS/IETR, University of Rennes 1, Rennes, France,
from 2022 to 2023. In 2023, he joined Advanced Wireless and Communi-
cation Research Center, The University of Electro-Communications, Tokyo,
Japan, where he is currently an Associate Professor. His research inter-
ests include over-the-air testing, MIMO, body area networks, and RF-EMF
exposure.

Dr. Li was the recipient of the Outstanding Associate Editor Award from
IEEE Antenna and Wireless Propagation Letters in 2025, where he was an
Associate Editor. He was also the recipient of the URSI Young Scientist
Award in 2020. He is currently the Early Career Representative of URSI
Commission K and the Co-Chair of a Working Group under Subcommittee 6,
the IEEE International Committee on Electromagnetic Safety TC-95. He is a
senior member of URSI and a member of IEICE.

517



HIRATA ET AL.: MODEL VARIABILITY IN ASSESSMENT OF HUMAN EXPOSURE TO RADIOFREQUENCY FIELDS

MICAELA LIBERTI (Member, IEEE) received the
M.Sc. degree in electronic engineering and the
Ph.D. degree from the Sapienza University of
Rome, Rome, Italy, in 1995 and 2000, respectively.
She is currently an Associate Professor with the
Department of Information Engineering, Electron-
ics, and Telecommunications, Sapienza University
of Rome. Her research interests include theoretical
modeling in bioelectromagnetics, biomedical ap-
plications of electromagnetic fields, microdosime-
try, and exposure system design.

She was the national substitute representative for COST Action TD1104
on electroporation-based technologies from 2012 to 2015 and Co-Chair of
BioEM 2019 in Montpellier, France. She was the President of the Eu-
ropean Bioelectromagnetics Association, from 2020 to 2021. Since 2021,
she has been a member of the Scientific Expert Group of the International
Commission on Non-Ionizing Radiation Protection and Technical Advisory
Committee of URST Commission K. Since 2022, she has been a member of
TC28 of the IEEE MTT Society. She is currently the President-Elect of the
BioEM Society.

DRAGAN POLJAK (Senior Member, IEEE) re-
ceived the Ph.D. degree in eletrical engineering
from the University of Split, Split, Croatia, in
1996. He is currently the Full Professor with
the Department of Electron. and Computing, Uni-
versity of Split. His research interests include
oriented to computational electromagnetics (elec-
tromagn. compatibility, bioelectromagnetics and
plasma physics). He has authored or coauthored
more than 160 journals and 250 conference papers,
and authored some books, such as two by Wiley,
one by IEEE and one by Elsevier. He is a member of Editorial Board of Eng.
Anal. with Boundary Elements, Math. Problems in Eng. and IET Sci. Measur.
& Techn. He was awarded by several prizes for his achievements, such as
National Prize for Science in 2004 and 2023, Croatian section of IEEE annual
Award in 2016, Technical Achievement Award of the IEEE EMC Society
in 2019 and George Green Medal from University of Mississippi in 2021.
From 2013 to 2021, Prof. Poljak was a member of the board of the Croatian
Science Foundation. He is currently involved in ITER physics and DONES
EUROfusion collab. and in Croatian center for excellence in research for
tech. sciences. He is active in few working groups of the IEEE/International
Committee on Electromagnetic Safety (ICES) Technical Committee 95 SC6
EMF Dosimetry Modeling.

KENSUKE SASAKI (Member, IEEE) received the
B.E., M.E., and Ph.D. degrees in electrical and
electronic engineering from Tokyo Metropolitan
University, Tokyo, Japan, in 2006, 2008, and 2011,
respectively.

He is currently a Planning Manager with
the Strategic Planning Office, National Institute
of Information and Communications Technology,
‘ Japan. He is also a Visiting Associate Professor

! y with the Nagoya Institute of Technology, Japan,
since 2022. His research interests include electro-
magnetic theory, bioelectromagnetics, and dielectric properties measurement.

Dr. Sasaki is a member of Scientific Expert Group of International Com-
mission on Non-Ionizing Radiation Protection, from 2018 to 2020 and since
2024. He was the Early Carrier Representative of Commission K, the Interna-
tional Scientific Radio Union, from 2017 to 2023. He is also the Co-Chair of
Working Group 6 under Subcommittee 6, the IEEE International Committee
on Electromagnetic Safety TC-95, since 2022. He was the recipient of the
2009 Young Scientist Award of the URSI, 2012 Best Paper Award of the
1IEEJ, 2020 Achievement Award of the IEICE, and IEEE EMC-S Motohisa
Kanda Award in 2025.

518

MAXIME ZHADOBOV (Senior Member, IEEE)
received the Ph.D. and Habilitation 4 Diriger
des Recherches degrees from the Institut
d’Electronique et des Technologies du numerique
(IETR), University of Rennes, Rennes, France, in
2006 and 2016, respectively. He was a Postdoctoral
Researcher with the Center for Biomedical
Physics, Temple University, Philadelphia, PA,
USA, until 2008, and then joined the French
National Center for Scientific Research (CNRS).
He is currently Senior Research Scientist with the
IETR/CNRS. From 2017 to 2024, he was in charge of the Electromagnetic
Waves in Complex Media (eWAVES) research team and a member of the
Scientific Council of the IETR. He has coauthored five book chapters, more
than 100 research papers in peer-reviewed international journals, and more
than 200 contributions to conferences and workshops. His research interests
include innovative biomedical applications of electromagnetic fields and
associated technologies. He has also been a member of Board of Directors
of International BioEM society, since 2024 and was an elected member of
EBEA Council from 2017 to 2021. He is also a member of IEEE TC95.4 and
the President of URSI France Commission K till 2025. His review article in
the International Journal of Microwave and Wireless Technologies was the
most cited paper during 2016-2025. A paper published by his research group
in 2019 is in journal Top 100 of Nature Scientific Reports. He is an Associate
Editor for IEEE JOURNAL OF ELECTROMAGNETICS, RF AND MICROWAVES IN
MEDICINE AND BIOLOGY and was the Guest Editor of several special issues,
including Human Exposure in 5G and 6G Scenarios of Applied Sciences
and Advanced Electromagnetic Biosensors for Medical, Environmental and
Industrial Applications of Sensors.

He has been involved in 31 research projects (16 as PI). He was a TPC
member and/or Session Organizer with international conferences, including
IEEE AP-S/URSI 2024, URSI AT-RASC 2024, AES 2023, BioEM 2023,
EUMW2022, IEEE IMBioC 2022, AT-AP-RASC 2022, BioEM 2019,
EuMW 2019, IEEE iWEM 2017, MobiHealth 2015-2017, BodyNets 2016,
and IMWS-Bio 2014. He was the TPC Co-Chair of BioEM 2021/2020
and LOC member of BioEM 2025. He was also on review boards of more
than 15 international journals and conferences, and has been acting as an
expert at research councils worldwide. He was the recipient of Research
and Innovation Award of Grand Ouest Foundation in 2022, CNRS Medal
in 2018, EBEA Award for Excellence in Bioelectromagnetics in 2015, and
Brittany’s Young Scientist Award in 2010. Since 2010, the Ph.D. students
he worked with was the recipient of eight national scientific awards and six
awards from the Bioelectromagnetics Society, URSI, IEEE Antennas and
Propagation and IEEE Microwave Theory and Technology Societies.

YINLIANG DIAO (Member, IEEE) received
the B.E. degree from Chongqging University,
Chongqing, China, in 2008, the M.S. degree in
electronic engineering from the Beijing University
of Posts and Telecommunications, Beijing, China,
in 2011, and the Ph.D. degree in electronic engi-
neering from the City University of Hong Kong,
Hong Kong, in 2016.

Since 2017, he has been with the College of
Electronic Engineering, South China Agricultural
University, Guangzhou, China, initially as an As-
sistant Professor and currently as an Associate Professor. In 2019, he also
joined the Department of Electrical and Mechanical Engineering, Nagoya In-
stitute of Technology, Nagoya, Japan, where he is currently a Guest Associate
Professor. His research interests include electromagnetic dosimetry modeling
and electromagnetic compatibility.

Dr. Diao is a Co-Chair of Subcommittee 6 of IEEE International Commit-
tee on Electromagnetic Safety TC-95, and a member of the Scientific Expert
Group of International Commission on Non-Ionizing Radiation Protection.
He was a recipient of the Young Scientist Award from URSI GASS 2020 and
EMC-S Motohisa Kanda Award in 2025.

VOLUME 6, NO. 2, MARCH 2026




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


