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ABSTRACT With the massive deployment of 5G worldwide the entire population is expected to be exposed
to millimeter waves (mmWs), representing new frequencies recently introduced into our environmental
electromagnetic (EM) background. From this perspective, the interactions between mmWs and human tissues
have been actively investigated during the past few years at various levels. This article reviews recent pub-
lications in this field, from macro- to micro-scale. The role of different parameters is considered, including
the characteristics of the impinging field (angle of incidence, polarization, and source type), age, presence
of clothing, curvature of the body surface, and inter-individual differences. Finally, findings on recent micro-
dosimetry studies at mmWSs are summarized highlighting the impact of micro-scale heterogeneity related to
the presence of skin sub-structures and organelles inside the cells on the local power distribution and heating.

INDEX TERMS 5G, millimeter wave (mmW), macro-scale, micro-scale, electromagnetic dosimetry.

I. INTRODUCTION
With the ongoing massive deployment of 5G, new frequency
bands have been introduced for wireless networking. Accord-
ing to the International Telecommunication Union (ITU), the
mobile data traffic is expected to reach 5 zettabyte/month by
2030 [1] and the number of devices connected to internet will
exceed 75.4 billion by 2025 [2]. To address the increasing
demand in data traffic, robust high data-rate transmissions and
new services, frequencies in the 24-28 GHz range are under
testing or deployment, depending on the country, and some
countries are also considering the 60 GHz band [3], [4], [5],
[6], [7], [8]. Furthermore, mobile devices operating in the
37-40 GHz range are already available on the market [9].
Upcoming mass development of millimeter wave (mmW)
technologies will induce the exposure of the users to fre-
quencies to which humans have never been exposed so far.
At mmWs, the power transmission coefficient at the air/skin
interface is higher than at centimeter and decimeter waves
(55% at 30 GHz and 63% at 60 GHz). The shallow penetration

depth, essentially limited to cutaneous layers, results in locally
high exposure levels in the near-surface tissues compared to
lower microwave frequencies, even for relatively low levels of
the incident power density.

The state of knowledge related to various aspects of inter-
actions between the human body and mmWs was reported
in [10], [11], [12], [13], where the attention was essentially
focused on permittivity measurements, body-centric commu-
nications, exposure assessment in canonical scenarios, as well
as on thermal modelling. The main goal of this review paper
is to provide an overview of recent publications in the field
of mmW interactions with the human body. The fundamental
physical aspects of the mmW/body interactions, followed by
the summary of the mmW dosimetric quantities, are described
in the Section II. Section III reports the advancements in
mmW tissue-equivalent models and phantoms. Recent results
related to the mmW power deposition in the near-surface
tissues are summarized in Section IV, where the impact of var-
ious exposure parameters and conditions (age, clothing, body
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FIGURE 1. Anatomical structure of human skin.

curvature, interindividual differences) is analyzed. Section V
discusses the first results obtained using micro-scale models.
Finally, conclusions are drawn in Section VI.

Il. FUNDAMENTALS OF MMW/BODY INTERACTIONS

The skin, covering about 95% of the human body, is the largest
organ and is the main target tissue of mmWs. Its anatomical
structure and main sub-structures are schematically repre-
sented in Fig. 1.

The skin is composed of two layers: epidermis and dermis.
The epidermis contains the stratum corneum (SC), the upper-
most layer composed of dead cells, and the viable epidermis
beneath. The viable epidermis and dermis are usually consid-
ered as a single layer in the electromagnetic (EM) analysis
as they have similar water concentration and thus similar
EM properties at mmWs [14]. However, they are treated as
two distinguished layers from the heat transfer viewpoint, as
only dermis contains blood vessels. Note that dermis also
includes micro structures (such as nerves, sebaceous glands,
and pilosebaceous units) whose absorption may differ from
the surrounding skin [15] (see Section V-A).

A. REFLECTION AND TRANSMISSION AT AIR/SKIN
INTERFACE

Reflection and transmission at the air/skin interface depend
on the dispersive EM properties of skin, as well as on the
polarization and angle of incidence of the incident field. The
skin permittivity has been directly measured or extrapolated
to mmWs from microwave measurements in several studies
reported in the literature and the main findings are summa-
rized in [10], [11]. Variations of about 11% for the real part
and 62% for the imaginary part are reported in [10] at 60 GHz
depending on the tissue permittivity model. This results in
variations of about 20% at 60 GHz in the power reflection
coefficient for small angles of incidence [11]. For a normally
impinging plane wave, in average 55% of the incident power
is transmitted to the body at 30 GHz and 63% at 60 GHz [16].
Various physiological, environmental, and physical factors
impact the magnitude of the transmission coefficient. For in-
stance, the power transmission decreases to 53% (at 30 GHz)
and 61% (at 60 GHz) for wet skin, as a consequence of an
increase in the water content that results in a higher contrast
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at the air/skin interface. The impact of other factors, such as
age, presence of clothing, local geometrical variation of the
air/skin interface, EM source, and inter-individual variations
is discussed in Section IV.

B. POWER ABSORPTION IN CUTANEOUS TISSUES

Due to a shallow penetration depth in the mmW range (e.g.,
roughly 0.85mm at 30 GHz and 0.5 mm at 60 GHz for dry
skin), only a small fraction of the penetrating to the body EM
power is transmitted through skin and reaches the underlying
fat layer (roughly 3% at 30 GHz and 0.3% at 60 GHz [17]).
This demonstrates that subcutaneous fat and muscle almost
do not impact the power absorption in the body above 30 GHz.
The power absorbed in the skin depends on the SC thickness.
For most body parts, SC thickness is in the 10-20 um range,
but it can reach 1.4 mm at some specific locations, such as
palm and sole of the feet. It was demonstrated that, above
15 GHz, when the SC is thick (from 360 um to 700 um), it
acts as a matching layer enhancing power transmission to the
skin (above 60 GHz, the transmission coefficient can approach
100%) [18]. On the contrary, for a thin SC around 10-20 um,
no matching effect is observed.

C. MMW HEATING

Even if at mmWs almost all EM power is absorbed in the skin,
the resulting heat spreads towards subcutaneous layers and
reaches deeper tissues, including fat and muscle [18]. The skin
thermal conductivity is equal to T = 0.37 W /(m°C), while the
blood perfusion is in between the fat and the muscle ones and
corresponds to by = 7440 W/ (m3°C). Fat is a thermal insula-
tor with a low thermal conductivity 7 = 0.21 W/(m°C) and
blood perfusion b, = 1900 W/(m3°C). The muscle tissue,
with a higher t = 0.49 W /(m°C) and b, = 2550 W/(m3°C),
contributes strongly to heat dissipation [19].

For these reasons, using a homogenous skin model, the
temperature elevation (AT) would be underestimated com-
pared to a multilayer model. Note that, when adding only
a fat layer with infinite extension to a finite-thickness skin
layer, the temperature increase would be overestimated. The
AT at steady state for a homogenous model is approximately
half of the one obtained for a multi-layer model including fat
and muscle for the same thermal exchange conditions at the
air/skin interface at 30 GHz and 60 GHz [11], [18], [20].

D. DOSIMETRIC QUANTITIES AT MMWS

Two major international exposure guidelines and standards
underwent a major revision in 2019 for International Electri-
cal and Electronics Engineers (IEEE) Std. C95 [21] and in
2020 for the International Commission on Non-ionizing Ra-
diation Protection (ICNIRP) guidelines [22]. One of the main
modifications of the updated release concerns the dosimetric
quantity above 6 GHz. The absorbed power density (S,,)—
referred as epithelial power density in IEEE Std. C95—is
suggested as the main dosimetric quantity in the 6-300 GHz
instead of the incident power density in the previous editions.
Note that S, is an in-tissue metric and thus it accounts for
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FIGURE 2. Example of models employed for exposure evaluation above 6 GHz: Full-body, mono-/multi-layer, anatomical skin, cell.

potential modifications of the exposure levels due the prox-
imity of the body to the wireless device (such as standing
wave between the body and wireless device or change in its
radiation performance [23]).
The ICNIRP proposes two ways to calculate Syp:
1) from the spatial distribution of specific absorption rate
(SAR) in the near-surface tissue volume

1 Zmax
S =7 / / dxdy / p(x.y.2) - SAR(x,y, 2)dz (1)
A 0

2) from the electric and magnetic field at the skin surface

1
Sflﬁ):Z//ARe[ExH*].ds, )

where z = 0 corresponds to the body surface, Z,x is the depth
at which the EM power becomes negligibly small, A is the
averaging area, p is the tissue density, E is the electric field, H
is the magnetic field, ds is the integral variable vector normal
to the surface, and the operators Re and * denote the real part
and complex conjugate, respectively.

To comply with the ICNIRP and IEEE limits, the absorbed
power density averaged over a surface A = 4 cm? and a time
interval of 6 min should not exceed 20 W/m? for general pub-
lic and 100 W/m? for occupational exposure. Above 30 GHz,
Sqap averaged over A = 1 cm? is restricted to twice the value
allowed for A = 4 cm?. For whole-body exposure, a further
constraint is imposed on the averaged SAR that should not
exceed 0.08 W /kg for general public and 0.4 W /kg for occu-
pational exposure [22].

1Il. TISSUE EQUIVALENT MODELS AND PHANTOMS
Different models of various levels of complexity have been
proposed to investigate physical mmW interactions with the
human body (Fig. 2).

A. NUMERICAL MODELS

Anatomical 3D models of the human body have been de-
veloped from magnetic resonance imaging (MRI) data [24],
[25] with a spatial resolution of at most 0.5 mm. While these
models have been widely used for studies at the sub-6 GHz
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frequencies, their computational cost is extremely high at
mmWs due to the increasing of the electrical size of the body
with frequency and the fine spatial resolution required to com-
ply with a shallow penetration depth (a 0.5-mm resolution is
not sufficient to distinguish the different skin layers). For these
reasons, the most commonly used tissue model for mmW
dosimetry is a planar homogenous skin-equivalent model [26],
locally representing a portion of the body. This simplified
model reproduces the reflection coefficient from the human
body and it is commonly used for dosimetry, on-body antenna
characterization and body-centric propagation studies [12],
[27].

In some studies, especially dealing with mmW-induced
heating, the homogenous skin model may be replaced by a
multi-layer model reproducing skin layers, subdermal fat and
muscle [14], [18], [20], [28], [29], [30]. Indeed, as mentioned
above, heat dissipation properties of dermis and epidermis are
different and, in contrast to the mmWs field, the resulting
heating reaches sub-contentious tissues. The main advantage
of considering a planar mono- or multi-layer tissue model is
the possibility to solve the problem in a closed form [31]. For
a stratified n layer model with a normal impinging plane wave,
the field distribution inside can be calculated as follows [32]:

E; (%) e/kilhi—zi) (1 + Rieijki(hi—zi))
E | Tedtusiliont (14 roRygge=i2ksi et )
(3a)
H; (zi) JE e/kti=a) (1 — Rie=/2kithi=z))
HS_ B I—[;,l:lo ﬁe}‘knﬂhnﬂ (1 =+ I’an+1eij2kn+lhn+l) ’
- n

(3b)

where R; = E;” /El.+ is the reflection coefficient at the i,
interface, k; is the wave number in the i, layer, and r; =

(Vef = Jei D/ (Jer +/er ), € is the complex permittiv-
ity in the i;; layer. SAR can be calculated from the E field
using a well-known relationship:

SAR; = —Zimsl 4)
Pi

o; being the conductivity of the i-th layer. While SAR is
not the primarily dosimetry quantity at mmWs, it is a useful
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FIGURE 3. Examples of (a) semi-solid [47] and (b) solid phantom [27].

intermediate metric for introducing a mmW heat source in the
Bioheat transfer equation [33]

Pici% =V - (5;VT) — by (T; — Thiood) + Om,i + SAR; - pi ,
)
where ¢; is the specific heat capacity, T; is the tissue tempera-
ture, Op, ; is the heat generated by metabolism in the i-th layer,
and Tpjpoq 18 the blood temperature. In addition, S,, can be
calculated using (1) or (2) (with the knowledge of the H field).
Although planar models can be conveniently used for
simplified analytical calculations, they no longer accurately
represent realistic exposure scenarios when the body sur-
face cannot be locally approximated as planar [34]. In this
case, canonical curved [35], [36] or more complex anatomical
(when the computational power allows for this) models [35],
[37], [38], [39], [40], [41] can be used for numerical analysis.
The main limitation of homogenized macro-scale models
is their disability to account for micro-scale effects. Indeed,
biological tissues are neither homogeneous nor isotropic.
Human skin is a heterogeneous structure hosting various
sub-structures that are neglected in macro-dosimetry studies
and may result in a local micro-scale absorption of the EM
energy [15], [42] (Section V-A). This also applies to heteroge-
neous sub-cellular structures resulting in localized EM energy
absorption inside biological cells [43] (Section V-B).

B. EXPERIMENTAL PHANTOMS

For measurements and validation of numerical results experi-
mental phantoms are employed. As free water is the main con-
stituent of soft biological tissues, including skin, semi-solid
phantoms are commonly used for mmW dosimetry, on-body
antenna characterization and propagation studies. In contrast
to liquid phantoms commonly used below 6 GHz, they do
not require a container. Several examples of semi-solid phan-
toms can be found in the literature at microwaves [44], [45].
In [46], the authors used gel materials to develop phantoms
in the 2-26.5 GHz range with better mechanical and stabil-
ity properties compared to agar- or gelatin-based phantoms.
The first semi-solid phantom in the 60 GHz band was intro-
duced in [47] (Fig. 3(a)). It contains de-ionized water, agar,
polyethylene powder, TX-151, and sodium azide, and covers
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the 55-65 GHz range with £10% accuracy in respect to the
dry skin complex permittivity. A wide-band (20-100 GHz)
semi-solid phantom was recently reported in [48]. The phan-
tom, primarily made of water and glycerin, simulates the
steady-state AT at the skin surface.

The main drawback of semi-solid phantoms is their limited
lifetime due to water evaporation. To extend the lifetime,
solid phantoms based on ceramic, graphite/carbon, and sili-
cone rubber were proposed [49]. The difficulty of realizing a
solid phantom at mmWs is the high loss tangent value (e.g.,
tané = 1.37 at 60 GHz), which is challenging to reproduce
with standard materials and fabrication procedures. In [27],
the authors suggested to reproduce the reflection coefficient at
60 GHz instead of the complex permittivity of the skin. The
proposed phantom consists of a 1.3 mm-thick layer of sili-
cone, charged with carbon powder and backed with a ground
plane (Fig. 3(b)). By optimizing the silicone/carbon layer
thickness the skin reflection coefficient can be reproduced for
a wide range of the angles of incidence for both transverse
electric (TE) and transverse magnetic (TM) polarizations. Re-
cently, this concept of the reflectivity-based phantom design
was adopted for dosimetry, enabling S,p, evaluation accounting
for the antenna/body interaction [50], [51], [52].

IV. RECENT ADVANCEMENTS IN MACRO-SCALE MMW
DOSIMETRY

This section provides an overview of recent studies dealing
with the impact of exposure parameters on the mmW power
absorption in the near-surface tissues.

A. ROLE OF ANGLE OF INCIDENCE, POLARIZATION, AND
SOURCE TYPE

Sab depends on the angle of incidence and polarization. The
exposure to a normally-incident plane wave is compared to the
case of oblique incidence for TE and TM polarizations in [53],
[54]. When the angle of incidence (0) increases, the transmis-
sion coefficient decreases monotonically for TE polarization.
However, it increases for TM polarization till reaching its
maximum value at the Brewster angle. Note that, even if
the power transmission coefficient is higher at the Brewster
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angle, Syp is maximal for the normal incidence, resulting in
the maximal heating at normal incidence.

It was demonstrated that a thick SC (20-700 um) may
act as a matching layer and the transmittance may be in-
creased compared to the thin SC case (10-20 um) [53]. Under
unchanged exposure conditions, this results in an increase
of S, compared to a thinner SC. At 30 GHz, the maxi-
mal transmittance—obtained for SC thicknesses acting as a
matching layer—exceeds 80% from 0 ° to 20 ° for TE polar-
ization and from 0° to 90 ° for TM polarization. At 60 GHz,
it approaches 100% from 0 ° to 50 © for both polarizations.

In [26], a 4 and a 8 element dipole arrays operating at
28 GHz are used to illuminate a planar homogenous skin
model under near-field conditions. The study analyses the
impact of the TE- and TM-like polarized waves, on the normal
component (IPDy) and the absolute value of the incident
power density (|[IPD]|), as well as on the AT. The study
reveals that /PD;, better correlates to the skin temperature
rise independently of the angle of incidence (especially for
0 < 30°).

Finally, the effect of different antenna types (dipole, 4 x 4
dipole array, 4 x 4 patch array, slot array) for the normal
incidence in the frequency range 10-90 GHz is investigated
in [55]. The authors show that the ratio between the peak
steady-state temperature rise and the peak spatial-average Syp
strongly depends on the antenna topology and the antenna-
phantom separation (the maximum relative standard deviation
among the considered antennas is 26.3% at 30 GHz for
antenna-phantom distances > 5 mm).

B. DEPENDENCE ON AGE

Along with the massive development of 5G technologies,
people of different age (from childhood to elderly age) are
increasingly exposed to wireless devices due to the diversifi-
cation of use cases.

The human body evolves with age, both in terms of EM
properties (mainly due to age-dependent water concentration)
and morphology. These changes impact the in-body mmW
power absorption and the resulting temperature rise.

In [56], the exposure of 4 human models of the Virtual
Population (Duke, Ella, Billie, and Thelonious) is investigated
at 28 GHz. Three different scenarios are simulated: phone call,
messaging, and browsing. A microstrip patch array is used as
EM source and the problem is solved with the finite difference
time domain (FDTD) method. The study does not find any
noticeable difference in peak SAR and Sz(ﬂl)) between adults
and children.

In [17], age-dependent variations of the skin thickness, per-
mittivity, and blood flow are considered as parameters to study
the EM power deposition and resulting heating at 26 GHz and
60 GHz.

The variations in tissue permittivity is obtained from Licht-
enecker’s exponential law [57],

a—ay l— g
* ! Taa o T—ar A
e =gy lToagy -ea (l—]—,>. (6)
€A
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FIGURE 4. Variations of the S, averaged over a 4 cm? with respect to S,
for a 35 years-old adult at (a) 26 GHz and (b) 60 GHz. The black bars refer
to a Monte Carlo analysis with 10° trials considering the inter-individual
variations in terms of the skin thickness and permittivity.

where the subscript A refers to the values for adults (35
years old), ey, is the real part of water permittivity [58], and
a =TBW - p, being TBW the ratio of the amount of water
in the human body and the person weight. With a normally
impinging plane wave, the variations with age of the S,, and
peak SAR were found to be of 10% to 15% and are mainly
due to permittivity change with age. Fig. 4 represents the
variations of Sy}, as a function of age with respect to the value
for a 35 years old adult. The variations of steady-state heating
with age follows the trend of S,y and it increases over the
lifespan of about 11% at 26 GHz and 13% at 60 GHz. Note
that the skin blood flow responsible for cooling reduces with
age [59], [60], [61], [62].

The results obtained for a plane-wave exposure are com-
pared with the ones computed considering a Yagi-Uda antenna
(4 x 1 array) as a source [16], [63] (Fig. 4). This is rep-
resentative for 5G wireless devices, where the antennas are
usually positioned at the edge of the device to reduce the body
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shadowing and avoid the direct exposure of the user. In these
conditions, S;lz)) increases as a function of age with a plateau
between 20 and 50 years. The plane-wave approximation
slightly underestimates Sfl? at 26 GHz, while the variations

with age at 60 GHz are almost identical for both excitations.

C. IMPACT OF CLOTHING

In some exposure scenarios, the exposed body area can be
covered by a textile, in direct contact with the skin or sepa-
rated from it by an air gap. For instance, this may occur when
wearing a hat or using a tablet laying on the knees, but also in
more specific conditions, such as the body scans at the airport.

The presence of a textile in contact or in proximity to the
skin has a twofold effect: (i) from an EM point of view it
modifies the propagation and may act as a matching layer;
(ii) from a thermal viewpoint it reduces the heat exchange
between the body and surrounding environment.

The effect of clothing on mmW absorption is analyti-
cally evaluated on a homogeneous skin model in [64] in the
30 GHz to 300 GHz range. The authors demonstrate that cloth-
ing can act as an impedance transformer enhancing absorption
in the skin. For a textile with a permittivity of 4 — j0.1, the
peak in absorption may occur close to mmW wireless commu-
nication frequencies (e.g., at 32.9 GHz for a textile thickness
of 1 mm and at 60.9 GHz for a textile thickness of 0.5 mm).

In [32], a four-layer tissue model composed of SC, vi-
able epidermis and dermis, fat and muscle is used to analyze
EM power absorption and resulting heating at 26 GHz and at
60 GHz. A layer of cotton (gcprron = 2 — j0.04 [65]) or wool
(ewool = 1.22 — j0.036 [65]) is added on the top of the tissue
model to simulate the presence of clothing, either in contact
with skin or separated from it by an air gap. When illuminated
by a normally impinging plane-wave, the presence of a textile
in contact with skin can increase Sy, by up to 41.5% at 26 GHz
and 34.4% at 60 GHz.

The maximal enhancement occurs for a textile thicknesses
close to (2n+ 1)A/4, where n is an integer and A is the
wavelength inside the textile, confirming the findings of [64].
The presence of an air gap between a textile and skin can
increase or decrease the absorption in the tissues depending
on the textile permittivity and thicknesses of the air gap and
textile. The heating is enhanced by the presence of a textile in
contact with the skin compared to the bare skin (up to 52%
at 26 GHz and 46% at 60 GHz). With an air gap between a
textile and skin for the typical textile thicknesses (2 mm for
wool and 0.2 mm for cotton), it ranges from —3.5% to 20.6%
at 26 GHz and from —11.1% to 20.9% at 60 GHz. In [63], this
study is extended to a directive multi-beam phased array of
end-fire Yagi-Uda antennas. The results demonstrate that the
plane-wave model overestimates S,p,.

In [66], the authors realize a Monte Carlo study to eval-
uate the impact of the textile material properties, incidence
angle, and polarization on Sy, at 60 GHz. The considered
textiles are cotton, wool, linen, leatherette, polyester fiber,
and latex mattress. The authors employ a multilayer planar
tissue model composed of epidermis, dermis, fat and muscle,
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with a textile layer on the top, separated by an air gap. This
study showed that for TE and TM polarizations Sz(lt2>) decreases
when the angle of the impinging plane wave increases. An
oscillatory behavior of Sy, as a function of the gap thickness
was noticed for angles of incidence < 40 ° independently of
the polarization. For TM the dynamic range of the oscillations
is in a stronger extent dependent on the material. The study
confirms that (i) the worst-case scenario—corresponding to
the highest exposure—occurs for normal incidence and that
(ii) the presence an air gap between the textile and skin can
decrease or increase EM absorption.

D. CURVED BODY PARTS

Planar body models can be used to assess local exposure
of electrically large body parts, such as the torso. However,
they may underestimate Sy, in the curved body parts, such as
ears or hands. Indeed, for structures with the ratio between
the curvature radius a and penetration depth § below 5 (e.g.,
a <4.27mm at 30 GHz and a < 2.39 mm at 60 GHz), the
decrease of the field inside the tissue cannot be considered
as exponential anymore [34].

The effect of curvature on IPD has been recently investi-
gated in [67], where IPDy, and |IPD| are computed over a
9 cm radius sphere in presence of a dipole positioned at a dis-
tance 2 mm < d < 150 mm from the surface. Above 30 GHz,
when comparing |/PD| averaged over the curved surface and
a plane tangential to the sphere, the difference is lower than
1% independently of the distance. At 30 GHz, the highest
relative difference between |IPD| and IPD,, is up to 28.04%
atd = 2 mm.

In [40], [41], the distribution of the electric field inside the
near-surface tissues at 24 GHz for a planar multilayer slab is
compared with the one obtained from anatomical 3D model
of the wrist, the arm and the back showing a difference up
to 2dB. The effect of body curvature on the absorbed power
and resulting heating in the 6-60 GHz range is also analyzed
in [35]. The authors consider structures with a curvature radius
a = 2-5cm. They use a 2D cylindrical multilayer model com-
posed of three layers (skin, fat, and muscle) and a 3D forearm
model extracted from the XCAT phantom [68]. A plane wave
is used as a source for the cylinder and an array of 4 x 1
half-wave dipole antennas for the 3D forearm model. The
computed distributions are averaged by considering multiple
definitions of the average volume and using the 2 equations
of S, [(1) and (2)]. The study reveals that, depending on
the definition of the volume used for the averaging, (2) may
provide lower or higher S,;, than (1) and that the highest
registered deviation between the two definitions is of about
15% at 6 GHz and below 3% above 20 GHz. When computing
the heating factor (ratio of the surface temperature rise to
the S,p), for @ > 30 mm and above 20 GHz, the results for
2D models agree well with those for planar models. In these
conditions, only marginal differences exist when considering
different definitions of the averaging volume used to compute
S;b. For the 3D model in presence of an array of dipoles, the
heating factor generally decreases with the distance between
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the antenna and the forearm. These heating factors are slightly
higher than the ones computed for the 2D model with radii
comparable to the forearm ones (¢ = 30 mm) [35].

In [36], the authors consider typical curvature radii of ears
and fingers (¢ = 1-10 mm) exposed at 26 GHz and 60 GHz.
In the EM analysis, the finger and ear are locally modelled
with a 2D homogenous cylinder infinitely extended along
its axis. In the thermal study, the same model is considered
for the finger (a up to 10 mm). To model the ear (I mm <
a < 5mm), the cylinder is extended by a parallelepiped to
account for the heat exchange occurring between the tissues
connecting ear to head. For the plane-wave excitation, S3**
remains lower than for a planar tissue model for TE polar-
ization, while it is higher for TM polarization. The maximal
differences are —38.2% and 72.3% at 26 GHz and —18.7%
and 15% at 60 GHz. The resulting temperature rise is higher
than that obtained for a planar model for both polariza-
tions. For the ear, steady-state heating variations compared
to a planar model are stronger than those of S;** and reach
92.95% at 26 GHz and 103.62% at 60 GHz (TE polariza-
tion) and 93.11% at 26 GHz and 31.65% at 60 GHz (TM
polarization).

The mmW exposure of human ears is further investigated
in [37], [38]. In these studies, an anatomical model of an adult
ear is illuminated by a plane wave at 26 GHz and 60 GHz. For
a %eneric anatomical geometry the estimation of the averaged
S;b) and S;ﬁ) is performed with a mesh-independent integra-
tion technique. Given the non-planarity of the surface, the
averaging area used in (1) and (2) is not 1 cm? or4 cm? but it
is computed as the integral of the portion of the model surface
enclosed by the projection of a 1 cm” or 4 cm? square. This
resulting conformal area is typically bigger than that of the
planar square. The analysis demonstrates that the maximal
relative differences between the two definitions of S, with
respect to the planar model value are up to 6.03% at 26 GHz
and 4.34% at 60 GHz. Additionally, for all the considered
scenarios and polarizations S;,l)) was higher than S;ﬁ).

E. INTER-INDIVIDUAL VARIABILITY

The dependence of the mmW power deposition and subse-
quent temperature rise on permittivity and thickness variations
associated with the inter-individual differences is investigated
in [28]. It is shown that the maximal relative standard devia-
tion of AT is 8% and 7% above 30 GHz, when considering
only thickness variations or combined thickness and permit-
tivity variations, respectively. The decrease in the standard
deviation associated to AT is attributed to the compensating
effect of tissues thickness and permittivity variations when the
heat rise is computed. The same authors repeated the analysis
for multiple body areas (forearm, triceps, quadriceps, and
abdomen) revealing that the results for the transmittance as
a function of frequency are almost identical, while for AT the
values for the abdomen are 8 to 12% higher than the ones in
the forearm due to the thicker subdermal fat (3.89 + 1.40 mm
against 14.3 = 7.5 mm).

324

V. RECENT ADVANCEMENTS IN MICRO-SCALE MMW
DOSIMETRY

All the previously described studies considered the near-
surface tissues as homogenous or layered, ignoring local
micro-scale heterogeneity of the skin and human cells.

A. MICRO-SCALE ABSORPTION IN SKIN SUB-STRUCTURES
In [69], the effect of cutaneous blood vessels, hairs and sweat
ducts is investigated at 42.25 GHz. The complex permittivity
of these appendages differs from the ones of bulk human
skin, thus impacting the local power absorption [69], [70].
The SAR induced inside the cutaneous blood vessels differs
depending on the orientation of the incident field and exceeds
by up to 40% the one in the surrounding dermis. Analysis
of hair and sweat ducts revealed that the former is respon-
sible for a greater distortion of the EM field than the latter.
This may be explained by the contrast between the hair and
skin permittivity, which is higher than the one between sweat
gland and skin (eg, = 12.7 — j16.6, €5yt = 15 — j27.1,
and ep,; = 2.6 — jO.1 at 42.25 GHz).

Recently, the micro-scale power deposition in a complete
set of human skin sub-structures at 60 GHz (including nerve
fibers, blood vessels, lymphatic vessels, sebaceous glands,
eccrine sweat glands, arrector pili muscle, hair, Meissner cor-
puscle, and Pacinian corpuscle) was investigated [15] (Fig. 5).
The authors developed 3D models of these structures based on
anatomical data and analyzed the electric field (E) and power
loss density (PLD = SAR - p) considering a plane wave with
different polarizations. Due to dielectric discontinuities be-
tween the skin appendages and surrounding dermis, the PLD
increases at the interfaces, suggesting that the skin appendages
may potentially be subject to higher local exposure. The maxi-
mum PLD (approximately 45% higher than surrounding skin)
is observed in the eccrine sweat glands. The second and third
highest PLD values are registered for the epidermal axons and
the Pacinian corpuscle (37.9% and 32.5% higher than in the
surrounding skin, respectively). The distribution of the PLD
in a cutaneous nerve for TE and TM exposure is represented
in Fig. 6.

In [42], the same group performed a thermal micro-
dosimetry study showing that the maximal AT for a continous
exposure to 10 W/m? occurs after 5us within the nerve
and 10 us in the capillary. The temperature is 19.2% (nerve)
and 17.7% (capillary) higher than in the surrounding skin.
The thermal equilibrium with skin was reached after about
10 ms. When considering pulses at the fluence limit suggested
by ICNIRP (0.48 kJ/m?) the peak temperature reached by
nerves and capillaries was 34% and 24% higher than in the
surrounding skin, respectively.

B. MICRO-SCALE POWER ABSORPTION AT SUB-CELLULAR
LEVEL

The first study investigating micro-scale mmW absorption in-
side human cells is reported in [43]. A 2D keratinocyte model
exposed at 60 GHz is studied using the finite element method
(FEM) method. The generic cell model is designed based on
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FIGURE 6. Distribution of the PLD in a cutaneous nerve for a normal
impinging plane wave with (a) TE and (b) TM polarization.

electron microscopy images. It includes nucleus, endoplasmic
reticulum, mitochondria, vesicles, and Golgi apparatus. The
analysis reveals that 98.9% of the incident field penetrates the
organelles at 60 GHz. The PLD averaged over the organelles’
volume is in average 1.95% lower than that in the cytoplasm,
while the averaged E in the nuclear pores is 1.1 times higher
than the incident field and the averaged PLD in the same
location was 1.2 times higher than in the cytoplasm. This
suggests that, locally, the intracellular traffic is more exposed
than the cytosol.
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VI. CONCLUSION

This paper discusses the latest advancements in mmW
dosimetry overviewing various physical aspects of mmW/
body interactions at macro- and micro-scale.

Given the shallow penetration and the electrically large di-
mensions of the human body at these frequencies, whole body
anatomical models have extremely high computational cost
and insufficient spatial resolution. To decrease the computa-
tional cost, planar and curved mono- or multi-layer models
have been used to analyze local exposure numerically or
analytically. Micro-scale models reproducing skin and cell
substructures have been recently introduced. Semi-solid and
solid phantoms have been proposed to quantify the power de-
position on the body surface and to investigate experimentally
the antenna/body interactions at mmWs.

The effects of different parameters on the user exposure
have been reported, including age, clothing, curvature of
the body surface, characteristics of the impinging field, and
inter-individual differences. The choice of the model used
to simulate a given scenario is fundamental for an accurate
evaluation of the EM exposure and the resulting temperature
rise. Since at mmW frequencies the heat penetrates deeper in
the body than the EM power, if the main focus of the analysis
is the EM absorption, a monolayer skin model is sufficient.
However, if the temperature is also of interest subjacent tis-
sues should be included [14].

For what concerns the model parameters, when considering
the permittivity values of the tissues, literature studies re-
vealed that inter-individual differences or age impact the EM
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power absorption and AT by approximatively 10-15% [17],
[28]. Differences in thickness of different layers due to inter-
individual differences or the on-body location are responsible
of variations lower than 15%. The only exception is thick SC,
that may increase the absorption up to 100% depending on the
polarization of the impinging wave and angle of incidence.

It was demonstrated that, for all the scenarios that involve
the presence of a clothing in contact with the skin, it is
fundamental to account for the effect of textile. Indeed, for
certain thicknesses, a textile layer in contact with the skin may
act as a matching layer increasing the exposure level [32],
[64]. The presence of an air gap between the textile and the
skin produces fluctuations of S, resulting in its increase or
decrease depending on the textile and airgap thickness.

Several studies also demonstrated that, even if at mmWs
the absorption is mainly superficial, the impact of the body
curvature cannot be always neglected. Curved body structures
may be subject to higher exposure, making planar models in-
accurate to correctly evaluate the EM absorption and resulting
heat rise of curved body parts [41]. For structures such as
the ears, the variations of S,, may be significant locally (up
to roughly 20% at 60 GHz) and more limited when averaged
spatially (of about 5% at 60 GHz) [71].

While all the models proposed to investigate the exposure
at macro-level consider the human tissues as homogenous,
recent micro-dosimetry studies demonstrated that the pres-
ence of substructures may modify locally the absorption and
temperature distribution inside the tissues. As an example,
PLD and temperature in the nerve axons can be up to 37.9%
and 19.2% higher than in the surrounding skin, respectively.
Note that the considered micro-scale model are generic and
they do not take into account the dynamics and variability of
biological cells. Stochastic studies are needed to get a deeper
insight into these aspects. Furthermore, information regarding
the effective EM properties of sub-cellular structures and their
applicability at micro-scale is very limited. Progress in this
direction would be an important step forward in definition
of representative and computationally accurate micro-scale
models.
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