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Executive summary

This report is a deliverable of Work package 1 - Task 1.3 “Dosimetric aspects related to the
human body exposure to millimeter waves”. It provides the state of the art on the human body
electromagnetic field exposure at millimeter waves (mmW), as well as the summary of the current
exposure limits and guidelines. The report includes the main considerations taken into account by
regulations to establish the exposure levels (temperature, time, superficial and volume averaging,
etc.).

Interactions between the human body and a plane wave in V- and E-bands are studied
numerically. Data on reflection and transmission coefficients, as well as on the absorption in a
homogenous skin model are quantified, and preliminary findings towards the analysis to be
performed in Task 4.5 are summarized. In particular, it is shown that:

e The maximum power density occurs at the skin surface.

¢ The transmitted power attenuates exponentially in the skin and depends on the polarization
and angle of incidence.

e Higher transmission values occur for parallel (TM) polarization than for perpendicular (TE)
polarization.

e At normal incidence, about 62% of transmission is obtained in the V-band, while it increases
up to about 68% in the E-band.

Disclaimer: This document reflects the contribution of the participants of the research project
MiWaves. It is provided without any warranty as to its content and the use made of for any particular
purpose.

All rights reserved: This document is proprietary of the MiWaveS consortium members. No copying
or distributing, in any form or by any means, is allowed without the prior written consent of the
MiWaveS consortium.
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List of Definitions

Term

Description

Penetration depth

¢ |s the depth at which the power density of radiation inside the
material falls by 1/e? (about 13%) of its original value at the surface.

Basic restrictions (BRs)

e Applied to exposure to time-varying electric, magnetic, and
electromagnetic fields based directly on established health effects.

¢ The physical quantities used are the following:

- current density J [A/m?]

- specific absorption rate SAR [W/kg]

- power density PD [W/m?]

Reference levels (RLs —
terminology used by
ICNIRP) or Maximum
permissible exposure
(MPEs -
terminology used by
IEEE)

values

* Provided for practical exposure assessment to determine whether
the basic restrictions are likely to be exceeded.

e Some of the RLs (MPEs) are determined from the BRs using
measurements or computations.

¢ The physical quantities are:

- electric field strength E [V/m)]

- magnetic field strength H [A/m]

- magnetic flux density B [Wb/m?]

- power density PD [W/m?]

- current flowing through the limbs /; [A]

- contact current /¢ [A]

- specific energy absorption SA [J/kg] (is the time integral of specific
absorption rate SAR; is considered for exposures to an EM pulse)

Occupational public
exposure limits

* All exposures to EMF experienced by individuals in the course of
performing their work.

e The person must be fully aware of exposure, must know how to
control and limit the exposure and must have exposure training
knowledge.

¢ Higher exposure limits apply.

General public
exposure limits

¢ Apply to all consumer devices.

* There is no knowledge of exposure required.

* More restrictive exposure limits apply compared to occupational
public restrictions.

Specific Absorption
Rate (SAR)

* Represents the rate at which the energy is absorbed per unit mass
of body tissue.
* |s expressed in watts per kilogram (W/kg).

-2
Gch
0

o — material conductivity [S/m]; E — internal electric field (V/m); p-

* SAR=
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material density (kg/m?3)

Power density (PD) e Represents the power per unit area normal to the direction of
propagation.
¢ |s related to the electric and magnetic field as:

PD:_P :‘éx ﬁ in time domain
S

pD:E RG{ Bx 1-*]} in frequency domain
2

P —incident power (W), S — exposed surface area (m?),

E - electric field vector (V/m), H - magnetic field vector (A/m).
This last formulation will be used throughout this document.

e Is expressed in watts per square meter (W/m?).

2 2
e For uniform plane wave: pD:E :H.

n 377

ICNIRP * Represents the abbreviation for the International Commission on
Non-lonizing Radiation Protection. Is an independent organization,
whose objective is to provide scientific advice and guidance on the
health effects of non-ionizing radiation (NIR) to protect people from
detrimental NIR exposure.

¢ Provides an overview of the physical characteristics, measurement
and instrumentation, sources, and applications of NIR, a thorough
review of the literature on biological effects, and an evaluation of
the health risks of exposure to NIR. These health criteria have
provided a scientific database for the subsequent development of
exposure limits and codes of practice relating to NIR.

IEEE Std.95 ¢ |Is a document containing recommendations for safety levels with
respect to human exposure to EMFs in the frequency range of 3 kHz
to 300 GHz.

e |ts purpose is to provide exposure limits to protect against
established adverse effects to human health induced by exposure to
RF electric, magnetic and electromagnetic fields over the frequency
range of 3 kHz to 300 GHz. Its use is wholly voluntary.

CENELEC e Represents the abbreviation for Comité Européen de
Normalisation  Electrotechnique (European Committee for
Electrotechnical Standardization). Is an organization responsible for
European standardization in the area of electrical engineering.

e Together with the European Committee for Standardization (CEN)
and the European Telecommunications Standards Institute (ETSI), it

forms the European system for technical standardization.
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1. Introduction

Over the last years, advances in millimeter-wave (mmW) technologies increased the interest of
the research community in wireless applications at mmWs. Compared to the microwave spectrum,
mmWs offer some advantages like compact, small antennas and devices (due to the small
wavelength) that can support high data rates over distances as great as several km [1], [2]. Also,
mmWs offer a high level of security for short range communications (due to high atmospheric
attenuation), and reduced interference with other wireless services, devices and adjacent network
cells.

Today, the cellular networks occupy the microwave spectrum, but since it is becoming very
crowded, moving towards mmW spectrum would allow for larger channel bandwidths and data rates

[3].

Future mmW integrated systems could have the attributes for new 5G mobile networks. Their
use in cellular mobile networks will result in exposure of users at mmW frequencies, especially in the
57-66 GHz band if this frequency band is chosen for mobile access as proposed in MiWaveS vision.
However, mmW systems must be compliant with standards (e.g. IEEE 802.11, IEEE 802.15, IEC 62209-
1) based on the ICNIRP, IEEE and CENELEC exposure limits and recommendations. In V- and E-bands,
according to ICNIRP recommendations, the relevant dosimetric quantity to be considered is the
incident power density (IPD). The recommended limits are 1 mW/cm? for general public, while for
the occupational exposure the limit is 5 mW/cm?. Both values are averaged over 20 cm? of exposed
area [4], [5]. Also, for local exposure, the spatial maximum PD, averaged over 1 cm?, should not
exceed 20 times the values listed above. Similar restrictions are adopted by the CENELEC [6-9] / IEEE
[10] regulations with some differences discussed in Section 3. It should be noted that previous
recommended limits are based on investigations related to possible induced biological effects due to
EM exposure. In particular, studies on the eye at microwaves, where cataract may appear [11], were
considered to establish the limits at mmW. The recommended levels at mmW are applied to both
target organs, i.e. eye and skin. Current recommendations for mmW do not provide limit values for
near-field exposure, but only for far-field exposures. Compared to the microwave spectrum, the
Specific Absorption Rate (SAR) is not used as a dosimetric quantity at mmW. However, it can be used
as an intermediate parameter to retrieve the incident and in-tissue PD.

The main purpose of this report is to provide an overview of the scientific literature, guidelines
and standards related to the mmW / human body interactions. It also underlines the most
appropriate dosimetric quantities and the exposure limits to be considered. Preliminary numerical
results are also presented in the report regarding the propagation of plane waves in V- and E-bands
into the human skin, since the latter is the most exposed part of the body at these frequencies.

The report is organized as follows. In Section 2, the interaction mechanism of mmW with
biological tissues is described. mmW dosimetry aspects are also reviewed. Insights into the reflection
and transmission at the air / skin interface, as well as influence of clothing are provided in the same
section. mmW exposure limits defined by ICNIRP, IEEE and CENELEC are summarized in Section 3. In
Section 4, rationales and considerations behind these limits and recommendations are discussed.
Section 5 provides results of a numerical study on the propagation of plane waves in V- and E-bands
into the human skin. Data on reflection and transmission coefficients, as well as absorption in the
skin are quantified. Section 6 provides some insights into the numerical modeling at mmWs.
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Conclusions are drawn in Section 7. Section 8 draws the steps to be followed in Task 4.5 “Exposure
assessment and evaluation of antenna / human body interactions”.

Table 1.1 summarizes the key points related to mmW dosimetry and exposure assessment.

Table 1.1: Key points.

Interaction of mmW with the human body (Sections 2.1-2.5)

¢ At 60 GHz under normal incidence, around 40% of the incident power is reflected by the
skin. Transmission is strongly correlated to the wave polarization and angle of incidence.

¢ The penetration depth in biological tissues is very shallow at mmW (e.g. at 60 GHz the
depth penetration is around 0.5 mm), and power is absorbed by superficial layers of the
body.

¢ As aconsequence, the main target tissues for mmW are skin and cornea.

¢ Shallow penetration depth of mmWs in the skin induce SAR levels significantly higher than
those at microwaves for identical IPD values (e.g. 100 W/kg for an IPD of 1 mW/cm? at
60 GHz).

Heating due to the exposure to mmW (Section 2.7)

* Average and high-power mmW exposures (above 10 mW/cm?, and average over 20 cm?)
may result in a significant temperature increase (above 1°C), which might induce cataracts,
ocular lesions or inflammation, corneal opacity, epithelial injury, miosis, changes in vascular
permeability, skin burns, dermis tissue damage. The expected power levels corresponding to
wireless communications are sufficiently low, so that the skin and eye heating does not
exceed several tenths of °C.

Influence of clothing (Sections 2.8-2.9)

¢ The presence of clothing in direct contact with human skin may induce an increase of power
transmission coefficient. However, the presence of an air gap between skin and clothing
decreases the power transmitted to the skin.

¢ Path gain variations related to regular textile presence (typically 0-5 dB along the body
propagation) are lower than the changes of the path gain on a real human body occurring
due to the different postures, movements, and positioning of antennas (typically above
10 dB).

Guidelines for exposure limits and considerations (Section 3 & Section 4)

¢ At mmW, absorption is very superficial. As a consequence the safety guidelines are set in
terms of the maximum accepted incident power density (IPD).

Basic restrictions (BRs)

. . Averaging
L. Frequency Public Power density :
Organization 2 Surface Time
(GHz) exposure (mW/cm?) R .
(cm?) (min)
) 5 20
Occupational
100 1
ICNIRP 10-300 68/f1.05
1 20
General
20 1
: 10 100
30-300 Occupational
IEEE 100 ! 25.24/P478
1 100 '
30-100 General
100 1
) 5 20
CENELEC 2-300 Occupational 00 1 68/f105
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1

20

General

20

1

f—frequency in GHz

Comparison of V- and E-bands (Section 5)

For a normally incident plane wave at the air / skin interface:

. Power transmission | Max power density in the skin
Frequency | Penetration depth . )
coefficient PD (mW/cm?)
(GHz) 6 (mm) 3 3
% 1 mW/cm 5 mW/cm
60 0.48 63 0.62 3.12
74 0.42 65 0.65 3.26
84 0.39 68 0.68 3.38
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2. Fundamentals on the interaction of mmW with the human body

The interaction of the EMFs with the human body depends on frequency, electromagnetic field
strength and power, type of exposure (CW or pulsed), and duration. In order to evaluate the human
exposure to EMF, quantities like SAR, induced electric field and current density have been used for
dosimetry at low frequencies and at microwaves. It has been shown that, in addition to the exposure
parameters, these quantities depend on the tissues type. Usually, a region of specific tissue mass (i.e.
1g or 10 g) is used for SAR averaging and correlation with induced biological effects. For instance,
10 g of tissue correspond to a cube with edge dimension 2.15 cm (which volume is about 10 cm3)
[10], where induced effects like cataract have been noticed [11].

At mmW, the primary target organs / biological tissues are eyes and skin. Above 30 GHz, the
absorbed power is superficial (penetration depth is 1 mm or less), mainly due to the relaxation of
free water molecules occurring at these frequencies. For instance, at 60 GHz, penetration depth is
around 0.5 mm, so the penetration is limited to the superficial layers of the human skin and cornea.
As a consequence, incident power density (IPD) has been used as a dosimetric quantity at mmW. The
shallow penetration at mmW results in SAR levels significantly higher compared to those at
microwaves for the same IPD, possibly leading to a significant superficial heating.

2.1 Interaction with eyes

This section reviews some of the main research studies performed on the EMF exposure of the
eyes, both at microwaves and mmWs. This review is necessary since some of the safety limits
recommendations for local exposures are based on thermal effects in the eyes which have been
examined extensively in the microwave region.

High-power RF energy can cause some ocular effects in the eye (which diagram is shown in
Figure 2-1), in particular cataracts [11], but also effects on retina, cornea and other ocular systems
may occur.

Foven Iixur-l of
ceniral bocus)

i

Macula

Pupil

Comao q\"

Len y

Ciliary muscle

{conirols the lens) Oiptic

Retna [rods nEre
and conesy

Figure 2-1: Schematic diagram of human eye.

During the years, experiments on animal eyes have been performed considering localized, very
high RF fields. A correlation between the average SAR in the eye and the temperature elevation was
established. For example, exposures at 2.45 GHz for more than 30 min at IPD of 150 mW/cm? can
cause high SAR levels (138 W/kg) and temperatures (>41°C) in or near the lens causing cataracts in
rabbit eyes [12]. Many experiments, performed at 2.45 GHz showed that an IPD larger than
100 mW/cm? for 30 min can induce lens opacity [13]. However, opacity in the eyes of monkeys has
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not been observed after repeated acute localized exposure of up to 500 mW/cm?, well above
threshold levels for rabbits. Monkeys were exposed to 2.45 GHz CW for up to 12 h over four months
period at SAR in the head of up to 40 W/kg. After 1-4 years eye continuous examinations, no effects
on the lens have been revealed. The lower susceptibility of monkeys to cataract is due to the
structural differences in the two species eyes and skull, resulting in low SAR and temperature
increase [14].

Temperature elevations have also been numerically investigated [15]-[18]. In [16] a numerical
human head model is considered for SAR and temperature distribution in the eye. It is shown that at
2.45 GHz, a SAR of 2 W/kg (general public) or 10 W/kg (occupational public) averaged over 10 g of
tissue, induced a temperature increase of 0.3°C or 1.5°C in the lens [16]. In [18] a numerical
investigation has been performed to evaluate the SAR and temperature distributions for possible
systems operating between 6 and 30 GHz. In [18], a numerical study performed on a human head
model revealed that, for an IPD of 1 mW/cm? applied to the eye, the maximum temperature increase
is about 0.6°C in the lens at the frequencies of 18 and 30 GHz. An IPD of 10 mW/cm? induces a
maximum temperature increase of 0.3°C in the lens at 6 and 18 GHz, while 0.5°C temperature
increase in the cornea is found at 18 GHz. While at 2.45 GHz the radiation penetrates sufficiently
deep into the eye (the eye’s part most at risk being the inner region, i.e. lens, vitreous humor),
moving towards higher frequencies where the radiation penetration depth is smaller, a greater
power deposition takes places in the cornea. Normal temperature in the cornea has been both
numerically and experimentally determined to be around 32-33°C. The noted temperature increment
values are much less than the threshold value of 3-4°C to induce cataract. In [19], it was also shown
that, for plane wave exposures at 6 GHz, for an IPD of 5 mW/cm?, a maximum temperature elevation
of 0.3°C appears near the eye surface.

The ICNIRP [5] guidelines considered the National Radiological Protection Board (NRPB)
document [17]. The latter, based on Hirata’s studies [19]-[20], concluded that in the frequency range
0.6-6 GHz, at 1 W/kg averaged over the eye may lead to a steady-state temperature increase of
0.4°C. At 10 W/kg the temperature increase in the eye would be 4°C if only the eye without the head
is considered. To be noted that, normal temperature in the eye is about 37.8°C.

Most of the studies performed at frequencies below 30 GHz showed that an IPD of 100 mW/cm?
lasting at least 30 min can induce cataract. Temperature threshold for cataract has been established
at around 41°C, which corresponds to a temperature increase of about 3-4°C in the eye.

Some recent studies have been performed at mmW [21]-[27]. In [24], rabbit eyes were exposed
to a source represented by a horn antenna at 60 GHz capable of supplying an IPD of 10 mW/cm?.
Post-exposure diagnostic examination of rabbit eyes after acute (8 h exposure) and repeated (five
separate 4 h exposure) 60 GHz CW exposure at 10 mW/cm? (averaged over 20 cm?) did not reveal
any ocular changes. More recently, in [23], similar conclusions have been outlined for rabbit eyes
after in vivo exposures to 200, 100, 75, 50, 10 mW/cm? at 76 GHz CW for 6 min with a lens antenna.
Corneal opacity, epithelial injury, miosis, and ocular inflammation were present up to 2-3 days after
exposure at 200 mW/cm?; no ocular changes other than reversible corneal epithelial injury were
seen following exposures at 100 and 75 mW/cm?; no ocular changes after exposure at doses of 50
or 10 mW/cm?.

In [25], a detailed dosimetry of the human eye exposed to 77 GHz mmW was presented. A
maximum SAR of 45.1 W/kg (averaged over 10 g) was found in the eye for an IPD of 1 mW/cm?. Using
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an infrared imaging system (used to record remotely the surface temperature with a high sensitivity
(<50 mK)), the exposure from a horn antenna induces a maximum increase of 0.7°C for a PD of
10 mW/cm? and less than 0.1°C for 1 mW/cm? for porcine eye (in vitro).

Numerical modeling of heat in the human / rabbit eye under mmW exposure was analyzed in
[26], [27]. The model takes into account the fluid dynamics of the agueous humor (AH) and predicts a
frequency and IPD dependency to reverse its flow. In the rabbit eye, a temperature difference of
0.02°C between the front and back surface of the anterior chamber was sufficient to induce
circulation of the AH. At 60 GHz, the study revealed that for IPD between 10-50 mW/cm? the
direction of the AH flow is counter clock wise, with a temperature in the cornea from 34°C to 36.4°C.
The flow direction changes for PD from 60-160 mW/cm?, and temperatures are between 36.8°C -
40.9°C. Apparently, the temperature increases linearly with the IPD of about 0.4°C /10 mW-cm?. To
be noted that, normal temperature in the cornea is about 32-33°C. The predicted temperature rise
for the human eye is however lower than the temperature rise computed for the rabbit eye.

Table 2.1 summarizes the related studies to the eye effects to EMF exposure.

Table 2.1: Related studies to the eye effects due to EMF exposure.

Microwaves
Frequency | Species Power SAR Exposure Study Temperature Effect Ref.
[GHZz] density [W/kgl gradient
[mW/cm?] [°Cl
2.45 Rabbit 150 138 1day Experimental 6 cataract 12
eye exposure for
100 min
1day
295 - exposure for
30 min
2.45 Monkey 150 - 1day Experimental No effect 14
eye exposure for
30 min
2.45 Human 2 - Numerical 0.3inlens - 16
eye 10 1.5in cornea
6 Human 10 1.68 - Numerical 0.3inlens - 18
eye
18 Human 10 13 - Numerical 0.5in cornea - 18
eye
Millimeter waves
60 Rabbit 10 - 8 hours Experimental No effect 24
eye
60 Rabbit 60-160 - - Numerical 0.4°C/ 10 mW/cm? | Change of the 26,27
and aqueous humor fluid
Human dynamics direction
eye
76 Rabbit 200 - 6 min Experimental 9-10 Corneal opacity 23
eye 100 5 Reversible corneal,
75 4 epithelial injury
No effect
50 0.5 No effect
10
77 Human 1 45.1 - Numerical & 0.1 No effect 25
& 10 Experimental 0.7
Porcine
eye
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. Recent in vivo studies performed at mmW revealed that exposure at
100 mW/cm? can induce reversible corneal epithelial injury, while exposure at
50 mW/cm? and 10 mW/cm? did not induce any ocular tissue damage. The
averaging area is 20 cm?. It should be noticed that for IPD values 10-50 times
higher than the recommended levels (i.e. 1 mW/cm? for general public and
5 mW/cm? for occupational public) no ocular effects were observed.

. Temperature increase of about 0.1°C or 0.7°C are expected for exposures at
77 GHz and for IPD of 1 mW/cm? and 10 mW/cm?, respectively.

¢ Majority of the current studies showed that as long as the exposure is in the

recommended limits (i.e. for local exposure scenario, IPD averaged over 1 cm?%:
20 mW/cm? for general public and 100 mW/cm? for occupational public), the
temperature increase does not exceed the temperature threshold (i.e. 41°C)
where cataract in the eye may occur.

2.2 Interaction with human skin

About 95% of the human body is covered by skin and therefore this is the main target for mmw
exposure due to the shallow penetration limited to several tenths of a millimeter. The skin
(schematic diagram shown in Figure 2-2) is composed in average of 65.3% free water, 24.6% proteins
and 9.4% lipids, and consists of three different layers: epidermis (thickness 0.05 mm on the eyelids
up to 1.5 mm on the palms and soles), dermis (thickness 0.3 mm on the eyelid up to 3 mm on the
back) and subcutaneous tissue (thickness 1.1 mm to 5.6 mm) [28].

Hair

The Skin

Sebaceous Gland
Sensory Nerve Ending
I Epidermis

Nerve

I Dermis

I Subcutaneous Tissue

Sweat Gland Fat, Collagen, Fibroblasts

Figure 2-2: Schematic diagram of human skin.

In [22], theoretical parametric analyses of temperature elevation due to mmW exposure have
been performed in a single-layer model of the skin and a three-layer model (skin/ fat/muscle). CW
and normal incidence were assumed. An approximated analytical solution of the bioheat equation
was used to evaluate the temperature elevation in the frequency range 30-300 GHz for an IPD of
5 mW/cm?. It was stated that the temperature increase on the body surface decreases monotonically
with thermal parameters (terms associated with the blood flow, thermal conductivity and heat
transfer coefficient). At 60 GHz the maximum temperature increase at the skin surface (for the skin-
layer model) was found to be 0.7°C. In the three-layer model, the maximum temperature increase
was 2 times higher than in the single layer model (i.e. 1.4°C at the skin surface). It was also shown
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that the heat transfer coefficient is the dominant parameter in temperature change in the three-
layer model. Theoretical analysis on the steady-state temperature elevation using bioheat equation
shown that this depends on many parameters: thermal conductivity, blood flow, thermal and tissues
thickness parameters etc. In a 3-layer model (skin/fat/muscle) a temperature elevation for a
maximum condition to reach an increase of 2-3 times higher than in a single layer model might occur.
This finding can be an informative explanation for the variability of warmth sensation. One
dimensional model simplification is reasonable since the heat diffusion length in biological tissues is
at most a few mm. Moreover, experimentally has been shown that temperature elevations appear at
the skin surface.

The presence of cutaneous blood vessels affects mmW-induced heating of the skin. The
orientation of the exposed vessels with respect to the E-field of the incident mmW energy has a
significant effect. The greatest temperature rise for an exposure to an IPD of 10mW/cm? averaged
over 20 cm? (i.e. 4.7°C) occurs with vessels oriented parallel to the direction of the E-field [29], [30].
Also, the blood flow greatly affects the temperature rise resulting from mmW exposure. In [29], an
“effective” thermal conductivity has been added to the bioheat equation to quantify mmW heating
of the skin at high blood flow rates. The presence of a fat layer resulted in the appearance of a
significant temperature gradient between the dermis and muscle layer which increased with the fat
layer thickness (e.g. at 42 GHz an IPD of 20 mW/cm? may generate an increase of 2.5°C for a 2 mm
fat thick layer or 3.5° for 8 mm fat thick layer, an increase which is however below the threshold
41°C) [31], [32].

At 60 GHz, a plane wave normally incident on the surface of a single layer or multilayer skin
model was considered in [29]. It was shown that, for a 2 mm-thick skin, it is possible to calculate the
PD, penetration depth and SAR. The thin (10um to 40um thickness) stratum corneum (SC) has little
influence on the interaction of mmW with skin. On the contrary, the thick SC in the palm played the
role of a matching layer and significantly increased the power deposition. The epidermis and dermis
contain a large amount of free water, and as a consequence mmW energy is highly attenuated. The
greatest SAR was noticed at the superficial layer of the skin (e.g. about 150 W/kg at 0.1 mm depth for
IPD of 10 mW/cm?).

The SAR distribution and thermal response in the human skin in W-band was also addressed in
[25] for a plane wave exposure. An analytical method was used to investigate SAR inside a layered
model of the human skin from 3 to 100 GHz. For an IPD of 1 mW/cm?, the maximum SAR was found
to be 27.2 W/kg in skin. The temperature changes of the superficial tissue caused by a horn antenna
were measured using an infrared imaging system. The study showed that, at 77 GHz for an IPD of 10
mW/cm?, the temperature increase is about 0.7°C, and for an IPD of 1 mW/cm? the increase is less
than 0.1°C in human skin (in vivo). Moreover, in [33], it was shown that exposure at 60 GHz produces
a skin temperature increase of about 0.1°C for an IPD of 1 mW/cm? and 0.5°C for IPD of 5 mW/cm?
(the exposure limit for the occupational environment for 20 cm?).

In [34], a numerical modeling of the mmW propagation and absorption in a high resolution skin
model was investigated. The purpose was to investigate the potential effect of sweat gland ducts
(SGD) on SAR and temperature distributions during mmW exposure. This study presented an
improvement in the higher spatial resolution numerical modeling of the skin, showing that
microstructures can play a significant role in the mmW absorption and induced temperature. The
results showed that SGD could act as a high absorption site for mmW radiation, in agreement with
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previous studies [22]. It was noticed that, when SGD is included in the skin model, at 94 GHz, a
maximum SAR of 288000 W/kg is obtained in the SGD. Assuming a linear relationship between SAR
and temperature gradient, the maximum temperature increase of about 32°C within the center SGD
would be expected. However, in the considered model only an increase of 7°C was calculated. To be
noted that, initial condition for the temperature was 32°C [35]. The discrepancy in the increased
temperature is due to a very high SAR in an extremely local area (<0.01 mm?3) at the tip of the SGD,
which included only a few voxels. In thermal simulation, these few voxels would represent a very
small heating source inducing a rapid heat dissipation, and as a consequence a lower temperature
increase. The maximum temperature increase calculated in [34] was in agreement with the
temperature measured in the skin of healthy volunteers [36]. In [36], the skin temperature increase
of roughly 10°C was measured after 3s exposure to 18 kW/m? at 94 GHz. In [34], the temperature
increase of about 4.5°C was calculated for 3s exposure at 9.3 kW/m? of 94 GHz. The steady-state
temperature increase (7°C) was reached after about 20s of continuous exposure to 94 GHz
irradiation.

*  Majority of the studies showed that mmW radiation is mainly absorbed in the
epidermis and upper dermis.

¢ Shallow penetration of mmWs in the skin results in SAR levels significantly higher
than those at microwaves for identical IPD values (e.g. 150 W/kg (60 GHz) for an
IPD of 10 mW/cm? compared to 8-10 W/kg (2.45 GHz) averaged over 10g of
tissue).

* For the exposure limits, the following typical skin temperature increases have
been demonstrated:
0 General public 1 mW/cm?: an increment of 0.1°C.

0 Occupational public 5 mW/cm?: an increment of 0.5°C.
0 10 mW/cm? (level usually used in RF therapy): an increment of 0.7° C to 1°C.
N.B. averaging surface area is 20 cm?.

e Temperature distribution at mmW depends on the geometrical and thermal
properties of the multilayer skin model. In particular, heating is related to the
blood flow, sweet gland ducts, fat and muscle layer. The environmental
temperature and physiological conditions impact the temperature distribution,
and corresponding steady-state increment may vary by a factor of 3. However, for
IPD recommended by the ICNIRP/IEEE/CENELEC, the temperature increases are
much lower than environmental thermal fluctuations.

In the following, the attention will be mainly focused on skin as this is the most
exposed organ in the considered MiWaveS exposure scenarios. Also, the highest
exposure levels are expected to occur in the skin. If needed, eyes will be included in the
numerical modeling of Task 4.5.
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2.3 Dielectric properties of human skin

The knowledge of the dielectric properties of human skin is essential to determine the reflection,
transmission and absorption of mmW in the human body, as well as for the electromagnetic
modeling and dosimetry. Available data for the skin permittivity at mmW, in particular above 50 GHz,
are very limited due to technical difficulties in measuring this parameter. The dispersive behavior of
the dielectric properties of biological tissues is related to the rotational dispersion of free water
molecules [37]. The results on skin permittivity presented so far in the literature strongly depend on
the measurement technique, type of study (in vivo or in vitro), experimental conditions (e.g. skin
temperature, location on the body, thickness of different skin layers etc.).

In [38], Gabriel et al. reported the complex permittivity of the human skin up to 110 GHz, based
on an extrapolation of measured data performed up to 20 GHz on in vivo human skin. Two skin
models have been identified: wet skin and dry skin. For the wet skin data, a gel has been used to
moisture the skin. Dry skin model corresponded to human skin under normal environmental and
physiological conditions (T ~ 32.5°C). In [39], an extrapolation of the measured data on rabbit skin at
23 GHz using a Debye model is performed at 60 GHz. In vitro studies on human skin samples have
been performed in [40], and the dielectric properties were obtained using a free space quasi-optical
technique in the 60-100 GHz frequency range.

In vivo measurements on the epidermis of the human palm and wrist were performed in [41]
using a coaxial probe up to 110 GHz.

Reflection measurements with an open-ended waveguide were carried out in [42] by Alekseev et
al. considering the forearm and palm skin. Homogeneous and multilayer models were proposed to fit
the experimental data. More recently, in [43], a new method to determine the dielectric properties
of human skin based on heating kinetics has been introduced. Forearm skin is exposed at 60.4 GHz
using an open-ended waveguide and CW signal. Temperature distribution is recorded using an
infrared camera. By fitting the analytical solution of the bio-heat transfer equation to the
experimental heating kinetics, the values of power density and penetration depth can be defined.
The latter is used to retrieve the complex permittivity of the skin described by Debye equation. This
method has been also validated through measurements using an open-ended slim coaxial probe
designed to operate up to 67 GHz.

Table 2.2 summarizes the skin dielectric complex permittivity at 60 GHz. Generally, Gabriel’s
model is the well-established model and is widely used as a reference.

Dry skin permittivity according to Gabriel’s data is shown in Figure 2-3 over a broadband
frequency range from 50 to 90 GHz. The complex dielectric permittivity is given by the Debye
equation:

. Ag o (1)
E =€+ +

1+ jowr  joe,

where w =2rtf, f (Hz) is the frequency, 4¢ = &s- & is the magnitude of the dispersion of the free
water fraction of skin, &s is the permittivity at wr << 1, & is the optical permittivity and is equal to
2.5+2.7w: with W being the weight fraction of the total water content of the material to be
characterized, t is the relaxation time, g(S/m) is the ionic conductivity. Debye parameters in the
frequency range 50-90 GHz are: €x =4, €s=32,1= 6.9 psg = 0.2 S/m.
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Table 2.2: Skin dielectric properties at 60 GHz.
e* T[°C] Method Study Reference
7.98 -j-10.90 325+0.5 Extrapolation In vivo (dry skin) Gabriel [38]
10.22 -j-11.84 37 Extrapolation In vitro (wet skin) | Gabriel [38]
8.89-j-13.15 37 Extrapolation In vitro Gandhi [39]
8.05-j-4.13 24-26 Measurement In vivo Hwang [41]
9.90-j-9.00 23 Measurement In vitro Alabaster [40]
13.2-j-10.30 37 Extrapolation In vitro Alabaster [40]
8.12-j-11.14 20-22 Measurement In vivo Alekseev [42]
8.02-j-10.05 32-33 Measurement In vivo Chahat [43]
15 - o 15
10
o o,
5
O 55 60 & 70 75 80 8 90"

Frequency (GHz)
Figure 2-3: Complex permittivity of the dry skin in 50-90 GHz range [38].

e Wet and dry skin dielectric permittivity data are available in V- and E-bands.
¢ The broadband behavior can be described by the Debye’s model.
e At 60 GHz the skin complex permittivity is ¢* = 7.98 - j-10.90 (Gabriel’s data).

2.4 Skin phantom

Generally, in order to evaluate the exposure of the human body to EMF, phantoms simulating
the properties of the human tissues are used. Indeed, different phantoms have been proposed and
classified [44-54]. Liquid or gel phantoms have been widely used for frequencies up to 10 GHz. They
are easy to prepare and allow for an easy scan of the E-field inside the phantoms. One of the
disadvantages is the poor stability of the dielectric properties due to water evaporation. Although
solid dry phantoms with fine stability have also been developed up to 6 GHz, they require complex
and skilled procedures and lead to high cost [49], [50].

At mmW, liquid phantoms are of limited interest because of the container and very shallow
penetration of the field into the tissue (i.e. dsocH: = 0.5 mm).

It was demonstrated that at higher frequencies, the interaction with the human body is limited
to the skin [29-31], [33]. As a consequence, a semi-solid skin-equivalent phantom has been recently
proposed in [55] for dosimetric studies at mmW. Its composition (based on deionized water, agar,
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polyethylene powder, TX-151, and sodium azide) has been optimized to coincide with measured
values of the human skin permittivity in V-band. Its dielectric properties have been measured using
an open-ended slim coaxial probe designed for permittivity measurements of liquids and semisolids
up to 67 GHz. The phantom permittivity measured at 60 GHz was found €* =7.4 — j-11.4, with an
error of 7.3% for the real part and 4.6% for the imaginary part compared with the Gabriel’s target
data [38]. These deviations have been proven to be acceptable for antenna measurement, channel
propagation and dosimetric studies, since they lead to small variations of the power reflection
coefficient, penetration depth, and SAR [55-57].

Furthermore, a solid phantom emulating the same reflection coefficient as the one of skin was
recently reported for the 58-63 GHz range [58]. While it cannot be directly used for the dosimetry, it
can be used to evaluate the distortion of the terminal performances due to the presence of the
human body.

A semi-solid phantom emulating dry skin dielectric properties is available at 60 GHz
for experimental dosimetric studies. Solid phantom covering 58-63 GHz range can be
used to evaluate the distortion of the terminal performances due to the presence of the
human body.

2.5 Reflection and transmission at the air / skin interface

As previously mentioned, the skin dielectric properties have a significant impact on the reflection
and transmission coefficients at the air/skin interface. In [33], the reflected and transmitted
coefficients are reviewed for a 60-GHz plane wave illuminating a semi-infinite flat model with
dielectric properties of the skin.

Two cases are considered as shown in Figure 2-4:

a) Parallel polarization (TM mode), where the Efield is parallel to the plane of incidence,

b) Perpendicular polarization (TE mode), where the Efield is perpendicular to the plane of
incidence.

Figure 2-4: Polarization: (a) parallel (TM); (b) perpendicular (TE).

Figure 2-5 represents the power reflection and transmission coefficients calculated analytically at
60 GHz at the air / skin interface. A homogeneous skin model with dielectric properties known from
the literature is considered. In particular, the following skin permittivities are chosen: €* =7.98 -
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j+10.90 [38], €* =8.89 - j-13.15 [39] and €* = 8.05 - j-4.13 [41]. It is shown that the reflected power
depends on the polarization and angle of incidence. It is interesting to notice that, for normal
incidence, the incident power reflected from the skin is about 38% for the Gabriel model, 40% for
Gandhi’s model, and 28% for Hwang’s model. The power absorbed by the skin is 62% (Gabriel), 60%
(Gandhi) and 72% (Hwang), respectively.
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Figure 2-5: Power reflection and transmission coefficients at the air / skin interface at 60 GHz for: (a)
parallel polarization and (b) perpendicular polarization [33].

2.6 Absorption in skin

The transmitted power decreases exponentially in the skin as a function of depth. The PD at a
depth z within skin is given by:

PD(2)= PQ 06 = IPDI{1-|r[*) D&, 2)

where PD,is the power density at the surface, r|2is the power reflection coefficient, and § is the

penetration depth.

A plane wave illuminating a homogeneous skin model at 60 GHz is considered in [33]. The
attenuation of PD and SAR for an incident power of 1 mW/cm? is shown in Figure 2-6. For the
Gabriel’s and Gandhi’s models, 40% of the incident power arrives into dermis and 0.1% into the fat
layer, while, for the Hwang’s model, 60% reaches the dermis and 10% the fat layer. These results
confirm that only epidermis and dermis have to be used for EM dosimetry. Similar conclusions were
reported in [59], where a detailed analysis regarding the main characteristics (reflection, power
density, penetration depth, and SAR) of mmW skin dosimetry was conducted for an homogeneous
model (epidermis-dermis) and for two multilayer models (SC-epidermis-dermis and SC-epidermis-
dermis-fat, respectively). In particular, the forearm and palm data were used to model the skin with
thin and thick stratum corneum (SC). It was shown that epidermis and dermis highly attenuated
mmW. This was expected since these tissues have a large amount of free water. It was also shown
that the fat layer has an insignificant impact on the PD and SAR profiles. This study concluded that
mmWSs penetrate into the human skin deep enough (penetration depth ~ 0.5 mm at 60 GHz) to affect
most skin structures located in the epidermis and dermis [59].
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Figure 2-6: Attenuation of PD and SAR in the skin for an 1 mW/cm? IPD at 60 GHz [33].

2.7 mmW heating

Due to the shallow penetration depth (3s0sH, = 0.5 mm), the SAR levels are higher at mmW than
at microwaves for the same PD values. Even for low PD significant heating may occur [60]. The
relative temperature increase is shown in Figure 2-7 for a normally-incident plane wave at 60 GHz
with a PD of 1 mW/cm? and 5 mW/cm?, over an average area of 20 cm?. These results correspond to
the analytical solution of the 1-D heat transfer equation that takes into account the effect of surface
cooling and blood flow [46]:

aT'_ . T . G)
Iocat_kdxz Vs(T -E)+qx)'

where p (g/cm?) is the tissue density, ¢ (cal/g°C) is the tissue specific heat, k (cal/cm/s°C) is the heat
conduction coefficient, Vs (cal/cm3/s°C) is the product of specific blood flow rate, blood density and
blood specific heat, Q(x,t) (cal/cm3/s) is the heat deposition from the electromagnetic exposure,
T’(x,t) (°C) is the tissue temperature, Ty is the arterial blood temperature.

It should be noted that heating is correlated with the coefficient of the heat transfer from the
skin to air. Moreover, the temperature distribution depends on the geometrical and thermal
properties of the skin model [22], but it is also related to the blood flow in the skin (i.e. to the
environmental temperature and physiological conditions) [29], [31]. It is important to underline that
the temperature increments induced by the PD below current international exposure limits are much
lower than environmental thermal fluctuations.
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Figure 2-7: Temperature increments for a homogeneous skin model exposed to a normally incident

plane wave at 60 GHz [33]. The averaging surface area is 20 cm?.
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2.8 Influence of clothing

So far, only limited analytical and numerical data are available in the literature on this topic. In
particular, a numerical investigation restricted to the transmission coefficient for a normally-incident
plane wave in the presence of a textile is presented in [61], while an analytical solution for normal
incidence is provided in [33].

In [33], a plane wave is normally incident to a multilayer structure, in particular a three-layer
model (i.e. skin / clothing / air) and a four-layer model (i.e. skin / air gap /clothing / air). Gabriel’s
data have been used for skin properties (i.e. £* =7.98 -j-10.90), while & =1.25+j-0.024 for the
clothing [62] (this corresponds to dry fleece at microwave frequencies). The transmission coefficient
is computed for a typical range of clothing thickness between 0 and 1.2 mm. As shown in Figure 2-8,
the transmission coefficient slightly increases with the clothing thickness. However, the presence
of an air gap between clothing and skin induces a decrease of the power transmitted to the skin.
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Figure 2-8: Power transmission coefficient at 60 GHz: (a) with / without clothing, (b) as a function of
an air gap [33].

2.9 Propagation along and around the human body

Applications of mmW technologies in the field of Wireless Body Area Networks (WBANs) have
been investigated over the last years. These applications include personal healthcare, entertainment,
identification systems, sport, smart home, space, and military applications. It is well known that
existing WBANs systems operate around 2.4 GHz or ultra wide band (UWB) spectrum [63-69]. Since
they are becoming more congested, increasing the operating frequency in the 60-GHz band seems to
be an attractive option. It is also important to underline that, in a WBAN scenario, an essential
component of the propagation medium is the human body, since the transmitter (TX), the receiver
(RX) or both are placed on the human body surface. WBANs at mmW require careful characterization
of the antenna / human body interaction to evaluate the antenna characteristics and human body
exposure levels. Indeed, the presence of the antenna in the proximity of the human body may result
in significant changes of the antenna input impedance, radiation pattern, antenna efficiency.
Moreover, in order to evaluate experimentally the performance of antenna systems, it is necessary
to develop appropriate tissue-equivalent phantoms [55]. The latter can be used to quantify the
human body exposure levels, as explained in Section 2.4, as well as to investigate the on-body
propagation, in a reproducible and controlled manner.

Recent analytical, numerical and experimental studies on WBANs at 60 GHz have been published
[56], [57], [70-73]. Some interesting findings are summarized below:
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- The path gain between two antennas placed on the body depends on the antenna / body
separation distance, as well as on the antenna polarization [56], [72].
- Analytically, the propagation around the human body can be modeled using creeping wave
theory [73], [74].
- The received signal is sensitive to the angle of arrival (proper TX-RX alighment is required).
- Aline of sight (LOS) channel model is more appropriate [56], [57], [70-75].
- Human body daily activities influence the propagation properties:
e Attenuation at mmW is much stronger than at microwaves,
e TX-RX separation distance should be small,

* Signal fading is caused by shadowing and polarization mismatch.

In an indoor environment, the human body may shadow a significant path between two
antennas placed somewhere in the environment, attenuating the signal by about 16 dB [75].
However, this attenuation can be reduced using angular diversity thanks to a proper antenna
positioning.

As previously shown in Section 2.8, clothing may influence the propagation. In [57], the path gain
along a semi-solid skin equivalent phantom (e* = 8.11 - j-11.12) between two V-band waveguides was
analyzed in the presence of textile, and results are shown in Figure 2-9. The path gain variations
related to the presence of regular textile (typically 0-5 dB) are lower than the changes of the path
gain on a real human body occurring due to the different postures, movements, and positioning of
antennas (typically above 10 dB) [70].
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Figure 2-9: Path gain at 60 GHz versus separation distance d between two open-ended waveguide
antennas: in free space, along the skin-equivalent phantom and along the textile / skin phantom [57].

As textiles, 0.2 mm-thick cotton (Ecotton= 2 - j-0.04) and 2 mm-thick felt (Ereir = 1.22 -j-0.036) were
considered.
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3. Guidelines for exposure limits

Limits of exposure to EMF are provided by guidelines [4], [5] and standards [6-10] to protect
against potential adverse health effects. These limits are intended to apply to all human exposures
except exposure of patients undergoing procedures for diagnosis or treatment. They apply to both
occupational and public exposure (see definitions on page 8).

At mmW, the human body becomes electrically very large (typically 1150A, for an average adult,
i.e. 1.75 m height and 70 kg); the EMF is absorbed at the body surface and the dosimetric quantity
used at these frequencies is IPD.

In the following, the generally-used regulations are reviewed, and the exposure limits are
provided. It is important to note that current recommendations do not provide any
recommendations for near-field exposures and only deal with far-field exposures at mmW.

3.1 ICNIRP
The basic restrictions (BRs) and reference levels (RLs) recommended by ICNIRP are the following:

Table 3.1: BRs for occupational and general public for 10 - 300 GHz frequency range [4].

. Power density | Averaging surface | Averaging time
Public exposure ) ) .
(mW/cm?) (cm?) (min)
. 5 20
Occupational
100 1
68/f-%
1 20
General
20 1

Table 3.2: RLs for occupational and general public for 2 - 300 GHz frequency range [4].
E-field | H-field | B-field Power density
(V/m) | (A/m) (uT) PD (mW/cm?)
Occupational 137 0.36 0.45 5
General 61 0.16 0.20 1

Public exposure

N.B. - The general public restrictions for PD are lowered by a factor of 5 compared to
occupational exposure conditions.

- The averaging surface area of 20 cm? is the surface area of a cube with edge dimension
1.8 cm (see Section 4.4 for more details).

- Thermal effects of the cornea (which surface area is ~1 cm?) were used to establish the
localized exposure limits to mmW (i.e. 20 mW/cm? for general public and 100 mW/cm? for
occupational public).

- The maximum power densities averaged over 1 cm? should not exceed 20 times the values
averaged over 20 cm?.

- In Table 3.2 the power densities are averaged over 20 cm?.

- For frequencies exceeding 10 GHz, the RLs E?, H?, B? and PD are to be averaged over
68/f1% - min period of time (f — frequency in GHz).

- At 60 GHz the averaging time is approximately 1 min.
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3.2 IEEE

The IEEE standardization expresses the recommendations in terms of Basic restrictions (BRs) and
Maximum permissible exposure values (MPE). For frequencies between 3 GHz and 300 GHz, the BRs
and MPE are the same.

Table 3.3: MPE for occupational and general public for whole-body exposure in the 30 — 300 GHz
frequency range [10].

Public Power density Averaging Averaging time
exposure (mW/cm?) surface (cm?) (min)
_ 10 100
Occupational 100 1
25.24/f0476
1 100 /P
General
100 1

Localized exposure is considered when the exposed area is less than 1/20 of the total projected
area of the body (i.e. 10 000cm? cross-section of the human body, 100 cm? human hand/face).

Table 3.4: Local exposure in the 30 — 300 GHz frequency range [10].

Public Power density Averaging Averaging time
exposure (mW/cm?) surface (cm?) (min)
Occupational 20(f/3)°2
P v73) 1 25.24/f0-476
General 20

N.B. —fis the frequency in GHz. At 60 GHz the averaging time is 3.6 min.
3.3 CENELEC

The European Union included the limit values and physical quantities from the ICNIRP guidelines
in two main EU documents: the European Recommendation for general population 1999/519/EC [6]
and the Directive of the European Parliament and of the Council, 2004/40/EC [7].

The basic restrictions, given in Table 3.5, are set so as to account for uncertainties related to
individual sensitivities, environmental conditions, and for the fact that the age and health status of
members of the public vary.

Table 3.5: BRs for occupational and general public in the 2-300 GHz frequency range [8].

. Power density | Averaging surface | Averaging time
Public exposure 5 ) .
(mW/cm?) (cm?) (min)
. 5 20
Occupational 100 1
68 .05
1 20 /f
General
20 1
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Table 3.6: RLs for occupational and general public in the 2-300 GHz frequency range [8].

N.B.

) E-field | H-field | B-field Power density
Public exposure )
(V/m) | (A/m) | (uT) PD (mW/cm?)
Occupational 137 0.36 0.45 5
General 61 0.16 0.20 1

values averaged over 20 cm? in Table 3.6.

- The maximum power densities averaged over 1 cm? should not exceed 20 times the

- For frequencies exceeding 10 GHz, the RLs E?, H? B? and PD are to be averaged over
68/f+% - min period of time (f — frequency in GHz) (@ 60 GHz the averaging time = 1 min).

Most Member States have adopted the EU Recommendation and some have imposed obligatory

measures to control EMF exposure of the general public. Although most of them consider the EU

Recommendation sufficient to provide a high level of health protection, some have adopted more

stringent exposure limits. In [9], the European Commission verified the application of 1999/519/EC

recommendation by the EU Member States. Table 3.7 summarizes the BRs and RLs implemented by

different states.

Table 3.7: Summary of the implemented Council Recommendation 1999/519/EC levels in Member

States related to BRs and RLs in [9].

Stricter levels than in EU Same levels than in EU Less stricter levels than in EU
Country . ) .
Recommendation Recommendation Recommendation
BRs RLs BSs RLs BRs RLs

AT X X

BE X2 xa

BG X X

CH X X

cz X X

cYy X X

DE X X

DK X X
EE X ?

ES X X

Fl X X

FR X X

GR X2 xa

HU X X

IE X X

IT X X

LT X Xb

LU X X

Lv X X
MT X X

NL X2 X

PL X X

PT X X

RO X X

SE X X

Sl X X

SK X X

UK X X

a) Not for the whole frequency range — b) Only for workers
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Particularities for BRs:
e Greece: applies reduction factors of 60 - 70% for all land-based antennas (60% when antennas
are located at less than 300 m from schools, kindergartens, hospitals or eldercare facilities).
e ltaly: values are 10 times lower for PD (applicable to power plants and fixed telecommunication
equipment).

Particularities for RLs:
e Bulgaria: different zones are identified: (1) zones where human exposure is rare or practically
impossible where higher limit values are applied; (2) zones with continuous exposure where much
lower limits are set; (3) areas for sensitive groups (including children, pregnant women, elderly and
ill people) where much lower limits are set.
e Slovenia: applies 10 times more stringent RLs for radiation sources in sensitive areas (e.g.
schools, day-care centers, hospitals, residential housing, etc).
e Greece: the RLs of the Recommendation were set as the safety limits for ELF fields, while new
reference levels have been derived for all land-based antennas in the frequency range of 1 kHz to
300 GHz.
e Llithuania: from 300MHz to 300GHz even 100 times restriction factor applies
(i.e. 0.01 mW/cm?).
e Switzerland: the general exposure limits comply with the RLs in the Recommendation;
additional precaution factors of 10 to 100 are applied for single installations in “sensitive areas”.
Additional safety measures are applied for mobile telecommunication stations, radio and TV
broadcasting stations and for high-voltage power lines.
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4. Exposure limits — Considerations

The exposure limits recommended by ICNIRP, IEEE and CENELEC have been established by
considering scientific literature data. In the following, the most important ones are reviewed, and
some important points regarding the mmW radiations are summarized.

4.1 Whole-body resonance

Generally, the limits for RLs / MPEs are based on recommendations of field strength or of plane-
wave equivalent power densities of the incident fields. These limits are based on well-established
findings from the literature, which showed that human body, as a whole, exhibits frequency-
dependent rates of EMF absorption [76]-[78]. Whole-body-averaged SAR values approach maximal
values when the long axis of the body is parallel to the E-field vector and is four tenths of a
wavelength of the incident field. At 2.45 GHz (A = 12.5 cm), a standard man (long axis = 175 cm) will
absorb about half of the incident energy. Maximum absorption occurs at a frequency near 70 MHz
for standard man (height = 1.75 m, weight = 70 kg), which defines the whole-body resonance (Figure
4-1). The whole-body resonance values for the range of human body size become relatively flat for
frequencies in the range of about 1 to 3 GHz. The recommended RLs / MPEs have been developed to
reflect whole-body resonance and SAR frequency dependence.

Mouse
2450 MHz

0
A N
Monkey

Man 300 MHz
70 MHz

AYERAGE SPECIFIC ABSORPTION RATE (W/k)

-3 1 1

2 3 4
10 10 10 10

FREGUENCY (MHZ)

Figure 4-1: Average SAR for three different species including an average human man (1.75 m height
and 70 kg weight) exposed to 1 mW/cm? PD with E-field vector parallel to the long axis of the body
[79].

Above 10 GHz, the absorption is quasi-optical and body resonance considerations do not apply.
At mmWs, the penetration depth is less than 1 mm.

4.2 Temperature considerations

The rational to establish the limits of the BRs at mmW for local exposure relies on scientific
publications on temperature increase in the eye and the potential adverse health effects caused by
this increase. The temperature threshold in the eye was established at 41°C (corresponds to a
temperature increase of about 3-4°C), over which cataract formation may appear.

It was noticed that the maximum eye temperature increase (~4°C for a SAR of 10 W/kg at
2.45 GHz [17]) in near-field and far-field exposures is below the temperature threshold (41°C), and
does not produce any adverse effects.
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For skin tissue exposure at mmWs, the current literature showed that exposure at the
recommended limits (for the corresponding averaging surface area, i.e. 20 cm? and 1 cm?) will
probably not increase its temperature by as much as 1°C.

4.3 Time considerations

Generally, the standards have used 6 min averaging time corresponding to a time constant for
partial body heating for frequencies below 10 GHz.
For frequencies above 10 GHz, the averaging time corresponds to:
e 68/f-% (CENELEC, ICNIRP) which corresponds to about 0.92 min at 60 GHz, 0.74 min at 74 GHz,
and 0.65 min at 84 GHz.
* a less restrictive value recommended by IEEE, in particular 25.24/f>47% which corresponds to
about 3.6 min at 60 GHz, 3.25 min at 74 GHz, and 3.06 min at 84 GHz.

4.4 Spatial considerations

For non-uniform illumination there is a possibility that the whole-body average field exposure
does not exceed the BRs, but still results in excessive local heating.

The rationale to establish the averaging surface area in the exposure level recommendations are
the following:

e 20 cm?is the surface area of a cube with edge dimension of 1.8 cm. This averaging dimension is
related to the human eye, where biological effects like cataract have been noticed at microwave
frequencies. The eye dimensions differ among adults by 1-2 mm. At birth, the eye is about 1.6-
1.7 cm diameter. At 13 years old, the eye attains the full size, from anterior to posterior a diameter
of about 2.4 cm, a volume of about 6 cm?® and a mass of 7.5 g [80].
» 1 cm?is the surface area of the cornea, where some effects like cataract may appear.
e The IEEE recommendations are less restrictive, and an averaging surface are of 100 cm? is
considered, which corresponds to the surface of human face / hand area.

4.5 Volume considerations

As previously said, the EMF exposure results in adverse health effects only when the exposure
results in a harmful temperature increase. At microwaves, SAR has been correlated with the
temperature increase. However, the SAR averaged over a particular volume is not always
proportional with temperature increase. Indeed, the temperature increase depends on the size of
the region absorbing energy, blood flow and other factors. If a small area is heated, the heat is
transferred rapidly to cooler areas, so its temperature does not increase significantly. If a larger area
is heated, the rapid local heat transfer produces a uniformly elevated temperature through the area.
The volume size is sufficiently small to avoid excessive temperature increases, but large enough to
get an averaged SAR which corresponds to the real temperature increase.

Another parameter that provides a reasonable reference for the volume that can be heated is
the penetration depth of RF energy. The latter decreases when the frequency increases. For
example, at 3 GHz, the penetration depth in muscle or other tissues is about 2 cm. This dimension
was considered to distinguish two regions: below 3 GHz where heating is uniform over a few
centimeter areas, and above 3 GHz where heating is limited to the superficial layers (i.e. skin) and
highly non-uniform in depth tissues. At frequencies of 3 GHz and below, a cube of 2.15 cm side
(volume about 10 cm?) is sufficiently large to obtain an average SAR that ensure a temperature
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increase uniformly distributed over this volume. Above 3 GHz, this volume is less suitable for
averaging due to the temperature gradients that occurs in correspondence to reduced penetration
depth.

Dosimetric quantity used by regulations at mmW (where the penetration depth is
small) is power density and not SAR. The latter, can however be used as intermediate
parameter to retrieve the incident and in-tissue PD.
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5. Numerical study on plane wave exposure in V- and E-bands

As previously introduced in Section 2, due to the shallow penetration at mmW, the interaction
with the human body is limited to the skin. It has been demonstrated that, at 60 GHz, a
homogeneous skin model can be used instead of a multilayer model [55]. Since in E-band the
penetration is even less than at 60 GHz, a homogeneous model can be used as well. Plane waves in
V- and E-bands illuminating a semi-infinite rectangular phantom with the dry skin dispersive
dielectric properties provided by Gabriel’s data are considered here.

5.1 Skin dielectric properties in the 57-86 GHz range

The dry skin dielectric properties are summarized in Table 5.1 for some particular frequencies in
the 57-86 GHz range.

Table 5.1: Skin dielectric properties [38].

Frequency, f (GHz) e tand g*=¢g’ - jie”
57 8.34 | 136 | 8.34-j-11.34
60 798 | 1.37 | 7.98-j-10.90
66 7.37 | 137 | 7.37-j-10.10
71 6.96 | 1.37 6.96 -j-9.54
74 6.75 1.36 6.75-j-9.18
76 6.63 1.36 6.63-j-9.02
81 6.34 | 1.35 6.34 -j-8.56
84 6.19 | 1.34 6.19-j-8.29
86 6.10 | 1.33 6.10-j-8.11

5.2 Numerical model and assumptions

The simulations were performed using CST Microwave Studio® software. In order to generate a
plane wave with different incidence angles, a Floquet port above a homogenous model and periodic
boundary conditions were used (Figure 5-1).

Floquet port

LI

Skin

Figure 5-1: Numerical model.

Both parallel (TM mode: Efield is parallel to the plane of incidence) and perpendicular (TE

mode: E field is perpendicular to the plane of incidence) polarizations were analyzed (see Figure 2-
4). The reflection and transmission power coefficients were calculated for three frequency bands: 57-
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66 GHz, 71-76 GHz and 81-86 GHz. The corresponding dielectric properties of skin were considered
for these frequencies according to Table 5.1.

5.3 Numerical results — V-band

Figure 5-2 represents the power reflection and transmission coefficients for both perpendicular
and parallel polarizations in V-band. At 57, 60 and 66 GHz, the differences are insignificant. For
normal incidence, approximately 38% of the incident power is reflected by the skin. It should also be
noticed that transmission in the skin is higher for parallel polarization.
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Figure 5-2: Power reflection and transmission coefficients in V-band for: (a) parallel (TM) polarization
and (b) perpendicular (TE) polarization.

5.4 Numerical results — E-band

The differences in terms of reflection and transmission coefficients are insignificant in the 71-
76 GHz interval (Figure 5-3), as in the V-band case. Moreover, for normal incidence, the reflected
power decreases compared to V-band and is around 35%.
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Figure 5-3: Power reflection and transmission coefficients in E-band (71-76 GHz) for: (a) parallel (TM)

polarization and (b) perpendicular (TE) polarization.

As expected, the differences in terms of reflection and transmission are insignificant in the 81-86

GHz band (Figure 5-4). Under normal incidence, 32% of the incident power density is reflected from

the skin.
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Figure 5-4: Power reflection and transmission coefficients in E-band (81-86 GHz) for: (a) parallel (TM)

polarization and (b) perpendicular (TE) polarization.

As previously noted for V-band, the transmission in the E-band is stronger for parallel

polarization compared to the perpendicular polarization.

Figure 5-5 represents the power reflection and transmission coefficients at normal incidence

over the 50-90 GHz band. It is noticed that power reflection coefficient decreases with frequency,

while the transmission increases.
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Figure 5-5: Power reflection and transmission coefficients in the 50-90 GHz at normal incidence.

Figure 5-6 presents the power reflection and transmission coefficients at 60, 74 and 84 GHz for
both polarizations (TM and TE). As previously noted, the transmission coefficient increases when
frequency increases.
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Figure 5-6: Power reflection and transmission coefficients at 60-74-84 GHz for: (a) parallel (TM)
polarization and (b) perpendicular (TE) polarization.

5.5 Power density attenuation

Figure 5-7 shows the attenuation of the PD at different frequencies calculated according to
equation (2) for normal incidence. It is shown that the transmitted power decreases exponentially in
the skin as a function of depth. Maximum PD occurs at the surface; the corresponding values are
summarized in Table 5.2.
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Figure 5-7: Attenuation of the PD in the skin at 60-74-84 GHz, normal incidence, and for an incident
PD of: (a) 1 mW/cm?, (b) 5 mW/cm? and (c) 20 mW/cm?.

Table 5.2: Penetration depth, power reflection coefficient and maximum PD in the skin for an
incident PD of 1 mW/cm?, 5 mW/cm? and 20 mW/cm?.

Penetration

Power transmission

Max power density

Fl;e?;:n)cy depth coefficient PD (mW/cm?)
z
6 (mm) % @ 1mW/cm? | @ 5mW/cm? | @ 20 mW/cm?
60 0.48 62 0.62 3.12 12.5
74 0.42 65 0.65 3.26 13.0
84 0.39 68 0.68 3.38 13.5
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To summarize:

* 30-38% of the incident power is reflected at the air / skin interface for normal
incidence in the 50-90 GHz frequency band. Power reflection coefficients deviate
significantly from the normal incidence values, if oblique incidence is considered.
Transmission in the skin is higher for parallel (TM) polarization than for
perpendicular (TE) polarization.

e Maximum power density occurs at the skin surface. Transmitted power
decreases nearly exponentially in the skin as a function of depth.

* The maximum deviations found over the 57-86 GHz range are the following:
(1) 2.18 % in terms of the power transmission coefficient; (2) 2 % in terms of the
peak power density in the skin.
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6. Numerical modelling at mmW frequencies

Finite Difference Time Domain Technique (FDTD) [81] and Finite Integrated Technique (FIT) [82]
are numerical analysis methods widely used in computational electromagnetic fields. They are based
on the discretization of Maxwell equations in time domain and are the most preferred techniques to
determine the specified SAR / PD levels.

Their application at mmW might become limited due to electrically large dimensions of the
entire human body. The investigated volume would require a discretization with cubic cells of A/10
dimensions, and as a consequence, the number of cells would be very large (e.g. ~10). In this case,
the computational resources, even with parallelization / symmetry would be far prohibitive. A
solution for dosimetry is to use only some body parts, for instance the head and the hand for user’s
exposure to mobile devices.

When propagation and scattering involve electrically-large objects (i.e. entire human body), high-
frequency asymptotic techniques are computationally efficient and provide accurate solutions.
Recently, considerable attention has been dedicated to ray-tracing based techniques to investigate
the effect of the human body presence in an indoor propagation scenario [75] or in on-body
applications [83], [84]. However, in the available ray-tracing tools some limitations should be taken
into account: modification of the antenna radiation pattern in proximity of the human body,
propagation through the clothing layers, proper definition of the human body tissues, as well as the
clothing.

Numerical phantoms make use of MRI images of various organs and different tissues of real
human body. The most used phantoms are the volumetric phantoms (Figure 6-1), which can be
discretized into voxels, with a resolution of 1 mm?3. However, the applicability of these detailed
phantoms at mmW is limited because of the shallow penetration depth.

(c)
Figure 6-1: Volumetric human phantoms: (a) Hugo model [84], (b) Virtual Family [86], (c) SAM [85].

During the years, wireless personal communications and in particular cellular mobile phones,
wireless local area networks and more recently body-area networks have raised public concerns on
potential health effects due to electromagnetic fields exposure. Numerical results on dosimetry,
antenna / human body interaction and propagation have been provided at microwaves [16, 18-19],
and more recently at mmWs [25-30, 34], with computational results for whole-body average and
local SAR, as well as for power density [61-70] (see sections 2.1, 2.2 and 2.9). Also, results of the
human body effect on the device / antenna have been presented in terms of antenna mismatch,
radiation patterns, and efficiency [63, 67-68]. It was shown that, when placed on or in close proximity
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to the human body, antennas experience detuning, radiation pattern distortion, efficiency reduction.
In order to minimize the human body effect on the antenna performance, the latter should be
designed to operate properly in close proximity to the human body.

Dissemination level: Public Page 40/ 49



MiWaveS Deliverable D1.3

7. Conclusion

The report describes the most important aspects of the mmW interactions with the human body
in terms of reflection, transmission and power absorption. The ICNIRP guidelines and IEEE, CENELEC
standards are reviewed, as well as the most recent aspects of mmW dosimetry.

The numerical analysis performed in V- and E-bands, provides a preliminary overview on the
interaction mechanism between a far-field exposure source (plane wave) and the human body. The
results confirm the previous findings, in particular that the maximum power density occurs at the
skin surface. The transmitted power decreases exponentially in the skin as a function of depth. At
1 mm depth under the skin surface, the absorbed power is attenuated by more than 98% (see Figure
5-7). This finding suggest that, a few mm-thick homogenous skin layer is sufficient for numerical and
experimental modeling.

In V-band the transmission is about 62 %, and increases in E-band to about 68% for normal
incidence. Transmission in the skin depends on the polarization and angle of incidence. Indeed, for
parallel (TM) polarization higher values occur than for perpendicular (TE) polarization.

8. Future work

A more realistic dosimetry study will be performed in Task 4.5. In particular, the study and
analysis of exposure levels induced in the most exposed parts of the human body under a
representative use case at 60 GHz will be investigated. Numerical analysis will be conducted
preferably using the commercial software CST Microwave Studio®.

A first scenario will include the human body exposure to one or several Access Points (AP) (Figure
8-1). This scenario will be analytically investigated together with Orange partner. The analysis will be
based on AP data (radiated power, antenna gain, distance to the user), and the expected output
results will be presented in terms of power density, E-field, SAR. Moreover, for the downlink scenario
an alternative approach will be address to estimate the IPD needed to get a reliable QoS between the
AP and the user.

A

@)

p—_—
Figure 8-1: Access point — user case scenario.

The second scenario will include the user exposure to the mobile terminal (used as a near-field
radiation source). The following terminal positions defined by CEA will be considered (Figure 8-2):

e Phone call position: terminal against users ear,

* Browsing position: terminal in front of the user.
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(b)

Figure 8-2: Terminal positions: (a) phone call; (b) browsing.

The following action points are planned:

e A comparison between HFSS and CST regarding the antenna module will be performed.
Return loss and radiation patterns will be compared.

¢ The possibility of using a simplified antenna module with representative radiation
characteristics (boresight radiation pattern with maximum gain of 10 dBi, Front to Back ratio
>14 dB, and HPBW: 36° (E-plane) and 64° (H-plane)) will be analyzed. In particular, the
possibility to remove the electronic part and terminal will be taken into consideration.

¢ The human body will be modelled as a homogeneous layer with skin dielectric properties
assigned (@ 60 GHz €* = 7.98 - j-10.90). The possibility of removing some body parts will be
analyzed.

* The following module positions in the terminal will be considered: upper right / left corner
and top edge:

/ Module positions \

upper right corner - upper left corner topedge

Module .-'. .

Module

W

Figure 8-3: Module positions in the terminal box.

* Parametric analysis varying the terminal to the user’s ear distance, and distance / position of
the mobile terminal with respect to the human body will be performed.

Peak / average values of the |E|field intensity at the skin surface, power density and SAR will be
provided

e for the recommended exposure limits:
0 General public: 1 mW/cm? averaged over 20 cm?, and 20 mW/cm? averaged over
1cm?
0 Occupational public: 5 mW/cm2 averaged over 20 cm?, and 100 mW/cm? averaged
over 1 cm?.

e for the transmitted power of the terminal (as provided by D1.2).

The possibility to use an equivalent incident power density, for near-field exposures, will be
evaluated.
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Also, in the frame of Task4.5, a study regarding the local exposure to 100 mW/cm? averaged over
a surface area of 1 cm? will be performed. So far, only far-field exposure has been investigated (see
Section 2.7), and results have been provided for the recommended limit values of 1 mW/cm? and
5 mW/cm? averaged over 20 cm? (see Figure 2-7).
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