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The specific absorption rate (SAR) induced by wireless radiofrequency (RF) systems depends on different parameters. Previously,
SAR was mainly assessed under conditions of a single frequency and technology and for a limited number of localized RF sources.
The current and emerging mobile systems involve a wider range of usage scenarios and are frequently used simultaneously, leading
to combined exposures for which almost no exposure evaluation exists. The aim and novelty of this study is to close this gap of
knowledge by developing new methods to rapidly evaluate the SAR induced by RF systems in such scenarios at frequencies from
50 MHz to 5.5 GHz. To this aim, analytical methods for SAR estimation in several usage scenarios were derived through a large-
scale numerical study. These include subject-specific characteristics, properties of the RF systems and provide an estimation of
the SAR in the whole body, tissues and organs, and different brain regions.

INTRODUCTION

Human exposure to electromagnetic fields (EMFs)
in the radiofrequency (RF) range has substantially
increased in recent years due to the employment of
EMFs in new technologies for use in personal (e.g.
health monitoring, sport performance, communica-
tion and gaming), domestic (control of appliances,
houses) and buildings (alarm systems, smart meters),
commercial and industrial environments (electric
surveillance, tagging). Personal exposure to such sys-
tems is often quantified using the specific absorption
rate (SAR), which is the absorbed RF power averaged
over a certain mass or volume.(1–3). This power can be
averaged over the whole body (SARwb)(1,2) or over a

specific tissue or organ, so-called organ-specific SAR
(SARosa)(3).

The increasing use of new wireless consumer
electronics is being accompanied by an increase in
the amount of data consumed, which means that
new infrastructures, such as those for fifth generation
telecommunication (5G), must be deployed(4,5).
Although no conclusive evidence of long-term
adverse health effects due to RF-EMFs has been
found(6,7), public concern has grown due to the
increasing number and multitude of RF systems
operating simultaneously both in close proximity and
far away from people.

Epidemiological studies assessing the impact of
RF exposure require methods to estimate the dose
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that each user or user group are exposed to in order
to assess possible association with various health
impacts(8–10). When the second generation of mobile
phones was launched and adopted in the 1990’s, the
only use scenario of RF-EMFs in the general public
was the making and receiving of phone calls with the
device held next to the head(11). The limited number
of RF-EMF exposure scenarios and form factors
of the phones resulted in the possibility to estimate
instantaneous exposure with limited uncertainty(12).
As mobile phones and telecom networks evolved, the
usage scenarios multiplied along with the number
and types of mobile devices and RF-EMF exposure
estimation entered a new and much more complex
reality. In addition, there is also an increase in the
number and variety of environmental sources that
provide wireless access to the users. In order to be able
to provide valuable dosimetric assessments of actual
exposures of the public in such exposure conditions,
exposure estimates continue to be of importance
in studies on potential health impacts(10). Hence
the need for integrated approximation formulas to
take the emitted power, communication protocol,
frequency bands and estimated distance of the
emitting device to the person exposed to a dose,
even though the plethora of use cases will inherently
introduce a wider range of uncertainties. In parallel,
there has been more interest in epidemiological
studies that investigate RF-EMF exposure of certain
organs, tissues or brain regions in the human
body(13–16) in order to investigate potential health
effects induced by exposure of those tissues.

Previous studies have attempted to estimate the
integrative exposure from far-field and near-field
sources in terms of ‘dose’ (in J/kg) obtained by
multiplying the amount of time of exposure by
the induced SAR(5,17,18) combined near-and far-
field SARwb and SARosa values in several frequency
bands. In Plets et al.(18), prediction models for whole-
body exposure due to indoor base-station antennas
and access points operating in downlink mode and
to mobile devices operating in uplink mode with
indoor wireless networks were developed. Finally, in
Varsier et al.(5), an exposure index linked to dose was
developed for evaluation of EMF exposure induced
by wireless cellular networks—i.e. base stations and
access points for personal devices and networks—as a
function of usage, posture and traffic. Although these
studies demonstrate the power of integrated exposure
assessment, they are not general enough to be used
for RF-EMF exposure assessment of the general
population in a wide range of RF-EMF exposure
scenarios.

Therefore, this study aims to provide general ana-
lytical methods to evaluate the exposure to new and
existing RF systems in a wide range of usage sce-
narios, including new usages that have not yet been
tested. These novel analytical methods were derived

from a large-scale numerical study, in which several
computational anatomical phantoms were exposed
to several RF systems in different usage scenarios,
i.e. far-field, near-to-far field and near-field exposure.
For each exposure group, novel approximation for-
mulas have been derived to scale the SAR analyzed
through numerical simulations in the different usage
scenarios, accounting for variations in source loca-
tion, frequency, gender, age, body mass and morphol-
ogy. Additionally, the RF-EMF exposure assessment
is extended in order to cover new RF technologies,
e.g. body-worn sensors, wireless virtual reality (VR)
glasses working up to 5.5 GHz, alongside more con-
ventional RF-EMF sources such as mobile phones,
tablets, laptops and consoles. Finally, the RF-EMF
exposure assessment will consider exposure of the
whole body, separate tissues and organs, and different
brain regions.

The results presented in this manuscript are
important for epidemiological studies, because the
proposed approach permits to provide whole-body,
tissue-specific and brain-region-specific estimates of
the levels of exposure of the general populations
due to multiple RF systems, which allow one to
investigate the potential long-term health effects.
This manuscript does not investigate potential health
effects of exposure to RF-EMFs. However, it presents
analytical methods for evaluating accumulated RF
dose over time, which in their turn are essential for
interpreting epidemiological studies of exposure of
the general public to environmental and personally
induced RF-EMFs from multiple sources over a
period of time. Furthermore, it can also be used
to evaluate the impact of potential measures for
reducing exposure.

MATERIAL AND METHODS

RF exposure scenarios

In this study, human computational anatomical
phantoms of the Virtual Population (ViP)(2,19) devel-
oped by the IT’IS Foundation (Zurich, Switzerland)
were exposed to RF-EMF at frequencies from
50 MHz to 5.5 GHz (Tables 1, 2, and S1). These
frequencies were chosen because they cover almost all
currently used telecommunication bands responsible
for significant exposure to humans(20) and those that
will be used in 5G New Radio (NR) systems(21).
Three different exposure scenarios were selected
to represent typical exposure configurations of
the general population: (a) far-field exposure; (b)
near-to-far field exposure; (c) near-field exposure.

As a general definition, in the far-field region, the
spatial distance R between the RF system and the
exposed subject is > 2D2

λ

2D2

λ
, where D is the size of the

antenna and λ is the wavelength(22). In this region, the
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Table 1. Overview of anatomical structures and ViP phantoms(∗) deployed to estimate induced averaged SAR values in the
three different field regions (performed calculations are indicated with ‘x’). For cases where only specific tissues and organs

have been considered in the analysis, these are explicitly listed.

SARwb SARosa SARbs ViP phantoms∗

Far-field x Whole-brain and brain tissues:

gray matter, medulla,

midbrain, pons

x Billie (DOI: 10.13099/VIP11003-03-1), Charlie (DOI: 10.13099/

ViP-Charlie-V1.1), Duke (DOI: 10.13099/VIP11001-03-1-1),

Ella (DOI: 10.13099/VIP11002-03-1), Nina (DOI: 10.13099/ViP-

Nina-V1.1), Thelonious (DOI: 10.13099/VIP11004-03-1)

Near-to-far field x Only whole-brain — Eartha (DOI: 10.13099/VIP11007-03-1)

Near-field:

On body x All tissues — Billie, Ella, Fats (DOI: 10.13099/VIP11014-03-2)

Body-worn sensors x All tissues — Billie, Duke Louis (DOI: 10.13099/VIP11006-03-1)

Smartwatches x All tissues — Billie, Duke, Louis

Wireless VR x Whole-brain and brain

structures

x Billie, Duke Roberta (DOI: 10.13099/VIP11008-03-1)

Tablet x All tissues x Billie, Duke, Roberta

Mobile phone at the head

[Calderon et al.(24)]

— Whole-brain, different

anatomical structures

x Billie, Duke Eartha, Louis

∗The ViP phantoms can be found for download on https://itis.swiss/virtual-population/virtual-population/vip3/

Table 2. RF-bands used for the analysis of far-field exposures.

Service Frequency range
(MHz)

FM radio 87.5–108
DVB-T 470–790
DL-800 791–821
UL-800 832–862
UL-900 880–915
DL-900 925–960
UL-1800 1710–1785
DL-1800 1805–1880
DECT 1880–1900
UL-1900 1920–1980
DL-1900 2110–2170
WiFi 2G 2400–2485
UL-2600 2500–2570
DL-2600 2620–2690
WiMax 3.5 3400–3600
WiFi 5G 5150–5875

RF-EMFs generated by the system can be approxi-
mated as a set of plane waves(1,3). In the near-field

region, RF systems are at distances R<0.62
√

D3
λ

to

the exposed subject(18). In this region, the electric
and magnetic fields are coupled. Hence, exposure to
the RF system needs to be simulated on the basis
of the actual structure and position of the source.
In between the near-field region and the far-field
region, one can find the so-called the near-to-far field
region. In this transition region between distances

0.62
√

D3
λ

< R < 2D2

λ
, both near-field and far-field

effects are important.

In the numerical study performed to derive the
approximation formulas, the far-field exposure was
represented by plane waves in the frequency range
from 100 MHz to 5.5 GHz. The near-to-far field
exposure was studied by numerical models of a
femtocell and a WiFi access point (i.e. router and
wireless modem) in the frequency range 1900–
2500 MHz. The near-field exposure was simulated
as a collection of different RF systems: (a) on-body
RF devices; (b) specific RF devices (i.e. tablets, body-
worn sensors, smartwatches, and VR devices); (c)
laptop devices; and (d) portable devices, i.e. mobile
and DECT phones over the frequency range from
800 MHz to 5.5 GHz. The exposure to mobile
and DECT phones was already analyzed within
the INTERPHONE (European Community Fifth
Framework Programme (QLK4-CT-1999901563)
and MOBI-Kids projects (European Community
Seventh Framework Programme (Fp7/2007–2013,
GA 226873)). Details about the analytical methods
derived to evaluate the SAR induced by these RF
systems can be found in(9,23,24).

Figure 1 shows the exposure scenarios used
to assess far-field, near-to-far field and near-field
exposures. Far-field and near-field exposures were
numerically assessed by solving the electromagnetic
problem with the finite-difference time-domain
(FDTD) method(25) implemented in the simulation
platforms SEMCAD X64 Version 14.8 (Schmid
and Partner Engineering, SPEAG, Switzerland)
and Sim4Life Version 3.0 (ZMT Zurich MedTech,
Switzerland), whereas FDTD software developed in-
house was used for estimations of near-to-far field
exposures(26,27).
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Figure 1: Examples of exposure scenarios analyzed to build the SAR approximation formulas. (a) Far-field exposure of
the ViP phantom Billie (black arrows: incident field directions; red and blue arrows: potential E-field vectors); (b) potential
positions of the RF systems (blue circles) and the exposed ViP phantom Eartha (red stars) in the near-to-far field exposure
context. Near-field exposures to: (c) on-body sensors (represented as dipoles); (d) body-worn sensors on the ViP phantom
Louis (locations are shown as dots, whereas the inset shows the antenna type used for all body-worn sensors); (e) wireless
VR glasses (with integrated mobile phone) placed in front of Duke’s eyes; and (f) a tablet/laptop/game console close to the

ViP phantom Duke placed in a sitting posture. The potential antenna locations and orientations are shown as arrows.

Estimation of induced averaged SAR

In all exposure scenarios, the SARwb and SARosa
(3)

were calculated as:

SARwb = Pabs_body

Mbody
= 1

Mbody

∫
body

σ(r)Erms(r)2dV (1)

SARosa = Pabs_organ

Morgan
= 1

Morgan

∫
organ

σ(r)Erms(r)2dV (2)

where Pabs, body and Pabs,organ are the absorbed power in
the whole body and the organ or tissue, respectively
and, Mbody and Morgan are the masses of the entire
body and of each specific organ or tissue, σ is the
conductivity, Erms is the root mean square of the

induced E-field, and V is the volume. A particular
SARosa that is investigated in multiple scenarios is the
whole-brain averaged SAR, denoted SARbrain, which
takes into account RF-EMF absorption in all brain
tissues.

For those exposure scenarios in which the RF
device could be placed close to the head, the
SARosa was also evaluated in each brain structure
(SARbs) separately, through the Talairach Atlas
tool implemented in SEMCAD X according to the
method described in(28). This tool permits the induced
SAR values achieved by the EMF simulation to be
filtered by assigning each voxel of the numerical
simulation to different brain levels (hemisphere level,
structure level, gyrus level and cell level) according
to the Talairach mapping of the brain. The SARbs
is then calculated for different brain structures (i.e.
frontal, temporal, parietal, occipital, limbic and
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sublobar) as:

SARbs = Pabs_bs

Mbs
= 1

Mbs

∫
bl

σ(r)Erms(r)2dV (3)

where Pabs,bs is the RF power absorbed by the brain
structure and Mbs is the mass of the structure.

Approximation formulas in each exposure scenario

The approximation formulas derived in this study
are derived for a set of input parameters. They can
then be used to scale the SAR values in each specific
exposure scenario by taking into account the charac-
teristics of the exposed subject and of the RF system.
The parameters that have an effect on the induced
SAR might be different for each exposure scenario.
Therefore, this study presents a set of formulas rather
than a unique approximation formula. A detailed
explanation about those approximation formulas that
were developed in each exposure scenario is provided
in the following subsections.

Far-field exposure
The goal of the far-field approximation formula was
to estimate the induced SAR from measurements of
the incident electric fields (Emeas) generated by the
RF system under test. The approximation formula
depends on several input parameters, which were clas-
sified as (a) fixed input parameters and (b) variable
input parameters. The fixed input parameters for
the far-field approximation formula consist of an
SAR matrix resulting from FDTD simulations of ViP
phantoms exposed to reference incident field strength
Eref. The variable input parameters consist in both the
characteristics of the real subject, i.e. age, gender and
body mass index (BMI), and in the incident E-field
that was measured in a real exposure scenario (Emeas).

Far-field exposure was analyzed in six ViP phan-
toms (Table 1). The ViP phantoms were classified
according to gender and age. This classification
was used to relate the exposure of the phantom to
that of a real subject through the variable input
parameters of the approximation formula. The
exposure was assessed by means of plane-wave-
simulations at 10 frequencies between 50 MHz and
5.8 GHz (Table S1). The simulations for four out
of six phantoms (Duke, Ella, Billie and Thelonius)
were obtained from Djafarzadeh et al.(29). The field
was incident from all six sides in two mutually
orthogonal polarizations (Figure 1a), according to
Djafarzadeh et al.(29). Simulations were executed at
the same 10 frequencies using the same simulation
set up as used in Djafarzadeh et al.(29) for the
Charlie and Nina phantoms. Five SARosa values

(see Table 1) and a SARwb value were extracted from
the numerical simulations. These were then averaged
(over 12 incident plane waves) and interpolated to
the central frequency of each frequency band listed
in Table 2 to generate a matrix of 6 × 16 × 6 (ViP
phantoms × frequency bands × volumes/regions)
SARosa values normalized to a reference incident
E-field (Eref) of 2.5 V/m. These values can be
rescaled to any other incident E-field value at the
same frequency (Emeas) using a factor E2

meas/E
2
ref .The

SAR approximation formula for far-field exposures
translates the measured incident E-field (in V/m) into
SAR values (in W/kg). The approximation consists
of two steps: first, the human anatomical phantom
most suitable as representative of the real subject
in the numerical simulations for exposure to Eref is
chosen; then, all SAR values are normalized to Emeas:

SARosa(f ) =
(

Emeas

Eref

)2

• SARosa,FDTD(f ) (4)

where SARosa,FDTD is the interpolated SAR data
obtained from the FDTD simulations using one of
the six ViP phantoms and f is the frequency.

The SARwb is obtained by using the same normal-
ization to Emeas and an additional normalization to
the BMI of the subject (bmi):

SARwb(f ) =
(

Emeas

Eref

)2

• bmimodel

bmi
•SARwb,FDTD(f )

(5)

where bmimodel is the BMI of the human anatomical
model.

The approximation formula derived to predict the
induced SAR in real exposure subject has uncer-
tainties. The uncertainty on the fixed input parame-
ters consists of two components. The first one is the
simulation uncertainty on the individual plane wave
simulations (e.g. grid resolution, dielectric properties,
source model, boundary conditions), which can be
obtained from literature such as Vermeeren et al.(30).
The second component is the uncertainty on the angle
of incidence and polarization of the exposure. This
uncertainty is quantified as the variation of the SAR
values (SARosa and SARwb) over the 12 incident plane
waves at each simulated frequency.

The uncertainties on the variable input parameters
can be estimated separately as: (a) uncertainty of
the age (umis, age), which is a misclassification error
related to the human anatomical phantom chosen
and for which a worst-case estimate has been made by
looking at the relative differences between the SAR
induced in different phantoms of the same gender
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at a given frequency; (b) uncertainty of the gender
(umis,gen), which is a misclassification error estimated
as the relative difference between the corresponding
SAR values for different genders; (c) uncertainty in
the BMI (ubmi), which leads to a multiplicative uncer-
tainty in the whole-body SAR but does not influence
the uncertainty of the other OSAR values; and (d)
uncertainty in the Emeas generated by the RF system
(usource), which depends heavily on the method of
measurement.

Near-to-far field exposure
To build a SAR approximation formula for near-
to-far field sources, an indoor exposure scenario in
which the ViP phantom Eartha (see Table 1) exposed
to an isotropic WLAN system at 2400 MHz was
analyzed. Eartha was located at different positions
inside a room with area 3 × 4 m2. The RF system
was randomly placed near the wall at different heights
(0.25 m–2 m) (Figure 1b). The radiation pattern of
the WLAN system was measured with a system by
Microwave Vision Group. The equivalence principle
and spherical wave expansion were then used to sim-
ulate the source(31–33). Details about this study can be
found in Chiaramello et al.(34) and Wiart et al.(26,27).

The approximation formulas for SARwb and
SARosa were built on the basis of the polyno-
mial chaos expansion (PCE)(34) and the low rank
approximation(35). These approaches have already
been cited in the literature in regards to surrogate
models of exposure to EMFs(34,36,37). With the PCE,
the transfer approximation can be expressed as:

Y = M (X) =
P−1∑

0

βαψα (X) + ε = Y + ε (6)

where X is a vector of input parameters on which
the exposure depends, βα are the unknown coeffi-
cients of the expansion, which need to be optimized,
ψα(X) are the multivariate polynomials of degree α
belonging to a polynomial basis Ψ (X), and ε is the
error of truncation. Section 3 of the supplementary
materials provides more information on the form of
the polynomials.

In this specific case, the vector X is composed
of five uniformly-distributed input parameters,: (a)
the horizontal system position on the wall (distance
traveled in clockwise direction along the blue line in
Figure 1b) in the range [0.1:13.59] m; (b) the height
of the system on the wall w.r.t. the floor in the range
[0.25;2] m; (c) the position of the human in the room
in the X-direction: [0.55: 3.45] m (Figure 1b) and
(d) in the range [0.55: 2.45] m along the Y axis
(Figure 1b); (e) the rotation of the human body
around it’s main axis in the range [0.1;359] degrees.

The output vector Y, see Eq. 4, is either the SARwb or
the SARosa. The SARosa is in this case only evaluated
as an average over the whole brain, see Table 1.

Uncertainty evaluations were performed using
numerical simulations in terms of the variability of
both the system and position of the subject within
the room, see Chiaramello et al.(34). Validation
simulations for a specific set of configurations were
executed and the SAR values obtained from those
simulations were compared to those obtained by the
approximation formulas.

Near-field exposure
Near-field exposures were analyzed in up to four ViP
phantoms (Table 1). All RF systems were located at

distances from the phantoms of R<0.62
√

D3
λ

. The RF
systems considered in this study to represent a near-
field exposure scenario were modeled as simplified
generic antennas (Table 3). The near-Field exposure
scenarios are divided in the following categories:

Near and on body sources provide localized expo-
sure of the tissues with the region of exposure getting
smaller and more intense with increasing proximity.
This is illustrated in Figure 2a where a λ/4 dipole
antenna is placed at a distance <1 cm to the skin.
Devices could be as close as or closer than 5 mm
from the skin. Though devices might be placed close
to almost any part of the body, 10 different locations
close to the body representing five typical carrying
positions of the mobile devices were identified as
most common, namely: in the trouser pocket (back
and front), in the jacket pocket (close to the chest
and abdomen) and in a backpack (Figure 1c). The
challenge in determining exposure to devices close to
the body is to estimate the average tissue and organ
exposure when the exact location of the source is
not known and/or varies substantially with time. To
address this, the following approach was taken, larger
areas of the torso of a number of anatomical models
where exposed using λ/2 dipole antennas further away
(at 10 cm) from the body, see Figure 2b, relating to
the 10 locations outlined above. The exposed regions
from devices <1 cm from the body and 10 cm from the
body differ greatly (Figure 2a and b) however the rel-
ative exposure of tissues immediately below the device
when normalized to the peak local SAR remains
very similar, see Figure 2c. Hence the exposure of
different tissues and organs (SARosa) by the λ/2 dipole
is equivalent to an ‘average’ exposure as would be
given by time averaging a multitude of device posi-
tions in closer proximity to the body. The remain-
ing issue is how to normalize the magnitude of the
exposure. Here we used the results available from
the SEAWIND Project (‘Sound exposure and risk
assessment of wireless network devices’, EU Fp7,
GA 244149), which performed a large number of
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Table 3. Overview of near-field RF system, frequencies, antenna type and body positions analyzed in this study. For all RF
systems, the output power has been normalized to 1 W.

Near-field RF source Frequency (MHz) Generic antenna Location at the body

Near and on body 866, 2000, 3500 λ/2 dipole antenna at 10 cm
from body (Figure 1c)

-Trouser pocket (back and
front)
-Jacket pocket (close to the
breast and to the womb)
-In a backpack

Body-worn RF source 2450 Monopole antenna
(Figure 1d)

Head, torso and legs

Smartwatch 2450 Monopole antenna
(Figure 1d)

Left wrist

Wireless VR 866, 1900, 2450, 5500 λ/4 monopole antenna
(Figure 1e)

Eyes

Tablet, laptop and phone in
data mode

2450 λ/2 dipole antenna (Figure 1f) <20 and >−30 cm distance
from eyes and torso

Figure 2: Example of SAR distribution on the surface of a human anatomical model. Frontal planar projection of SAR
on the skin generated by: (a) λ/4 dipole antenna placed at 5 mm distance from the human body (SEAWIND Project), (b)
λ/2 dipole antenna at the same frequency placed at 10 cm distance from the human body. Normalization is not to the same
maximum SAR value, but to the maximum in each simulation. (c) Is the normalized SAR decay within the human body for
λ/4 and λ/2 dipole antennas exposure at 866 MHz. The SAR is normalized to the value at the phantoms surface. r is the
radial distance measured inside the body, measured from the skin on (0 m) in the direction perpendicular to the tangential

plane to the skin.

simulations using λ/4 dipole antennas placed a few
millimeters (5–9 mm) from the body. These results
were used to normalize the averaged SARwb between
λ/2 (‘averaged exposures’) and λ/4 dipole local expo-
sures. The λ/4 dipole exposures were stated to provide
a good approximation to the exposure from a typical
mobile device antenna.

A generic wireless VR device was modeled
according to the size of the commercially available VR
Google Cardboard (https://vr.google.com/cardboa
rd/), with a generic mobile phone placed in front
of the VR device and modeled as a λ/4 inverted F
antenna connected to a metallic ground enclosed in

a plastic case. The VR device model was always kept
in front of the eyes but the monopole antenna was
placed at different locations within the mobile phone
(Figure 1e).

Body-worn sensors were modeled as meandered
monopole antennas at 2450 MHz and placed at dif-
ferent locations close to the body (Figure 1d, Table 1).

Tablet and laptop devices were represented
as λ/2 dipole antennas (arrows in Figure 1f) and
placed at different locations and distances from
the eyes and torso and with various possible
locations of the antenna within the RF system
considered.
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For each RF system the average SAR values
across different locations were calculated for each
ViP model. A 3D-interpolation of the averaged
SAR values was then estimated as a function of the
frequency and the body mass through nonlinear least-
squares optimization. The best SAR approximation
formulas were found by minimizing the interpolation
error of the average SAR values across all simulated
positions as a function of the frequency and the
body mass. Since the induced SAR values in a
given tissue could vary substantially as a function
of exact device location this represents the largest
parameter of uncertainty for all near-field sources
within any given epidemiological study. For this
reason an approximation formula to predict the SAR
variation due to the system location was generated,
interpolating the standard deviation of the SAR value
across different locations for each RF system.

Integrative exposure

In order to evaluate the potential total exposure of
multiple RF systems, the sources are assumed to
be incoherent for integration of the exposure and,
therefore, the SAR values can be summed up after
multiplication by their usage duration to obtain an
integrated dose Dint in (J/kg). The Dint provides infor-
mation about the total exposure of a subject, account-
ing for the contribution of all RF devices to which
the subject is exposed and weighted with respect to
both the exposure condition and duration in terms
of position, type of use and frequency, as well as the
estimated average output power of each device during
normal usage. Specifically, the integrative exposure
calculation consists of four main steps: (a) the (nor-
malized) SAR values (W/kg/W) are estimated by the
approximation formulas derived from each exposure
scenario and each RF system; (b) the SAR values are
scaled with respect to the actual output power (in W)
of each specific RF system; (c) the SAR values are
then scaled with respect to the time of use (minutes
or min/day) of each RF system by each real exposed
subject, through the data collected in epidemiological
surveys. Dose values (J/kg) are therefore obtained
for each specific RF system; (d) the dose values are
summed up to obtain the integrative exposure in the
entire body and/or in each tissue:

Dint =
∑

source

(
SAR

(
W
kg

)

x
Actual Output power (W)

Simulated Output power (W)
x Duration

(
min
day

))
(7)

Note that Dint can be a whole-body averaged value
or an organ-specific value. In order to illustrate the
use of our integrated RF-EMF exposure approach,
we have applied it to a specific example of exposure
of a female subject of 25 years old 169 cm in height
and 67.7 kg in mass. The subject is exposed to far-
field RF-EMFs of 1 V/m and a near-to-far field WiFi

Figure 3: SARwb values under far-field exposure at
2.45 V/m. The bars indicate the average over 12 plane
waves per phantom studied, whereas the whiskers indicate
the average standard deviations. The different colors indi-
cated the six different phantoms listed in Table 1. The bars
are grouped according to those RF-frequency bands listed

in Table 2.

access point during the whole day (24 h/day). The
subject uses a laptop for 8 h, a tablet for 1 h, has
another RF source such as a smartphone on or near
the body for 1 h, uses a VR set for 0.5 h, and uses
her phone to browse data via WiFi for 1 hour. All
sources were assumed to emit 20 dBm (0.1 W) on
average during the hour of usage, except the WiFi
access point, which emitted 1 W of RF EMF power.

RESULTS

For all approximation formulas presented in this
paper, the results of the numerical simulations
relative to the far-field exposure scenario as well
as the resulting coefficients of each approximation
formula have been documented in the Supplementary
Materials in Tables S2–S13.

Far-field exposure

Figure 3 shows the simulated SARwb values across
different ViP phantoms over the 12 exposure
scenarios analyzed in each frequency band listed in
Table 2. Table S2 lists the average SARwb and whole-
brain averages SARosa values as function of simulated
frequency. The SARwb values generally decrease
with increasing frequency. This can be explained as
follows. The phantom with the highest mass (Duke)
shows its maximal average SARwb (120 μW/kg) for
a fixed incident field strength (2.5 V/m) at the lowest
studied frequency of 50 MHz. The phantom with
the lowest mass (Charlie) shows a maximal average
SARwb (22 μW/kg) at 450 MHz for an incident field
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strength of 2.5 V/m. The other phantoms studied
under far-field exposure show maxima at frequencies
in between 50 MHz and 450 MHz, see Figure 3.
This frequency behavior is in line with what has
been demonstrated in Bakker et al.(1). The frequency
behavior is significantly different for the whole-brain
averaged SAR, see Table S2. Here all phantoms
except Nina show a maximum at 835 MHz. Nina
shows a maximal SARbrain at 450 MHz. Lauer et al.(17)

found maxima of SARosa for gray and white matter
of the brain at 650 MHz and 900 MHz, respectively,
which is very much in line with our results. The study
of far-field exposure is important because subjects
are potentially continuously exposed to such fields.

The combined, standard simulation uncertainty
for fixed input parameters of 27% for SARwb
and 29% for SARbrain and SARosa was obtained
from Bakker et al.(1).

The variable input parameters—the uncertainties
ubmi and usource—are relative to the BMI and the
incident E-field strengths, respectively, and depend on
data coming from the real subjects and from mea-
surements of the E-field. Section 2 of the supplemen-
tary materials (Tables S3 and S4) provides details on
the analysis of the uncertainties associated with the
variable input parameters. Fifty-one cases of poten-
tial misclassification based on gender and age of a
subject were identified. In each of these cases, umis,age
and umis,gen were quantified as the maximum relative
deviation between the potential SAR value that could
be assigned to the subject and that actually assigned
to the subject.

Near-to-far field exposure

Supplementary Materials Tables S5 and S6 list the
coefficients βα of the polynomial expansion shown in
Eq. 6, for prediction of SARwb and SARbrain. It was
found that the mean, median and maximum SARwb
values were 0.13, 0.07 and 1.40 mW/kg, respectively,
for an emitted power of 1 W. The corresponding
SARosa values in the brain were 0.06, 0.03 and
3.7 mW/kg, respectively, for an emitted power of 1 W.
A validation study of this approach was executed
in Chiaramello et al.(34). They found error terms
<11% on the prediction of SARwb and SARbrain
values. A similar study Pinto et al.(38) found mean
and median SARwb values in a limited version of the
same setup and for the same subject of 0.06 mW/kg
and 0.05 mW/kg, respectively. These are close but
slightly lower than what was found in this study.

Near-field exposure

Near- and on-body RF systems
When considering a possible function to fit both
whole body and SARosa for the multitude of sim-

ulation results for both device operating frequency
and the mass of the body, for devices with ill-defined
placement with respect to the body, we are presented
with a significant challenge. However, it is true that
a small difference in frequency or body mass cannot
physically result in a sudden change in SAR and
resulting changes will be smooth. Some characteris-
tics of the function can be anticipated. Organs deep
within the body see reducing SAR with frequency as
higher frequencies have smaller penetration depths,
whereas superficial tissues see SAR increasing with
frequency as energy is absorbed within a smaller vol-
ume closer to the surface. Tissues at intermediate
depths can see an initial increase in SAR with fre-
quency and then a reduction. All these features can
be approximated by portions of a scaled sinusoidal
function and reasonable fits for all tissues of interest
can be achieved. One proviso is that where a given
tissue or organ is far from the radiating device and
exposure levels are low, the variation of SAR can
become unpredictable and the uncertainty of the fit
increases with the overall uncertainty of the actual
exposure. The added uncertainty of the fitting func-
tion is always much less that the exposure uncertainty
due to positioning uncertainty.

The sinusoidal SAR approximation formula
parameters were optimized using a nonlinear least-
square optimization for on-body RF devices. This
formula can be used to estimate both SARosa in each
specific tissue and SARwb (dB(W/kg)/W) as:

SAR = SARoff + SARf × cos

(( (
f − f0

)
12000 • c1

)
× 2π

)

+ SARm × cos

(( (
body_mass − m0

)
1000 • c2

)
× 2π

)
(8)

where SARoff (dBW/kg), SARf (dBW/kg), SARm

(dBW/kg), f0 (MHz) and m0 (kg) are the optimized
coefficients shown in the Supplementary Materials
Table S7 (column from 2 to 6), c1 = 1 MHz and
c2 = 1 kg.The constants in the expressions were
chosen such that shape of the curves could be
modeled for all tissues and the f 0 and m0 parameter
values allow curves of differing shapes to be fitted, i.e.
increasing, decreasing, peaking etc. Specifically the
magnitude of the variations in SAR are a function
of SARf for the SAR expressed as a function of
frequency in a subject of mass m, SARm for the
SAR expressed as a function of the mass at a specific
frequency f, whereas SARoff adjusts the absolute
value of the SAR prediction. Frequency f (MHz)
and body_mass (kg) are the RF system operational
frequency and the body mass of the real subject,
respectively. The validity of the approximation is
20 kg ≤ body_mass ≤ 120 kg over the frequency
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Figure 4: Normalized SARwb (W/kg/W) of the near and on-body devices expressed in dB ((W/kg)/W). Data from the
numerical simulations (left) and fitted transfer approximation (middle) as a function of the frequency (MHz) and the body
mass (kg) and the variation across possible device locations of the near and on-body device close to the body in dB (right).

Figure 5: Whole-brain averaged SARbrain in dB((W/kg)/W) induced by near and on-body devices. Data from simulations
(left) and fitted transfer approximation (middle) as a function of the frequency (MHz) and the body mass (kg) and the

variation across possible device locations close to the body in dB (right).

range 50 MHz ≤ f ≤ 3.5 GHz. Outside this range the
functions will become increasing erroneous.

The analysis of variations in the SAR values due
to the RF system position with respect to the human
body requires the estimation of the deviation around
the average SAR values. Since the SARwb and SARosa
are lognormally distributed, the variation of the SAR
is expressed as the standard deviation of SAR values
in dB across all system positions. The transfer func-
tion of the SAR variation used for both SARwb and
SARosa is:

variation = vSARoff + vSARf × cos

(( (
f − vf0

)
24000 • c1

)

× 2π) + vSARm × cos

(( (
body_mass − vm0

)
500 • c2

)
× 2π

)
(9)

where vSARoff (dB), vSARf (dB), vSARm (dB), vf0

(MHz) and vm0 (kg) are the coefficients optimized for

each SARosa and SARwb (as shown in the Supplemen-
tary Materials Table S7, columns 7–11).

Figures 4 and 5 show examples of the comparison
between the simulation results and the fitted approxi-
mate formulas for the SARwb and the SARbrain for the
on-body and near body case plus the variation across
the simulated positions. A fitting error of 0.5 dB was
found in the estimation of SARwb, which can be seen
to be much smaller than the observed variation of
1.63.3 dB, whereas, for SARbrain which is some 100
times smaller than the SARwb, the interpolation error
was <2.7 dB whereas the variation was in the range
6–17 dB, hence the fitting errors have little impact on
the overall exposure estimation uncertainty. Figure 6
shows, as an example, the SARwb values across a
range of frequencies and exposed subjects of different
masses estimated through the approximation formula
(8) and adjusted with respect to the interpolation
error (in Figure 6 the middle of the box is the cal-
culated value through the formula (8) and the lower
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Figure 6: Near- and on-body RF systems: example of
SARwb calculated for four body masses at the frequencies of
866, 2000 and 3500 MHz. The body mass is indicated on the
horizontal axis. The central line in each box represents
the SARwb estimated from the approximation formula (8),
the upper and lower bounds of the box include the fitting
error, whereas the whiskers indicate the SARwb variation
due to the location of the RF device at the human body

estimated from formula (9) for an input power of 1 W.

and upper level of the box represent the interpola-
tion error). The SAR variation estimated through
the approximation formula (9) accounts also for the
variability in the position of the RF system and is
represented by the whiskers in Figure 6. In general
terms, the exposure tends to decrease with increasing
frequency and body mass.

Body-worn sensors
SAR approximation formulas for body-worn sensors
were built as a function of the masses at the fre-
quency of 2450 MHz. In analogy with the previously
found approximation formula for near and on-body
RF systems the SAR approximation formula can be
expressed as:

SAR = SARoff + SARm × cos

(( (
body_mass − m0

)
400 • c2

)
× 2π

)

(10)

where SARoff (dBW/kg), SARm (dBW/kg), and m0
(kg) have been optimized for each SARosa and SARwb
separately (the optimized coefficients are shown in the
Supplementary Materials in Table S8–S10, columns
2–4). The approximation formula for estimation of
SAR induced by body-worn sensors is applicable over
the range 20 kg ≤ body_mass ≤ 120 kg at 2450 MHz.

For all approximation formulas used to estimate
the SARwb and SARosa the error of interpolation was
always found to be <2%.

The variation of SARosa and SARwb due to the
uncertainty in the location of body-worn sensor in
each specific region was calculated as well and can be

expressed with the following formula:

variation = vSARoff + vSARm

× cos
((

(body_mass − vm0)

400 • c2

)
× 2π

)
(11)

the optimized coefficient vSARoff (dB), vSARm
(dB) and vm0 (kg) for SARwb and SARosa variation
are reported in the Supplementary Materials on
Table S8–S10, columns 5–7.

Wireless VR device
An approximation formula similar to (8) has been
built to estimate SARbrain and SARwb, whereas for
SARbs, the following equation is used:

SARbs = SARoff + SARf × cos

(( (
f − f0

)
15000 • c1

)
∗ 2π

)

+SARm × cos

(( (
head_mass − m0

)
50 • c2

)
× 2π

)
(12)

The optimized coefficients are shown in the Sup-
plementary Materials in Table S11, columns 2–6. The
approximation is applicable for head_mass up to 7 kg
over the frequency range 50 MHz ≤ f ≤ 6 GHz,
which represents an upper boundary body mass of
the average adult head. Though head mass is easy to
determine for an anatomical model, the same cannot
be said for the head of a person. However there is a
good correlation between head mass/body mass and
age in years that can be employed:

For age < 20 years head_mass = body_mass ×
0.5063 × age−0.638 otherwise 0.0747 × body_mass.

The fitting error of SARwb and SARbrain was
<10%, whereas in the SARbs the error tends to
increase to >50% due to the small size of the
interested regions.

The variation of the exposure is assessed in terms
of the uncertainty in the antenna location in the
mobile phone, and the transfer approximation is sim-
ilar to equation (8) (coefficients in the Supplementary
Material, Table S11, columns 7–11).

Tablet, laptop or phone in data-use mode
Transfer approximations for each position of a tablet,
laptop, or phone in data-use mode, similar to those
used for body-worn sensor devices (Eqs. 10 and 11),
were built as a function of the human body mass, and
for the SARbs as a function of the head mass, on the
basis of the averaged SAR values across the four loca-
tions of the dipole antenna for each tablet position.
The variation of the exposure was assessed for each
tablet position as uncertainty in the antenna location
inside the device, according to transfer approximation
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Figure 7: Example of integrative exposure expressed as
daily dose (J/kg) of each RF system for the whole body and
the whole brain in a real 25-year-old female subject with
169 cm whole-body height and 67.7 kg in mass. The subject
is exposed to far-field RF-EMFs of 1 V/m and a near-to-far
field WiFi access point during the whole day (24 h/day). The
subject uses a laptop for 8 h, a tablet for 1 h, has another RF
source such as a smartphone on or near the body for 1 hour,
uses a VR set for 0.5 h, and uses her phone to browse data
via WiFi for 1 h. All sources were assumed to emit 20 dBm
(0.1 W) on average during the hour of usage, except the WiFi
access point, which emitted 1 W of RF EMF power. The left
bar shows the whole-body daily dose, whereas the right bar
shows the brain-specific dose. Different segments of the bars

(in different colors) indicate different RF-EMF sources.

similar to Eq. (11). Similar to the results obtained
for the SAR transfer approximation of body-worn
sensors, the fitting error was <<2%. The optimized
coefficients for use in Eqs. 10 and 11 are listed in the
Supplementary Materials in Table S12, columns 2–4
and 5–7 for the SAR and variation, respectively.

Example of integrative exposure
Figure 7 shows an example of contributions to the
daily dose of several RF systems in the whole body
and in the whole brain of a 25-year-old female
subject under the conditions described in the Section
Materials and Methods. In this example, the subject
is exposed to several RF systems simultaneously.
The contribution of the far-field exposure was cal-
culated by summing the contribution of all analyzed
frequency bands described in the Section Materials
and Methods. The relative contribution of each RF
system is heavily dependent on the distance to the
human body (for SARwb) and to the human head
(for whole-brain SAR), respectively. We found a daily
whole-body integrated dose of 16 J/kg/day and a daily
whole-brain integrated dose of 7.7 J/kg/day in this

example. These values are much higher than the
ones listed in Lauer et al.(17), although we found
very good agreement in SAR values. This can be
explained by the scenarios considered in Lauer
et al.(17), where usage <1 h per week of a mobile
device was considered. Although in our example, we
use multiple hours of exposure per day. The laptop
and near-to-far field WiFi exposure is the dominant
component that contributes to the SARwb. The WiFi
access point is an RF-EMF exposure source that
illuminates the whole body during a full day (in this
example), whereas the laptop exposure is relatively
high in terms of dose because of the 8 h of exposure
in this example. Far-field RF-EMFs contribute very
little to whole-body (<1%) and whole-brain (1.6%)
dose. Note that some RF-EMF sources, such as
laptop use, can have a significant contribution to
the whole-body dose, because they are used close to
the body and thus cause relatively high absorption of
RF-EMFS in the body, but contribute far less to the
whole-brain dose, see Figure 7. Integrated RF-EMF
doses have previously been used to study longitudinal
exposure to RF EMFs fields(13,14), using specific
integrated dose calculations tailored to those studies.
This work provides a generally usable estimation
method for integrated RF-EMF exposure that could
be used in future studies.

CONCLUSIONS

In this study, an easy-to-use approach for fast estima-
tion of RF-EMF exposure in terms of SAR within
the human body resulting from simultaneously oper-
ated RF systems in different exposure scenarios is
proposed. System-specific analytical approximation
formulas for quantification of the absorbed power
of several RF systems over a wide range of human
subjects and frequencies, accounting for variations in
system location, posture, age, sex and morphology
were developed. To this aim, numerical simulations
of advanced human anatomical phantoms exposed
to several RF systems to simulate far-field, near-
to-far field, and near-field exposure conditions were
executed and analyzed. The approximation formulas
permit to have an estimation of the absorbed power
in the whole body, tissues and organs and different
brain regions. Since the general population is nor-
mally exposed to numerous sources of RF exposure
during the day, these approximation formulas repre-
sent a useful tool for epidemiology studies to pre-
dict the cumulative exposure for assessment of health
impact. Indeed, the SAR levels can be combined with
personal information about the conditions and dura-
tion of use of each RF source and scaled with respect
to the actual output power of each device to obtain
typical and personal integrated and cumulative RF
doses.
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