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Abstract—This work assesses the uplink exposure of 3G/4G
smartphones and tablets, as representative of current wireless
usage trends. Numerical simulations are carried out to estimate
SAR on whole body heterogeneous voxel models of an adult and
a child, in standing and sitting postures, in a testbed comprising
16 scenarios, which is the main novelty of the work. The head and
the hand absorb about 55% and 40% of the energy, respectively,
during a voice call (on average), while using a tablet, on average,
96% of the energy is absorbed by the hands. The child model
exhibits a higher sensitivity to frequency and to the body posture.
Index Terms—SAR, 3G, 4G, uplink exposure, tablets, smartphones.

I. I NTRODUCTION
Recent studies report a massive usage of wireless technologies, e.g., smartphones and tablets. Results from a Portuguese
survey [1] reveal that almost each teenager has a mobile phone
and sends an average number of 100 daily SMSs. In spite of
this impressive usage, a part of the population is concerned
about the exposure to ElectroMagnetic Fields (EMFs) from
wireless technologies. The last Eurobarometer on EMFs [2]
reveals that 70% of the respondents believe that mobile phone
masts somehow affect their health.
The LEXNET projet [3] arises in this context of awareness
about the possible adverse health effects from EMF exposure.
The project has the strategic goal of improving the acceptability of existing and future wireless systems, through the
development of low exposure systems without compromising
the users perceived quality of experience. Moreover, a global
exposure index was developed, measuring the average exposure of a population incurred by a wireless telecommunications
network as a whole, over time and over space. It aggregates the
downlink exposure induced all day long by base stations and
access points, as well as the uplink one incurred by personal
wireless communication devices.
The individual exposure induced by wireless devices is usually assessed through the Specific Absorption Rate (SAR) [4],
averaged over the whole body of the user, or on a given organ,
tissue or body volume [5]. SAR assessment via measurements
is a complex and invasive procedure, thus, its estimation is
commonly accomplished through numerical dosimetric simulations, e.g., [6]. Numerical full-body phantoms (or body
sections) are embedded in the electromagnetic codes.
978-1-4673-6540-6/15/$31.00 c 2015 IEEE

The mobile phones boom and evolution boosted an outstanding number of studies related to the absorption of EMF
on the head or the hand of a user. The authors in [7] reviewed
the SAR values for the different generations of mobile phones
aging from 1995 to 2011, showing that the internal microstrip
antennas reduce SAR by 40-60%, compared to the old external
helix ones. The importance of the geometric model of the
device is highlighted in [8], being shown that the SAR distribution caused by generic source models cannot be extrapolated
to the real device exposures.
Novel exposure scenarios have been arising, comprising
new devices such as tablets or laptops, new postures (e.g.,
standing with the device on the hands, or sitting with the
laptop on the legs), and new users (e.g., kids playing with
the tablet). The World Health Organisation has identified the
assessment of characteristic EMF emissions, exposure scenarios and corresponding exposure levels for new and emerging
radiofrequency technologies, and also for changes in the use
of established technologies, as one of its research agenda
high-priorities. Some related studies are already found in the
literature (e.g., [10]), and for the particular case of tablets, the
authors in [11] concluded that the localised SAR for these
devices is lower than those for phones.
Exposure depends on many factors, such as the device, the
frequency band, the morphology and the posture of the user,
as well as on the position, and distance of the source with
respect to the user. To characterise the realistic exposure of
a population, LEXNET is conducting numerical dosimetric
simulations for a comprehensive set of scenarios. This work
deals with part of the LEXNET test-bed, addressing the
individual exposure to the uplink by smartphones and tablets,
in order to fill out a matrix of raw normalised SAR values.
Numerical dosimetric simulations were conducted to estimate the whole body, and the peak localised SAR, for a testbed including 16 scenarios: 2 devices (a smartphone - voice
usage and a tablet - data usage) × 2 radio access technologies
(RATs) (3G and 4G) × 2 postures (standing and sitting) × 2
users (an adult and a child).
Apart from the contribution to the matrix of raw normalised
SAR values to be used for the calculation of LEXNET global
exposure index, the exhaustive number of analysed scenarios,
and their relevance for the time being, constitute the main
novelty of the work.
Five sections, including the present one, compose this paper.

In Section II, a description of the methodology of the work is
presented. Section III provides an overview on the scenarios
analysed, namely, the devices and the body models. Section
IV is focused on the main outcomes from the exposure
assessment. In Section V, the main conclusions are drawn.
II. M ETHODOLOGY
Numerical dosimetric simulations are carried out using CST
Microwave Studio [12], a specialised tool for 3D simulation of
high frequency devices, that implements the Finite Integration
Technique (FIT). FIT is a numerical method that performs
a spatial discretisation, in the time or frequency domains, of
the integral form of Maxwells equations, instead of the usual
differential one.
The simulations have been performed in the time domain
(transient) solver of CST, using the automatic mesh generation
feature, which is controlled by two important settings:
• MLW - Lines per Wavelength (LW), which is the minimum number of mesh lines in each coordinate direction
based on the highest frequency of evaluation.
• MRL - Ratio Limit (RL), which is the ratio between
the largest and the smallest distances between mesh
lines. There is an increase on mesh quality when high
aspect ratios exist, e.g., edge coupled microstrip. As an
alternative to the ratio limit, the smallest mesh step can be
entered directly as an absolute value, rather than defining
it relatively via the largest mesh step and ratio limit. The
smallest mesh step determines the simulation time.
In order to better adapt the mesh for the given problem, the
discretisation of the numerical phantoms used in this study
was adjusted by using fixedpoints, Fig. 1. The fixedpoints
force the mesh to be aligned within specific points indicated
by the user. Due to the large dataset, a Matlab [13] script
was developed to create a set of fixedpoints that force the
mesh to be aligned to the edges of the numerical phantom
model. Additionally, in order to increase the accuracy of the
simulation, the meshing was even denser in the area of the
excitation port of the antenna.

Fig. 1.

Mesh tuning using fixedpoints.

A discrete edge port is used in CST as the feeding point
source, having two pins connected to the source structure (e.g.,

to the wireless communication device). This port enables the
calculation of the corresponding S-parameters and impedance,
based on the incoming and outgoing signals. In order to
enable the EMF exposure assessment, a power loss density
monitor is defined, and SAR calculation is carried out as a
post-processing step after the simulation. SAR calculations
were performed using the averaging method specified in the
IEEE C95.3 standard [14], on the recommended practice for
measurements and computations of radio frequency EMFs
with respect to human exposure to such fields.
SAR measures the rate at which energy is absorbed in a
tissue [4], being defined as the power absorbed by a mass of
tissue, and it is related to the electric field E at a point by:
SAR = ρ|E|2 /σ [W/kg]

(1)

where:
• ρ is the conductivity of the tissue ([S/m])
• E is the root mean squared electric field strength in the
tissue ([V/m])
3
• σ is the volume density ([kg/m ])
The whole-body averaged SAR (wbaSAR) [4] is the basis
for the exposure reference levels. The wbaSAR is averaged
spatially over the mass of the body and, hence, is obtained by
dividing the total power absorbed in the human body by the
full body weight:
Z
wbaSAR = 1/M SAR dm [W/kg]
(2)
R

where:
• M is the total mass of the human body model
• R is the region of the body
Hazardous exposures may occur above a whole-body averaged SAR value of 4 W/kg [15], as averaged over the entire
mass of the body. For comparison with the guidelines, the
wbaSAR is averaged over a 6 minute period.
The peak-spatial averaged SAR (psaSAR10g ), measured in
[W/kg], is defined as the maximum local SAR, averaged over
any 10 g of contiguous tissue [4].
A segmentation of the numerical models was carried out to
enable the automatic estimation of SAR in different parts of
the body, as illustrated in Fig. 2. For this purpose, a second
algorithm was implemented in Matlab, which intersects the
numerical model of the user with basic shapes (e.g., cylinders),
in order to segment the body model. A mirror model with
four segments (i.e., head, chest, arms, legs), is then created
through a matrix containing the allocation to the body parts.
The mirror model is used in the post-processing procedure of
the numerical simulations.
III. S CENARIOS
This work addresses the individual exposure from the uplink
by wireless communication devices, in a total of 16 scenarios:
2 devices: smartphone (voice), tablet (data); 2 frequencies:
1940 MHz (3G) and 2600 MHz (4G); 2 postures: standing,
sitting; 2 users: adult, child.

TABLE II
OVERVIEW OF SCENARIOS .
A.1

Model

Posture

Device (Usage)

Freq. [MHz] (RAT)

Duke

Standing

Smartphone (voice)

1940 (3G)

Tablet (data)

1940 (3G)

Smartphone (voice)

2600 (4G)

Tablet (data)

2600 (4G)

Smartphone (voice)

1940 (3G)

Tablet (data)

1940 (3G)

Smartphone (voice)

2600 (4G)

Tablet (data)

2600 (4G)

A.2
A.3

Sitting
Duke

A.4
A.5

Sitting
Duke

A.6
A.7
Fig. 2.

Body segmentation for post processing.

A smartphone [16] and a tablet [17] are used as examples
of voice usage when making a phone call, and data usage
when web browsing, respectively. The numerical models of
these devices do not correspond to a specific model/brand,
rather being fair representations of the commercial available
ones, and were developed and validated within the LEXNET
project for the numerical assessment of the exposure to EMFs.
Both devices are working with a normalised input power of
1 W (peak value), which was used to normalise the results
among the LEXNET test-be, but overestimates the real typical
exposure of 0.125 W for 3G [18] and 0.1 W for 4G [19]. No
power control transmission algorithms are considered, neither
voice over IP communications.
The selected frequencies of 1940 and 2600 MHz typify the uplink bands for 3G, [1900, 1980] MHz and 4G,
[2500, 2570] MHz, respectively. Simulations are not technology dependent, their only difference being on the frequency.
Numerical models of an adult and a child are used, taken
from the Virtual Population Project [20]. The models are the
heterogeneous whole body voxels of the male adult Duke and
the female child Eartha. No differences between genres are
expected, but, between different body mass indexes, exposure
dissimilarities are expected. Besides the traditional standing
posture, a sitting position obtained using deformation software
is considered as well. Table I details the main characteristics
of the voxel models used.

Duke

Eartha

Standing

Eartha

Standing

Eartha

Standing

Sitting

B.4
B.5

Sitting

B.6
B.7
B.8

Standing
Sitting

B.2
B.3

Standing
Sitting

A.8
B.1

Standing

Sitting
Eartha

Standing
Sitting

mentioning that the 2 mm resolution represents a fair tradeoff between the required exposure accuracy and the available
resources (e.g., simulation time). For the selected frequencies,
the impact of the voxel resolution on exposure calculation is
small. A preliminary assessment shows that the error between
1×1×1 mm3 and 2×2×2 mm3 is always less than 5% for
both wbaSAR and psaSAR10g .

TABLE I
VOXEL MODELS .

Genre

Duke

Eartha

Male

Female

Age [years]

34

8

Height [m]

1.77

1.35

Weigth [kg]

71.36

30.17

BMI

22.5

16.5

Resolution [mm3 ]

2×2×2

Table II provides an overview of the 16 scenarios considered
for the simulations carried out in the work.
2 mm voxel models of the user and the device are used
in the simulations, as represented in Fig. 3. It is worthwhile

(a) Duke standing
(b) Eartha seated
Fig. 3. Examples of the voxel models.

Simulations were run in a dedicated workstation with 4 Intel
Xeon Quadcore E5620 Processors, @2.4 GHz, 44 GB RAM,
without GPU acceleration (due to hardware limitations).
IV. R ESULTS
Tables III and IV indicate the performance of the simulations for the adult and the child models, respectively, in
terms of the number of mesh cells and duration of simulation,
together with the simulation parameters (simulated frequency
band, meshing parameters).
A wideband analysis was chosen, as it performs faster
due to the shorter excitation signal. However, the upper

TABLE III
S IMULATION PERFORMANCE FOR D UKE .
A.1

Band [MHz]

MLW

MRL

Cells [106 ]

Sim. Time

[500, 2100]

5

40

58.59

2h52m54s

A.2
A.3

[500, 2100]

5

40

A.4
A.5

[500, 3000]

5

40

A.6
A.7

TABLE V
SAR OVERVIEW FOR D UKE .

[500, 3000]

5

40

A.8

psaSAR10g [W/kg]
wbaSAR [W/kg]

Head

Chest

Legs

Arms

0.0052

1.1079

0.3629

0.0003

2.6304

80.93

3h41m11s

A.1

89.25

8h05m32s

A.2

0.0052

2.3929

0.176

0.0015

2.6224

25.94

2h07m20s

A.3

0.0039

0.0480

0.0576

0.0101

3.5340

58.59

3h45m40s

A.4

0.0081

0.0418

0.0524

0.0211

14.2519

114.50

6h57m09s

A.5

0.0053

5.1638

0.4376

0.0003

1.4075

116.25

18h24m47s

A.6

0.0047

7.5690

0.0612

0.0004

7.0115

130.09

14h34m06s

A.7

0.0029

0.0713

0.0393

0.0226

2.2694

A.8

0.0370

0.0773

0.0192

0.0154

6.6761

TABLE IV
S IMULATION PERFORMANCE FOR E ARTHA .
B.1

Band [MHz]

MLW

MRL

Cells [106 ]

Sim. Time

[500, 2100]

5

40

33.97

0h54m59s

36.57

1h13m00s

45.24

4h11m07s

40.93

3h48m50s
3h14m39s

B.2
B.3

[500, 2100]

5

40

B.4
B.5

[500, 3000]

5

40

[500, 3000]

5

40

B.6
B.7
B.8

95.88

psaSAR10g [W/kg]
wbaSAR [W/kg]

Head

Chest

Legs

Arms

B.1

0.0100

0.9435

0.3401

0.0008

1.1440

B.2

0.0116

3.5327

0.4655

0.0042

3.3447

B.3

0.0109

0.0859

0.0909

0.0052

4.2989

41.09

2h05m02s

B.4

0.0135

0.0786

0.0877

0.0476

4.5143

63.75

12h34m55s

B.5

0.0157

12.9505

0.2489

0.0003

12.4945

55.76

11h02m28s

B.6

0.0147

6.5686

0.0023

0.0001

0.1813

B.7

0.0083

0.0935

0.0780

0.0144

3.0052

B.8

0.0094

0.0889

0.0700

0.0534

2.3139

frequency was chosen carefully, not being too large, as the
number of mesh cells rapidly increases with it. The simulation
time merely provides an indication value, as the conditions
of computation were not the same over all the simulations
(e.g., number of threads, allocated memory, temporary files or
internal temperature). Anyway, the child model leads to shorter
simulations, due to its smaller dimensions.
Fig. 4 exemplifies the SAR distributions for Eartha using
the smartphone, showing the intuitive results that most of the
energy is absorbed by the body parts touching the device.

Fig. 4.

TABLE VI
SAR OVERVIEW FOR E ARTHA .

about 55% of the radiation, and the hand about 40%. The
less exposed body part are the legs, especially in standing
position. While using the tablet, on average, the hands absorb
about 96% of the energy, and exposure is generally higher in
seated posture, as the device is closer to the user. No consistent
differences between the adult and the child model were found
concerning psaSAR10g , both models experiencing the highest
local absorption of energy in the head when exposed to the
radiation of a 4G smartphone.

SAR distribution (Eartha using the smartphone).

Table V and Table VI present an overview of the results
for the wbaSAR and the psaSAR10g , for Duke and Eartha,
respectively. The whole body averaged SAR results are plotted
in Fig. 5, while the peak SAR for the head (smartphone usage)
and for the arms (tablet usage) are shown in Fig. 6.
During a voice call, the smartphone touches the hand and
the head of user, thus, both Duke and Eartha present a higher
psaSAR10g in these body parts. On average, the head absorbs

Fig. 5.

Whole body averaged SAR.

Results suggest that the whole body exposure of the child
is around twice the one from the adult, apart from the device
used. As the wbaSAR is the ratio of the absorbed power over
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Fig. 6.

Peak spatial averaged SAR.

the mass of the body, this result is a consequence of the
smaller volume of the child model. Results suggest that whole
body exposure is higher for tablets used in 3G band for both
body models, but the child exhibits a higher sensitivity to the
frequency, as well as to the body posture. The high values of
SAR obtained in these simulations, in some cases above the
recommended thresholds, are clearly above the real exposure,
and are a consequence of the selected transmitted power of
1 W. As stated before, this value was selected to normalise
the different results of the LEXNET testbed.
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exhibits a higher sensitivity to the frequency, as well as to the
body posture.
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expert system to obtain quantitative values of the LEXNET
global exposure index (including up- and downlinks exposure).
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