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This work presents an electromag-
netic exposure intercomparison 
among representative human mod-

els with different body features (i.e., 
height, weight, and age) and genders 
when exposed to near-field, high-power, 
and broadband devices. Such devices 
are commonly used in the military field 
for communication and jamming pur-
poses. With the aim of obtaining accu-
rate and detailed whole-body-averaged 
(WBA) specific absorption rate (SAR) 
and 10-g SAR evaluations, a realis-
tic scenario is numerically simulated. 
Three different antenna configurations 
are adopted, faithfully reproducing the 
radiative characteristics and opera-
tive frequency bands of similar devices  
(40–2,700 MHz). Then, we equally 
expose in the working band three differ-
ent human body models (Hugo, Duke, 
and Ella). The obtained results show that 
the WBA-SAR is mainly related to the 
total body weight, as expected from its 
definition. Conversely, the 10-g SAR var-
ies along with the frequency range, and 
different results are observed for each 
human model. Guidelines for exposure 
reduction and physical considerations 
are also presented. This study can be a 
useful reference for conducting com-

plete and accurate radio-frequency (RF) 
dosimetry analysis for such particular 
and high-risk devices, differentiating 
the study for different genders and body 
shapes of human body models.

INTRODUCTION
The problem of the exponentially rising 
exposure of the general population to 
electromagnetic fields (EMFs) has raised 
the attention of the scientific community 
regarding the possible risks for human 
health [1]. Accordingly, the evaluation of 
the electromagnetic energy deposition 
on biological tissues is fundamental to 
assess whether a radiative source can be 
safely used near or in contact with the 
human body. As a metric, the SAR (watts 

per kilogram) has been defined, and it 
is generally adopted. Hence, to protect 
the population from massive exposure 
to EMFs, the International Commission 
on Non-Ionizing Radiation Protection 
(ICNIRP) and IEEE have developed 
safety guidelines [2] and standards [3], 
respectively. These guidelines provide 
both methods for measuring the SAR 
and limit thresholds to effectively assess 
when a device becomes potentially haz-
ardous for human health.

Experimental evidence has shown 
that a SAR value greater than 4 W/kg, 
averaged over the total body volume 
(i.e., the WBA-SAR), can lead to irre-
versible biological effects; this is due to 
the fact that such energy deposition can 
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easily produce an overall body tempera-
ture increase of about 1  °C when the 
exposure exceeds 30 min [4], [5]. There-
fore, this value has been adopted in the 
international standards as a reference 
safety margin. In particular, the whole-
body exposure (WBA-SAR) limits have 
been cautiously set at 0.4 W/kg (10 times 
lower than the aforementioned thresh-
old value) for workers and 0.08 W/kg (50 
times lower than the aforementioned 
threshold value) for the general public 
[2], [3], respectively. In addition to the 
whole-body exposure, another funda-
mental aspect is the localized near-field 
exposure assessment by means of the 
local SAR distribution. Since the use of 
radiating devices closely placed or direct 
in contact to the human body is dramati-
cally increasing, an accurate estimation of 
localized heating is needed. To this end, 
limits on the averaged peak SAR value 
on 10 g of tissue in international stan-
dards have also been introduced. These 
local SAR limits have been obtained 
by increasing the basic WBA margin 
by a factor of 25. Hence, the local SAR 
limit was set at 10 W/kg for workers and 
2 W/kg for the public [2], [3].

In the light of the preceding consid-
erations, it is evident that a correct SAR 
level estimation is required for a careful 
safety assessment of a radiating device. 
Currently, some works in the literature 
have explored the exposure level quan-
tification for mobile devices, tablets, and 
smartwatches [6], [7], [8], [9], [10], [11]; 
moreover, the SAR rating for wearable 
systems have been investigated, such as 
for devices monitoring biological param-
eters or prosthetic implants [12], [13], 
[14], [15], [16]. Generally, the common 
feature of all these devices is their opera-
tive modality; they work in the near-field 
region but in a very narrow frequency 
band or even a single frequency, as in the 
case of biomedical monitoring systems.

Nevertheless, there are commercially 
available high-power portable electro-
magnetic devices that act both in the 
near-field region and in a wider frequen-
cy band. These types of devices are usu-
ally employed for military applications in 
the form of wearable backpack systems 
for communications, jamming, or situ-
ational awareness [17].

In [18], the effect of the aforemen-
tioned radiative sources on a specific 
human body voxel model has been evalu-
ated, and guidelines for the reduction of 
exposure levels have been defined. How-
ever, it is acknowledged that the human 
population has strongly variable anatomi-
cal characteristics in terms of height and 
weight; furthermore, it is well known 
that body composition differs among 
males and females, especially in terms 
of adipose content [19] and as a function 
of age. As a consequence, different bod-
ies can be subjected to different levels 
of exposure in the presence of the same 
radiative source [20], [21]. Several works 
in the literature have carried out the 
SAR evaluation for different body mod-
els and genders in the far-field region by 
using a vertically polarized impinging 
plane wave [22], [23], [24], [25]. Nonethe-
less, the use of similar radiative sources 
does not provide a realistic SAR assess-
ment since plane waves never occur in 
reality, and often, the human body is 
illuminated within the near-field region.

To overcome these limitations, we 
performed a broadband SAR analysis 
in the near-field region, using realistic 
high-power (60-W) radiating sources 
operating on a wider frequency band 
(40–2,700 MHz). Three different stan-
dard voxel phantom models (Hugo [26], 
Duke, and Ella [27]) have been adopted; 
they represent two men of different ages 
and body conformations and a woman. 
By considering the dispersive dielectric 
properties of the tissues in the entire fre-
quency band, the exposure levels and 
localization of SAR hot spots were accu-
rately assessed. In [28], some preliminary 
results related to the WBA-SAR have 
already been presented. Since these 
results have shown a significantly higher 
SAR level for the female model, we have 
carried out a more in-depth and accurate 
analysis. Important information can be 
inferred from this study by determining 
how hot spot locations vary with gender 
and body conformation. To the best of 
our knowledge, such an analysis has not 
yet been performed in the literature. The 
present work is organized as follows. The 
“Problem Statement” section presents 
the problem statement and purpose of 
the study. The “Method” section deals 

with the description of human body voxel 
models that have been adopted and the 
settings of the numerical scenario. In the 
“Numerical Results” section, numeri-
cal results are presented and discussed. 
Finally, conclusions are described.

PROBLEM STATEMENT
The aim of this study is the intercom-
parison of the electromagnetic energy 
absorption among human models, dif-
fering in gender and body features (i.e., 
height, weight, and age), when they 
are exposed to portable, high-range, 
and broadband electromagnetic devic-
es. As mentioned, similar systems are 
extremely common in military applica-
tions, where they are used in tactical 
communication or situational awareness. 
In the context of the ICNIRP and IEEE 
international norms [2], [3], the EMF 
exposure of workers represents a signifi-
cant health risk; hence, it is necessary to 
assess whether such equipment can be 
safely used [29] without causing adverse 
biological effects.

To evaluate this problem in an accu-
rate way, a realistic near-field scenario 
has been set up. We have considered 
three standard voxel human models 
(Hugo, Duke, and Ella; Figure 1) rep-
resenting adult people of a different 
sex, age, and body conformation. Each 
model was equipped with a portable 
backpack system that simulates a typical 
device used in military communication. 
A similar methodology has already been 
developed in [18] for a single human 
body model; herein, it has been extend-
ed to the young male (Duke) and female 
(Ella) models.

As depicted in Figure 2, the system 
is characterized by a backpack closely 
placed to the body. To simulate a realistic 
communication or jamming application, 
the device operates on a wide bandwidth 
(40–2,700 MHz); in fact, these systems 
are equipped with an arrangement of 
several monopole and dipole antennas 
switched on according to the transmis-
sion radio communication band. In addi-
tion, since this type of system transmits 
high-intensity signals, its input power has 
been set at 60 W.

To summarize, this study is aimed at 
providing a general safety assessment of 
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high-power broadband devices for dif-
ferent categories of users, exploring how 
different genders and ages may affect the 
SAR deposition.

METHOD

VOXEL ANATOMICAL BODY MODEL
The SAR evaluation and related dosim-
etry studies cannot be experimentally 
conducted on actual human bodies since 
this assessment is practically unfeasible. 
Besides, realizing biological phantoms 
able to actually replicate the inhomo-
geneities of human tissues is still a chal-
lenge. Therefore, to overcome these 
limitations, extremely accurate anthropo-
morphic numerical phantoms have been 
developed, starting from tomography 
data, to be used in SAR assessment.

As stated, three human body models 
representative of gender and body con-
formation diversity have been employed 
to obtain results as accurate as possible 
in terms of the exposure level quantifi-
cation of portable device antennas. As 
shown in Figure 1, such voxel models are 
Hugo, Duke, and Ella, respectively [28].

As described in [18], Hugo is prob-
ably the most popular and adopted voxel 
model [26]. It is characterized by high-
fidelity anatomical detail acquired on a 
real human body by using high-resolution 
magnetic resonance imaging (MRI) data. 
This activity was carried out as part of the 
Visible Human Project [31] developed 
by the U.S. National Institute of Health. 
This phantom represents a 38-year-old 
man; his digitalized body model presents 
32 different tissues with a voxel resolution 
that can range from approximately 8 × 8 × 
8 mm3 to 1 × 1 × 1 mm3.

The other two models, Duke and 
Ella, represent a 34-year-old man and a 

26-year-old woman, respectively. They 
are part of the Virtual Family, a project 
carried out in collaboration with the 
U.S. Food and Drug Administration, the 
Foundation for Research on Information 
Technologies in Society, and other aca-
demic and industrial partners [32]. Also, 
in this case, the numerical models have 
been obtained by referring to high-res-
olution MRI data acquired on healthy 
volunteers; their inner organs and tissues 
are featured by highly detailed 3D CAD 
objects with a voxel resolution rang-
ing from 5 × 5 × 5 mm3 
to 0.5 × 0.5  × 0.5  mm3. 
Their features are listed 
in Table 1.

As already highlighted 
for the Hugo model [18], 
these standard phantoms 
exhibit tissue dielectric 
properties evaluated only 
for a discrete number of 
frequencies. To perform 
an accurate broadband 
SAR assessment, the 

dielectric properties dataset has been 
customized. In more detail, by imple-
menting the most widely used disper-
sive model in the literature, that is, the 
Gabriel and Gabriel model [33], we 
have calculated the dielectric param-
eters in the entire frequency range for 
each tissue. Consequently, the voxel 
model became broadband, allowing 
much greater SAR estimation accuracy.

To further optimize the numerical 
setup, it is necessary to evaluate the 
optimal voxel resolution for full-wave 

(a) (b) (c)

FIGURE 1. The sectional and half-bust voxel-based human models: (a) Hugo, (b) Ella, and (c) Duke.

Radiating
Sources

Backpack

H
D

FIGURE 2. Typical portable military equipment.

TABLE 1. THE CHARACTERISTICS  
OF THE THREE ANATOMICAL  

HUMAN BODY MODELS.

Characteristic Hugo Ella Duke

Sex Male Female Male

Number of tissues 32 74 77

Body conformation Fat Slim Slim

Height (m) 1.87 1.6 1.74

Weight (kg) 113 58 70
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simulations. Although a finer voxel reso-
lution naturally brings more accurate 
results, computational resources and 
simulation time can be prohibitive. 
Thus, in [18], a final voxel resolution 
of 4 × 4 × 4 mm has been chosen for 
the Hugo model as a good compromise 
between the accuracy of the SAR calcu-
lation and the simulation computational 
burden. This choice has been suggested 
by [34] and [35], in which the authors 
stated that the variation of the voxel 
size had a negligible effect on the SAR 
estimation and that the use of a finer 
resolution is necessary only to calculate 
small body structures and organs (e.g., 
eyes and the thyroid).

Finally, we have also implemented 
this choice for the Duke and Ella models 
by adopting a voxel resolution of 5 × 5 × 
5 mm [28], based on the previous consid-
erations and in accordance with [36].

RADIATING SOURCE MODEL
In a typical arrangement, military back-
pack devices include a set of antennas, 
mainly monopoles and dipoles, oper-
ating on different frequency ranges to 
cover the entire radio communications 
band. In [18], three different antennas 
have been specifically designed to faith-
fully represent the behavior of such radi-
ative systems.

The first type is a quarter-wave-
length monopole working in the 
40–530-MHz band. It consists of an 
upright cylindrical-shaped conductor 

mounted perpendicularly on a perfectly 
conductive metal box used as a ground 
plane [Figure 3(a)]. The monopole has 
been tuned and matched to be opera-
tive in the entire 40–530-MHz band by 
gradually changing its electrical length.

The second type [Figure 3(b)] 
consists of an ultrawideband (UWB) 
dipole. In particular, two cylindrical 
rods with tapered ends are employed 
to obtain broadband impedance match-
ing. From this general conception, two 
antennas have been designed by simply 
rescaling their dimensions: the dipoles 
were appropriately designed to accom-
plish frequency tuning and adequate  
impedance matching by maintaining 
their electrical length in the desired fre-
quency band by exhibiting a minimum 
–10-dB matching level in both free 
space and in the presence of a biological 
load. Thus, we reproduced, with high 
precision, the typical performance of 
backpack devices, which often include 
electronic circuitry that matches the 
antenna impedance to work correctly with 
different operators. Hence, we ensured 
that the various antenna designs were 
functioning correctly and that over 90% 
of the amplifier’s input power was sup-
plied to the radiating system. Therefore, 
the two designed UWB dipoles work in 
the band between 530 and 1,800 MHz 
and 1,800–2,700 MHz, respectively.

We carried out the antenna design 
by using CST Studio Suite (Dassault Sys-
tems, France) electromagnetic software. 

In [18], we have shown the antennas’ per-
formance and radiative characteristics 
both in free space and in the presence of 
the numerical model Hugo. Herein, we 
have simulated the antennas in the pres-
ence of the other two voxel-based mod-
els, showing almost unaltered radiation 
patterns and good matching in terms 
of the reflection coefficient, under the 
threshold of –10 dB (Figure 4).

As illustrated in Figure 4, the degree 
of electromagnetic coupling varies 
according to the scenario. This phenom-
enon occurs because a biological load 
affects the antennas’ input impedance. 
If an antenna is designed to transmit in 
free space, the unavoidable mismatch 
induced by loading will result in a 
decrease in transmitted power and, con-
sequently, an increase in the reflection 
coefficient. Part of the reflected energy 
couples to the generator load through the 
antenna port, altering the input imped-
ance and antenna matching. Hence, 
based on the latter considerations, it is 
also possible to conclude that, since the 
three voxel-based human models differ 
in height and body features, the incident 
wave that is partially absorbed and par-
tially reflected also differs, determining 
a different reflection coefficient.

COMPLETE NEAR-FIELD  
NUMERICAL SCENARIO
To perform the full-wave simulations, a 
time-domain numerical electromagnetic 
algorithm has been employed, name-
ly, the Finite Integration Technique 
(FIT). This choice was motivated by the 
memory-efficient capability and flex-
ibility with respect to different materi-
als and complex geometries of the FIT 
technique. The WBA-SAR value in the 
solver is obtained by dividing the total 
power absorbed in the human body by 
the full body weight. Conversely, local 
SAR values are averaged in a tissue mass 
of 10 g, as specified in the international 
ICNIRP norms [37].

To simulate real exposure conditions 
and the use of such backpack devices 
in military fields, we have chosen three  
different exposure scenarios for the 
three voxel-based human models. As in 
[18] and [28], the position of the radia-
tive sources with respect to the human 

1

(a) (b)

FIGURE 3. The radiating broadband device. (a) A quarter-wavelength monopole 
operating in the 40–530-MHz frequency range. (b) The general configuration of 
the ultrawideband dipole antenna.
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models has been fixed at 13 cm from the 
neck and 3 cm from the shoulders.

In the first configuration, each voxel 
phantom is illuminated by the tuned 
monopole antenna, operating in the fre-
quency band of 40–530 MHz, as depicted 
in Figure 5(a)–(c). Each model is chosen 
and assumed to be standing in free space 
and considered barefoot. Although in [23] 
and [38] it is reported that the maximum 
SAR is achieved when the incident elec-
tric field is vertically polarized and the 
model is barefoot on a ground plane, sim-
ulations with the radiative source placed 
in the near field were carried out in [18], 
observing that no significant variation in 
the results comes from the ground plane 
presence or absence.

On the other hand, in the second 
and third configurations, the three vox-
el-based models are in the presence of 
the UWB dipole antennas, operating 
in their proper frequency band. In this 
case, according to the considerations 
reported in [18], we have adopted the 
three models in the form of a half bust  
[Figure 6(a)–(c)] since the higher opera-
tive frequencies minimally influence 
the SAR deposition in the lower part of 
the body.
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FIGURE 4. The S11 parameter of the previously described antennas in free space and the presence of the voxel-based human 
bodies (Hugo, Duke, and Ella): the (a) S11 of the monopole tuned at 150 MHz, (b) S11 of the monopole tuned at 500 MHz, and 
(c) S11 of the UWB dipole antenna operating in the range of 600–1,800 MHz and (d) 1,800–2,700 MHz.

1

1 1

(a) (b) (c)

FIGURE 5. The first exposure configuration: the tuned monopole antenna operating 
in frequency range of 40–530 MHz. The (a) Hugo full-body model, (b) Duke full-body 
model, and (c) Ella full-body model.
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All simulations were performed in the 
continuous wave condition since this is 
the worst exposure condition, as derived 
from the results of the multiphysics anal-
ysis carried out in [18] and [37].

NUMERICAL RESULTS
In this section, we present the WBA-
SAR and 10-g SAR numerical results 
related to the three scenarios pre-
sented in Figures 5 and 6, respective-

ly. Such results refer to a peak input 
power equal to 1 W. Notably, by set-
ting the peak input power to 1 W, we 
aimed to make our study generalizable 
and a useful resource for doing com-
prehensive and precise RF dosimetry 
analyses on similar devices with dif-
ferent peak input power. Since such 
backpack military devices usually 
work at input powers levels equal to 
60 W and an assumed system linear-
ity characteristic, we implemented the 
following scaling formula [18] in the 
postprocessing procedure:

 .P
PSAR SAR, ,g g10 10 1

1
new W

W

new=  (1)

WBA-SAR AND 10-G SAR ANALYSIS
The simulations have been executed by 
adopting a frequency sampling equal to 

(a) (b) (c)

1 1 1

FIGURE 6. The second and third exposure configurations: the UWB dipole antenna 
operating in frequency ranges of 600–1,800 MHz and 1,500–2,700 MHz. The (a) 
Hugo half-bust model, (b) Duke half-bust model, and (c) Ella half-bust model.
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10 MHz in the frequency range up to 
1,800 MHz, whereas a coarser sampling 
of 50 MHz in the frequency range of 
1,500–2,700 MHz has been chosen. The 
last choice is related to the SAR depen-
dence with respect to the dispersive tis-
sue characteristics, whose trend becomes 
stable at higher frequencies [33].

Then, we processed the collected 
data through an in-house postprocess-
ing algorithm. Figure 7(a)–(c) represents 
the WBA-SAR results on the three sub-
bands for each numerical voxel model. 
In agreement with [39], the results have 
general behavior that is similar in each 
case despite the substantial differences 
among the phantom models.

The last obtained result proves that 
electromagnetic energy absorption does 
not depend on body shape but on the 
considered radiative source. Nonethe-
less, it must be noticed that the WBA-
SAR values’ amplitude is greater in the 
female model than in the male ones; 
however, the last result is due to the 
WBA-SAR definition itself: the total 
power absorbed by the whole body over 
the total body weight, which is lower in 
the female model [40].

Generally, the WBA-SAR is a param-
eter used to evaluate the effect of far-
field sources (i.e., plane waves and radar 
[41]); since such radiative sources are 
localized and placed close to the human 
body, the local 10-g SAR evaluation is 
more appropriate for near-field applica-
tions (e.g., as usually adopted for mobile 
terminals too).

By adopting the same postprocessing 
algorithm, the results in terms of the 10-g 
SAR have been provided in Figure 7(d)–
(f). In the first subband, the results are in 
good agreement among the models. In 
fact, there is a 10-g SAR peak for each voxel 
model at a frequency around 170 MHz.  
The reason is to be ascribed to the anten-
na length (1.7 m), which is comparable to 
the heights of the voxel numerical models 
at this frequency. Thus, a resonance phe-
nomenon that amplifies the fields and 
absorbed power is present [36]. Howev-
er, a substantial difference in absorption 
between the female model and the male 
counterparts can be appreciated.

These results are in line with those 
described in [23] and [25] since the fat 

tissue percentage in women (i.e., subcu-
taneous adipose tissue and breast mam-
mary tissue [42]) is higher than in men. 
Due to its dielectric properties, fat is a 

good propagation medium inside the 
human body at lower frequencies [43], 
[44]. So, the exposure levels may exceed 
the limits imposed by [2] for female 
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models; therefore, guidelines for SAR 
exposure reduction must be adopted, as 
reported in [18].

Regarding the subbands in 600–
1,800 MHz and 1,500–2,700 MHz, 
lower 10-g SAR values are found in the 
Duke and Ella models, compared to the 
Hugo one. However, these are due to 
the intrinsic conformation of the Hugo 
model, which has an outer layer mainly 
consisting of fat, without the skin layer 
(differing from Duke and Ella). It is pos-
sible to conclude that the presence of 
skin increases the reflection at higher 
frequencies and generally reduces SAR 
levels below the norm limitations [25].

To conclude the exposure risk assess-
ment, we evaluated the localization and 
identification of the hot spots within the 
three voxel human body models. Specifi-
cally, we have elaborated the 2D and 3D 
SAR maps for each sampled frequency 
and visualized them for different geo-
metric planes.

In this study, we report the SAR 
maps for each voxel model, correspond-
ing to the maximum 10-g SAR peaks 
identified on each respective subband. 
To understand the position of the hot 
spots within the body, we have depicted 
the maps both in the coronal plane and 
a 3D view (Figures 8 and 9). Further-
more, in Figure 10, the maximum val-
ues and positions of the hot spots for 
each model on each respective subband  
are summarized.

The hot spot distributions were 
scaled to the maximum SAR 10-g 
value among the three models to high-
light qualitative and quantitative varia-
tion between SAR distributions for the 
three human voxel models. From the 
2D maps, it is possible to observe how 
hot spots change their position according 
to the frequency band. In addition, it is 
interesting to note how exposure levels 
vary from model to model. In general, 
it can be inferred that hot spots tend to 
cluster near the shoulders and neck, i.e., 
near radiative sources, as expected.

ASSESSMENT OF THE SKIN EFFECT ON 
THE VOXEL-BASED MODELS
When the human body is excited by the 
antennas, part of the signal is scattered 
away, and part is absorbed. The reflec-

tion level mainly depends on the air–
tissue interface, which can determine 
higher exposure levels and, consequent-
ly, higher SAR values. In particular, this 
phenomenon has been observed at high-
er frequencies (1,500–2,700 MHz) since 
the SAR trend [Figure 7(f)] is in good 
agreement between the Duke and Ella 
models but significantly higher in Hugo.

Therefore, we have carried out fur-
ther investigations; by analyzing the three 
voxel models in detail, we have observed 
that Duke and Ella have skin outer layers, 
while a skin outer layer is not present in 
the Hugo numerical model.

Therefore, it was inferred that the 
presence of skin can affect the EMF 
reflection and, consequently, the elec-
tromagnetic energy absorption in the 

human body. In [45] and [46], the 
absorption and reflection levels of a 
plane wave referred to a layered model 
with and without skin were evaluated. 
The authors found that the reflec-
tion coefficients among the two mod-
els are different, and this phenomenon 
is explained by the presence of skin. 
Furthermore, when the skin layer is 
removed, the reflection coefficient is 
close to the model without it.

Based on these considerations, we 
simulated two stratified cylinders [Fig-
ure 11(a) and (b)] equal to Hugo’s torso 
size (60 cm in height, 38 cm in diam-
eter), consisting of an inner muscle layer 
and an intermediate 7-mm fat layer [47]. 
Only one cylinder has the outer 2-mm 
skin layer [30], [48] [Figure 11(b)]. The 

18

16

14

12

10

8

6

4

2

0

10
-g

 S
A

R
 (

W
/K

g)

180 400 1,200 1,800
Frequency (MHz)

N
ec

k
N

ec
k

N
ec

k

N
ec

k

N
ec

k
N

ec
k

N
ec

k
N

ec
k

H
ea

d

H
ea

d

N
ec

k
S

ho
ul

de
r

S
ho

ul
de

r

S
ho

ul
de

r

S
ho

ul
de

r

S
ho

ul
de

r

S
ho

ul
de

r
S

ho
ul

de
r

2,400 2,800

10-g SAR (Duke) 10-g SAR (Ella) 10-g SAR (Hugo)

FIGURE 10. The maximum 10-g SAR values and body localization for each model 
on the three subbands.

1

1

(a) (b)

FIGURE 11. The layered cylinders equal to the Hugo torso size, illuminated by 
the UWB dipole (1,500–2,700 MHz): (a) two layers of muscle and fat and (b) three 
layers of muscle, fat, and skin.



88 IEEE ANTENNAS & PROPAGATION MAGAZINEA U G U S T  2 0 2 3

assumption is that the cylinders were 
irradiated by the UWB dipole (1,500–
2,700 MHz), placed 13 cm from their 
surface, to simulate the same realistic 
scenario represented in Figure 6.

The results in terms of the 10-g SAR are 
given in Figure 12. The results explain what 
was observed among the three models in 
terms of SAR differences at this frequency 
range. Indeed, due to the high permittiv-
ity values, the skin prevents antenna signal 
propagation, shielding the body and mini-
mizing SAR deposition. Indeed, skin acts 
as a barrier between the antenna and body, 
especially at higher frequencies, in which 
the penetration depth is reduced.

In the cylinder without skin, the 
antenna impedance matching is maxi-
mized; the propagation loss is lower, so 
higher exposure levels result. Although 
Hugo is one of the most employed voxel 
models in the literature, the problem 
of skin absence must be carefully con-
sidered when employing this model for 
exposure assessment.

CONCLUSIONS
In this work, we proposed a system-
atic electromagnetic energy absorption 
assessment for human body models 
of different sexes and body conforma-
tions, when exposed to high-intensity, 
portable, and broadband signal devices. 
Starting from our previous works, we 
have modeled radiative sources as real-
istic backpack devices, generally used 
for communication or situational aware-
ness purposes in the military field. Three 
antennas have been specifically designed 
to faithfully represent the behavior of 

such broadband radiative systems (40–
2,700 MHz) to cover the entire radio 
communication band. To obtain detailed 
and accurate exposure levels results, we 
adopted three realistic human models 
representative of shape and gender vari-
ability (Hugo, Duke, and Ella).

To the best of our knowledge, this is 
the first systematic literature study where 
different voxel phantoms exposed to 
broadband high-power near-field sources 
are investigated in terms of electromag-
netic exposure. We estimated both the 
WBA-SAR and local 10-g SAR. Regarding 
the WBA-SAR, significantly higher expo-
sure levels were observed for the female 
model, due to reduced body weight com-
pared to the male counterparts.

Due to the peculiar application, i.e., 
where the radiating systems are placed 
very close to the body, particular atten-
tion was focused on the evaluation of the 
10-g SAR, as it is significant for localized 
tissue heating. It was found that at lower 
frequencies, the presence of a greater per-
centage of fat in the female model led to 
increased energy absorption. In addition, 
the presence of the skin layer increases 
reflection at higher frequencies, with a 
consequent reduction in exposure levels.

The results showed that the WBA-
SAR is closely related to total body 
weight. Conversely, the 10-g SAR var-
ies according to the frequency range 
and with each voxel model. Only in the 
case of female exposure were the limits 
imposed by the ICNIRP exceeded for a 
radiating power of 60 W. The proposed 
study can be used as a general meth-
odology to infer the risk levels of other 

critical and high-exposure test cases by 
performing accurate numerical studies.
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