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Human exposure to EM fields

EMF sources:

• Intentional sources (their characteristics are completely 
known), e. g., TLC devices, heating devices, lasers, UV 
sterilization lamps, TAC, MRI, etc.;

• Unintentional sources (mostly unpredictable features), e. 
g., power lines, sun, lightning, motors, LCD displays, 
reflectors, etc.

Biological effects:
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Human exposure to EM fields

Biological effects:

Altough EMFs decrease fast 
with distance, they can reach 
relatively high intensity values 

when the source device is 
very close to the user.
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Human exposure to EM fields

At the international level, guidelines for the safe exposure 
of human beings have been issued by the International 
Commission on Non Ionizing Radiation Protection (ICNIRP). 
They  cover the large part of the non-ionizing radiations 
spectrum, i. e., 0 Hz – 300 GHz, that do not have enough 
energy to break chemical bonds (and, therefore, to ionize 
the matter) and whose effects on human tissues depend 
on frequency.

ØELF (0 – 300 Hz): electric and magnetic fields induce 
currents that may stimulate sensitive tissues as nervous 
and muscular systems.

Biological effects:
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Human exposure to EM fields

Biological effects::
The biological/health effects at ELF depend on the amount of induced current density

Current density (mA/m2) Biological effects
> 1000 Extrasystole and ventricular fibrillation

100 – 1000 Tissue stimulation: potentially dangerous
10 – 100 Potential impact on central nervous system

1 – 10 Minor (headache, insomnia, etc.)

It is worth mentioning that the presence of chemical/physical substances could be considered 
a concurrent factors that may combine with the EMFs to reduce/emphasize biological effects.
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Human exposure to EM fields

Biological effects:
ØThe energy associated to MW and RF (30 kHz – 300 GHz) fields is 

absorbed by tissues and transformed in heat, resulting in an 
increase of temperature whose rate depends on the kind of 
exposure. Since those thermal effects are an indirect consequence 
of EM field exposure, they can be observed only if the increase of 
temperature is larger than temperature variations normally 
induced by physiological processes (acute effects).                                                    

ØWhen increasing frequency (i. e., > 10 GHz), the penetration depth decreases such that 
energy absorption occurs at the body surface. In general, at a given frequency, the lower the 
water content of the tissue, the deeper an EM wave can penetrate.
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Human exposure to EM fields

The health effects of HF EMFs mainly depend on:

• Frequency
• Intensity/power density
• Exposure time

Exposure to HF EMFs can lead to:

• Lens opacification
• Neuronal and neuro-muscular functions alterazion
• Cornea anomalies

Biological effects:
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Human exposure to EM fields

The health effects of EMFs can be grouped as:

• Acute or short-term effects: they are triggered 
by direct exposure to EMFs above a threshold 
value (e. g., in particular working places).

• Chronic or long-term effects. They have 
stochastic nature and are typically related to 
daily environments, i. e., prolonged exposure 
to low EMF values.

Biological effects:
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Human exposure to EM fields

Based on epidemiological evidence, electric and magnetic fields 
associated to commercial energy distribution and MW and RF 
fields are classified by International Agency for Research on 
Cancer (IARC) as «2B, potentially carcinogenic» for human 
beings. At this time, there is no agreement about their potential 
risk for human health.

Hence, to quantify human exposure to EM fields is needed. 

Biological effects:
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Human exposure to EM fields

Dosimetry:
The established effects shall be quantitatively related to the exposure. However, the entity of a 
given effect not only depends on the external field level, but also on the coupling of the field 
with the exposed body, or selected body organs. The quantitative relationship by which the 
external exposure affects a biologically effective parameter of the target tissue is unique to a 
single exposure condition. 

Therefore, effects are better described by quantities that reflect the efficacy by which the 
external exposure causes a certain biological effect. These are termed biologically effective 
quantities, or dosimetric quantities.
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Human exposure to EM fields

Dosimetry:

Different dosimetric 
quantities have been 
identified as suitable 

for different interaction 
mechanisms and 
biological effects
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Human exposure to EM fields

Dosimetry:

These quantities are generally internal to the 
body and therefore cannot be directly 
measured.
A correspondence shall therefore be established 
between biologically effective quantities and 
external EMFs, taking exposure conditions in 
due account. This is accomplished through 
theoretical and experimental modelling 
techniques that constitute what is called 
dosimetry.
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Human exposure to EM fields

Dosimetry:

Frequency 
range

Dosimetric 
parameter

Static/quasi-static B [T], I [A]
0 – 10 MHz J [A/m2]

100 kHz – 10 GHz SAR [W/kg]
10 GHz – 300 GHz S [W/m2]

14



02/11/23 Prof. A. Buono

Human exposure to EM fields

Dosimetry:
The SAR concept has proven to be a simple and useful tool in quantifying the interactions of 
RF/MW radiation with living systems, enabling comparison of experimentally observed 
biological effects for various species under various exposure conditions, providing the only 
means, however imperfect, of extrapolating the animal data into potential hazards to humans 
exposed to RF radiation, and facilitating, planning, and effectively executing the therapeutic 
hyperthermic treatment.
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Human exposure to EM fields

Dosimetry:
The average SAR is defined as the ratio of the total power absorbed in the exposed body to the 
mass in which it is absorbed, which is not necessarily that of the total body. The SAR is the 
ratio of absorbed power by absorbing mass. The local SAR refers to the value within a defined 
unit volume or unit mass, which can be arbitrarily small.

16

SAR measurements are usually obtained after 6 minutes time window averaging over:

Ø Whole body
Ø Local (head, trunk, extremities)

SAR =
1
𝑉
'
𝜎(𝑟) 𝑬(𝑟) !

𝜌(𝑟)
𝑑𝑟
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Human exposure to EM fields

Dosimetry:

In some respect, since SAR is based on absorption only, it cannot takes into account biological 
effects of different nature (i. e., non-thermal ones). In fact, it may be a valid dosimetric 
parameter to quantify non-absorptive interaction mechanisms when the latter depend on the 
intensity of the EMFs and not when the field polarization is of importance for the biological 
structure.
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Human exposure to EM fields

Showcase: SAR measurements from mobile phones
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Human exposure to EM fields

Showcase: SAR measurements from mobile phones

• Anechoic chamber

• SAM phantom (specific anthropomorphic mannequin) or liquid phantom

• Electric field probes

• Radio-base station emulator

• Max TX power for each frequency 

• Peak SAR measurements averaged over 6 minutes

19



02/11/23 Prof. A. Buono

Human exposure to EM fields

Showcase: SAR measurements from mobile phones
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Human exposure to EM fields

Showcase: SAR estimation from mobile phones
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Human exposure to EM fields

Showcase: SAR estimation from mobile phones
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Human exposure to EM fields

Showcase: SAR estimation from mobile phones

Numerical simulations are also useful to understand underlyingh physical/biological 
mechanisms and to obtain reasonable estimate of SAR values. To this aim, accurate modeling 
tools are needed. 
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Human exposure to EM fields

Showcase: SAR estimation from mobile phones

• SAR10g
• PTX = 0.25 W
• f = 900 MHz
• d = 2.2 cm

Man

Child

SAR1g (900 MHz) SAR1g (1.8 GHz)

SAR10g (900 MHz) SAR10g (1.8 GHz)
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Human exposure to EM fields

Standards and regulations:
• Short-term effects: EMF exposure limits to protect from acute effects;
• Potential long-term effects: attention values;

At this time, EU regulations in the frequency range 0 Hz – 300 GHz rely on thermal effects only 
without accounting for non-thermal ones that may be induced by middle-/long-term exposure, 
whose knowledge still needs to be assessed. 

There is no scientific evidence about potentially harmful long-term effects potentially due EMF 
exposure below limits.
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Human exposure to EM fields

Critical areas as schools and hospitals, characterized by the prolonged stay of sensible subjects 
(children, elderly people), and working places where non-ionizing radiations are widely used, 
must be carefully monitored and preserved.

As an example, exposure risks associated to the motion of operators in the magnetic field area 
in MRI sites could be considered by evaluating fields and currents induced in the human body.

Limit exposure values are determined in terms of dosimetric quantities to ensure that no 
health effect induced by acute exposure occurs. To this aim, suitable (large) safety factors are 
introduced.  

Standards and regulations:
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Human exposure to EM fields

Standards and regulations:
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Human exposure to EM fields

Standards and regulations:
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Ø Exposure limits: EMFs values that must not be exceeded, in any exposure condition, to 
protect people and workers from acute health effects; 

Ø Attention value: EMFs value that must not be exceeded in environments characterized by 
prolonged exposure as houses, schools, etc. 

Ø Quality targets: EMFs values to be targeted within short-, middle- and long-term to 
minimize human exposure. 
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Human exposure to EM fields

Standards and regulations: ELF

Electric field (V/m) Magnetic induction (μT)
Instant value

Magnetic induction (μT)
24-h averaged

5000 100 10

D.P.C.M. 8 july 2003 
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Magnetic induction (μT) 24-h averaged
Attention value Quality target

100 3
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Human exposure to EM fields

Standards and regulations: HF
Frequency range Electric field (V/m) Magnetic field (A/m) Power density (W/m2)
100 kHz – 3 MHz 60 0.20 --
3 MHz – 3 GHz 20 0.05 1

3 GHz – 300 GHz 40 0.10 4

D.P.C.M. 8 july 2003 

Frequency range Electric field (V/m) Magnetic field (A/m) Power density (W/m2)
Attention 

values
Quality 
targets

Attention 
values

Quality 
targets

Attention 
values

Quality 
targets

100 kHz – 300 GHz 6 6 0.016 0.016 0.10 0.10
Note that power density values refer to the frequency range 3 MHz – 300 GHz
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Human exposure to EM fields

Standards and regulations:

• SAR (10 g tissue) = 2.0 W/kg

• SAR (1 g tissue) = 1.6 W/kg                                            

•  SAR (whole body) = 0.08 W/kg

• SAR (extremities) = 4 W/kg
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Human exposure to EM fields

Electromagnetic shielding:

Shielding refers to the use of metallic enclosures or slab to
completely separate two critical environments.
Shielding can be used to protect people from undesired and 
potentially harmful EM radiations, especially in clinical 
environments.  
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Human exposure to EM fields

Electromagnetic shielding:
The shielding effectiveness can be defined as:

• The ratio of the amplitude of an incident electric/magnetic field on
a slab to the amplitude of the one transmitted through the slab;

• The ratio of an incident electric/magnetic field on an electronic
device without the shield to that with the shield in place.

Reference to the electric or magnetic field is made depending on the type of radiating source 
(e. g., SE with respect to magnetic field is considered in MRI applications).

SE = 20log!"
)𝐸#
)𝐸$

≥ 0

SE = 20log!"
,𝐻#
,𝐻$

≥ 0
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Human exposure to EM fields

Electromagnetic shielding:
Several processes contribute to reduce the amplitude of the incident EM wave crossing the slab:

1) REFLECTION LOSS at the interfaces (due to the
reflection coefficient of the shield);

2) ABSORPTION LOSS (due to the attenuation along the

conductive shield, 𝑒%&' = 𝑒
!"
# = 𝑒%' ()*+);

3) MULTIPLE REFLECTIONS within the shield;

They result in a SE given by: SE,- = 𝑅,-+ 𝐴,-+ 𝑀,-	, 𝑀 < 0
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Human exposure to EM fields

Electromagnetic shielding:
In the far-field source case, i. e., when an incident uniform
plane wave is considered (which is assumed to be known),
the shielding effectiveness of a metallic slab can be obtained 
by solving a system of four independent equations imposing 
boundary conditions at the interfaces (z = 0 and z = t).

Free space propagation
outside the slab:

Propagation in a conductive
medium inside the metallic slab:

𝛽! = 𝜔 𝜇!𝜀! 𝜂! =
"!
#!

 

(𝛾 = 𝑗𝜔𝜇 𝜎 + 𝑗𝜔𝜀 = 𝛼 + 𝑗𝛽 𝜂̂ =
𝑗𝜔𝜇

𝜎 + 𝑗𝜔𝜀
= 𝜂𝐴𝑟𝑔 𝜃$
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Human exposure to EM fields

Electromagnetic shielding:
By assuming a metallic (e. g., good conductor) thick shield, the following relationships hold:

We have:

𝑡 ≫ 𝛿	 → |𝑒%./$ = |𝑒%&$𝑒%01$ = 𝑒%
$
2 |𝑒%01$| ≪ 1𝜂̂ ≪ 𝜂" →

𝜂" − 𝜂̂
𝜂" + 𝜂̂

≅ 1

3𝐸%
3𝐸&
=

𝜂! + 𝜂̂ '

4𝜂!𝜂̂
1 −

𝜂! − 𝜂̂
𝜂! + 𝜂̂

'
𝑒('

&
)𝑒(*'+& 𝑒

&
)𝑒*+&𝑒(*+!&

3𝐸%
3𝐸&

=
𝜂! + 𝜂̂ '

4𝜂!𝜂̂
𝑒
&
) ≅

𝜂!
4𝜂̂

𝑒
&
)
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Human exposure to EM fields

Electromagnetic shielding:

SEdB ≅ 20log,!
𝜂!
4𝜂̂

+ 20log,!𝑒
&
) +𝑀dB

𝑅,- 𝐴,-

Hence, the assumptions led to neglect the SE term associated to multiple reflections within the shield:

• t >> δ          M = 1 (MdB = 0), multiple reflections do not affect the SE
• t << δ MdB < 0, multiple reflections reduce the SE (t = δ/10 results in MdB ≈ -12 dB)

𝑀,- = 20log!" 1 −
𝜂" − 𝜂̂
𝜂" + 𝜂̂

3
𝑒%3

$
2𝑒%031$ ≅ 20log!" 1 − 𝑒

%3$2𝑒%03
$
2

where:
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Human exposure to EM fields

Electromagnetic shielding:
An approximate solution for the SE of a metallic slab can be found that leads to the following key findings:

1. The main transmission of the electric field occurs at the right interface (z = t)

2. The main transmission of the magnetic field occurs at the left interface (z = 0)

From which:

• The slab thickness, being related to absorption, significantly affects the magnetic field;

• When shielding the electric field, a left-side thin slab is enough to “short out” the field;

• Multiple reflections within the shield have larger effect on the magnetic field.  
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Human exposure to EM fields

Electromagnetic shielding:
An approximate solution for the SE of a
metallic slab can be found that leads to the
following key findings:

𝑅,- = 168 + 10log!"
𝜎4
𝜇4𝑓

𝐴,- = 131.4𝑡 𝑓𝜇4𝜎4

• Reflection losses rule low-frequency (-10 dB/decade) high-conductivity non ferromagnetic material shielding;
• Absorption losses rule high-frequency (+10 dB/decade) high-conductivity ferromagnetic material shielding.

*Reference is made to the copper conductivity, 𝜎 = 5.8 ✕ 107 S/m.

*
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Human exposure to EM fields

Electromagnetic shielding:

Copper

Steel (SAE 1045)
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Human exposure to EM fields

Electromagnetic shielding:
When near-field sources have to be considered, the SE associated to each loss mechanism can be obtained by
replacing the free-space intrinsic impedance 𝜂!	with the source wave impedance E𝑍- in the SE formula obtained
for the far-field case, considering that absorption is not affected by the source type:

RdB = 20log!"
L𝑍5 + 𝜂̂

3

4 L𝑍5𝜂̂
≅ 20log!"

L𝑍5
4𝜂̂

Copper shield

𝑅6,,- = 322 + 10log!"
𝜎4

𝜇4𝑓8𝑟3

𝑅9,,- = 14.57 + 10log!"
𝑓𝑟3𝜎4
𝜇4
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Human exposure to EM fields

Electromagnetic shielding:
• Far-field sources: 

Ø Reflection losses dominate at lower frequencies;
Ø Absorption losses dominate at higher frequencies;

• Near-field electric sources: 
Ø Reflection losses dominate at lower frequencies;
Ø Absorption losses dominate at higher frequencies;

• Near-field magnetic sources:
Ø Absorption losses tend to be the dominant shielding mechanism for any frequency;
Ø Absorption and reflection losses are quite small at lower frequencies.
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Copper shield
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Human exposure to EM fields

Electromagnetic shielding:
Hence, being both reflection and absorption losses quite small in the case of low-frequency
near-field magnetic sources, tailored methods must be adopted to achieve effective shielding:

ü Use of high-permeability materials to divert the magnetic flux
ü Shorted-turn method to generate an opposing magnetic flux
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Human exposure to EM fields

Electromagnetic shielding:
Non-ideality factors that reduce shielding effectiveness:

• Apertures
• Slots
• Holes
• …

This is due to their radiating
capabilities (Booker-Babinet principle).
Tailored methods must be used to
minimize their impact on SE.
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