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The course covers several aspects of human interaction with non-ionizing
electromagnetic fields (EMF) including not only the undesired exposure from
artificial sources, but also the biomedical applications of electromagnetic fields.
The course deals with basic aspects of electromagnetic fields in environment,
coupling mechanisms between humans and electromagnetic fields, established
biological effects of electromagnetic fields from static to high-frequency range,
international safety guidelines related to limiting human exposure to those fields,
including relevant exposure limits and safety guidelines, electromagnetic-thermal
dosimetry models and the related analytical/numerical solution methods.
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HUMAN EXPOSURE TO ELECTROMAGNTIC FIELDS — GENERAL ASPECTS

® Overview of various aspects of human interaction with electromagnetic
fields (EMFs) from artificial sources.

® The coupling mechanisms between humans and static electric, static
magnetic, and time-varying fields.

® The summary of the established biological effects of electromagnetic fields
related to static, low-frequency and high-frequency range.

® The international safety guidelines and standards related to limiting human
exposure to EMF and their legislative status in several world countries,
relevant exposure limits and safety measures.
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HUMAN EXPOSURE TO ELECTROMAGNTIC FIELDS — GENERAL ASPECTS

Introduction

In the 20th century, occurrence of EM fields
in the environment has significantly
Increased.

There is also a continuing public concern
associated with the possible adverse health
effects due to human exposure to these
fields, particularly exposure to HV power
lines and radiation from cellular base stations
and mobile phones. .

Introduction

LF fields may cause excitation of sensory, nerves and muscles.

Humans are particularly sensitive to HF fields as the body
absorbs the radiated energy, and the related heating effects
become dominant.

The humans absorb a great deal of energy at certain
frequencies, since the body acts as an antenna if the body
dimensions parts are comparable to the field wavelength.

When the body size is half the wavelength, the resonant
frequency is reached and a large amount of energy is absorbed
from the field at frequencies between 30 MHz and 300 MHz.

It is worth noting that children have a higher resonant frequency
than adults.
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COUPLING MECHANISMS AND COUPLING MECHANISMS AND
BIOLOGICAL EFFECTS BIOLOGICAL EFFECTS

*  The human body has a sophisticated mechanisms to adjust to various

* [Definition]: A biological effect is an established effect caused by, or in response to, . _ o )
influences it encounters in its surroundings.

exposure to a biological, chemical or physical agent, including electromagnetic energy.

*  Occurs when exposure to electromagnetic field cause any noticeable or However, it does not possess adequate compensation mechanisms for all

detectable physiological response in a biological body, such as biological effects.
alterations of the structure, metabolism, or functions of a whole organism, its
organs, tissues, and cells. * [|f some biological effect is outside the range for the human body to
compensate, it can result in adverse health effects.
* These changes are not necessarily harmful to individuals, and may also

have beneficial consequences for a persons health or well-being. . . L ;
= P g * Therefore, biological effect in itself may or may not result in an adverse

health effect, while an adverse health effect results in detectable health
impairment of the exposed individual.
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COUPLING MECHANISMS AND COUPLING MECHANISM

BIOLOGICAL EFFECTS

*  There are three established basic coupling mechanisms with time-varying fields:
* The adverse health effects are often the result of accumulated biological

effects over time and depend on exposure dose. * Coupling to LF Electric Fields
+ It is established fact that electromagnetic fields above certain levels can induce * Coupling to LF Magnetic Fields

biological effects.
+ Absorption of Energy from EM Radiation

*  Experiments with healthy subjects suggest that short-term exposure at the

levels present in the environment do not result in any apparent detrimental * Dependent on the field characteristics such as frequency, spatial uniformity,
effects. propagation and polarization direction, etc., but also on the human body

* So far, there is currently no well-established scientific evidence to charactersstics such as size, morphology, and posture.

conclude that low-level long-term exposures to electromagnetic fields at levels
found in the environment are adverse to human health, and also there is no
confirmed mechanism that could provide a firm basis to predict these adverse
effects.
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COUPLING MECHANISM

COUPLING TO TIME-VARYING FIELDS

Coupling to LF Electric Fields Coupling to LF Magnetic Fields

* Human body significantly perturbs the spatial distribution of field. «ges not significantly perturb the field.

* Electric field induced inside the body will be considerably smaller. o714 internal field is similar to external

* Body is a good conductor at LF, field lines external to the body one.

will be nearly perpendicular to the body surface. s The interaction results in induced electric

fields and currents flowing in circular
loops inside the body.

* The interaction results in electric current, formation of electrical
dipoles, and the reorientation of the already presented electric

dipoles in tissue. * Proportional to the loop radius, tissue

conductivity, and the rate of change and

* External fields induce a shift of surface charges on the body, S S ———
magnitude of the magnetic flux density.

resulting in induced currents in the body.
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COUPLING MECHANISM

HUMAN
EXPO S U R E TO Absorption of Energy from Electromagnetic Radiation
EL ECTROMA GNTIC *Exposure to high frequency electromagnetic radiation above around 100 kHz can

result in the significant absorption of energy.

FIEL DS — GENERAL *The absorbed energy excites the polarized particles in the tissue sufficientdy to

transform them into thermal energy resulting in consequent temperature rise,

ASPECTS *The electromagnetic energy absorbed by the human body is expressed in terms of

specific absorption rate (SAR).

*The amount of energy absorbed will depend on: dimensions, morphology, posture of
the exposed body.

*The resonant absorption frequency of not grounded human body is around 70 MHz
(for taller individuals, it is lower, while for shorter adults, children, babies, and seated
persons, it is around 100 MHz).

* Above |0 GHz, small penetration depth, a more appropriate dosimetric quantity is
the incident power density of the field.
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BIOLOGICAL EFFECTS
HUMAN * The biological body response due to electromagnetic field (EMF) exposure
EXPOSURE TO depends primarily on the frequency of the applied field.
» All reported biological effects can be classified as either non-thermal (<5-10
ELECTROMAGNTIC MHz) and thermal (100 kHz-300 GHz).
FIEL DS J— GENERAL ::E:r;:(zr;f:zznc;re‘gli;nptzzi:;' 100 kHz and 5-10 MHz, both non-thermal and
ASPECTS e

Intermediate High frequency

Heatingofbody  Heating
or localised of surface

tissues tissues

THz 100 kHz 10 MHz 6 GHz 300 GHz
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SAFETY GUIDELINES AND EXPOSURE LIMITS

» The ultimate goal of a health-based EMF standards - the protection of
humans exposed to electromagnetic fields (EMF).

* Safety guidelines for the exposure to EMF rely upon a well-established
effects based on the experimental data from biological systems, on
epidemiological and human studies, as well as on understanding of the
various interaction mechanisms.

* The safety or the exposure limit is considered as that threshold
below which exposure can be considered safe according to the available
scientific knowledge. Nevertheless, the safety limit does not
represent an exact boundary between safety and hazard.

* For efficient protection against the harmful effects, the regulatory agencies, in
addition to setting safety limits, need to incorporate a safety margin
to allow for the uncertainty.

SAFETY GUIDELINES AND EXPOSURE LIMITS

EMF STANDARDS:The standards related to personal protection generally
referring to maximum levels to which complete or partial body exposure is
permitted from any EMF emitting devices represent the exposure standards.

Developed by the International Commission on Non-lonizing Radiation
Protection (ICNIRP), the Institute of Electrical and Electronic Engineers
International Committee on Electromagnetic Safety (IEEE ICES) and various
national authorities.

The exposure standards typically include some safety factors and provide the
basic guide for limiting personal exposure.

Currently, no internationally mandated standards for EMF, each country
sets its own national standard - in most cases based on ICNIRP guidelines.
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ICNIRP GUIDELINES ICNIRP GUIDELINES

Table: Basic restrictions for human exposure to high-frequency EMF according to the 1998 ICNIRP Guidelines.

The fundamental quest in protection of humans exposed to electromagnetic

£ E Whole body  Localized Localized Power radiation is to satisfy the given basic restrictions.
Xposure requency  .verage SAR SAR (head  gaR (limbs) density [W/
characteristic range [W/kg] and trunk) [W/kg] m2]
TW /kol *  When it is not practical to calculate or measure quantities associated with
10 MHz - 10 the basic restrictions (usually the case in many realistic exposure scenarios) -
0.4 10 20 - Y Y P
GH : . . . .
Occupational z the comparison with reference levels can be used to estimate if the
exposure basic restrictions will be exceeded.
10-300 GHz - - - 50
* These reference levels correspond to basic restrictions under the worst
10 'é'?f:’ 10 0.08 2 4 i case scenario for the following quantities: E [V/m], H [A/m], B [T], S [W/
General public m2], Ie [mA], and, for pulsed fields, specific energy absorption SA [J/kg].
EXposure
10-300 GHz - - - 10

e |f the reference levels are exceeded it does not necessarily mean that the
basic restrictions are exceeded.

Notes:

I.All SAR values are to be averaged over any é-min period.

2. Localized SAR averaging mass is any |0 g of contiguous tissue; the maximum SAR so obtained should be the value used for the estimation of exposure.

3.For pulses of duration tp the equivalent frequency to apply in the basic restrictions should be calculated as . H H

f= 1/(2tp). Additionally, for pulsed exposures in the frequency range 0.3 to 10 GHz and for localized exposure of the head, in order to limit or avoid auditory effects However’ When the rEference IEVEIS are exceEdEd It Is

caused by thermoelastic expansion, an additional basic restriction is recommended. This is that the SA should not exceed 10 m)/kg for workers and 2 m)/kg for the . . B s e

semeral public. averaned over 10 3 tissue, necessary to test compliance with the relevant basic restrictions and to
4. Power densities are to be averaged over any 20 cm2 of exposed area and any 68/ f 1.05 -min period (where fis in GHz) to compensate for progressively shorter

penetration depth as the frequency increases. - determine if the additional protective measures are necessary.

"~ 5.Spatial maximum power densities, averaged over | cm2, should not exceed 20 times the values above.
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HUMAN ICNIRP GUIDELINES
EXPOS URE TO Table: Reference levels for HF fields (in rms values) according to the 1998 ICNIRP Guidelines.

Frequency E H B Seq

ELECTROMAGNTIC e m o we

Occupational exposure

FIELDS - GENERAL 10 MHz - 400 MHz 61 0.16 02 10

400 MHz - 2 GHz 3412 0.008 f 112 0.01 f12 f140

ASPECTS =

General public exposure

10 MHz - 400 MHz 28 0.073 0.092 2
400 MHz - 2 GHz L35 112 0.0037 f 12 0.0046 f 12 f/200
2 GHz - 300 GHz 61 0.16 0.20 10

MNotes:

I.f as indicated in the frequency range column.

2. Provided that basic restrictions are met and adverse indirect effects can be excluded, field strength values can be exceeded.

3. For frequencies between 100 kHz and [0 GHz, Seq E2, H2, and B2 are to be averaged over any 6-min period. 4. For frequencies exceeding |10 MHz it is
suggested that the peak equivalent plane wave power density, as averaged over the pulse width, does not exceed [,000 times the Seq restrictions, or that
the field strength does not exceed 32 times the field strength exposure levels given in the table.

5. For frequencies exceeding |0 GHz, Seq EZ, H2, and B2 are to be averaged over any 68/f%-min period (f in GHz).
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2019/2020 STANDARDS/GUIDELINES 2019/2020 STANDARDS/GUIDELINES

e Previous: §C95.6- 2002 |EEE Std ‘Safety Levels, exposure to EMF, 0-3 kHz'
C95.1-2005 |EEE ‘Safety Levels, exposure to RF-EMF, 3 kHz — 300 GHz’ .
* For exposures above 6 GHz, the energy is absorbed close to the
C95.1-2019 |IEEE ‘Safety Levels, exposure to EMF, 0 Hz - 300 GHz body surface
ICNIRP 1998 Guidelines for limiting exposure to EMF up to 300 GHZ
ICNIRP 2010 Guidelines for limiting exposure to EMF 1Hz-100kHz | *  The energy penetration depth into the skin at 6 GHz is ~4 mm, and the
penetration decreases with increasing frequency. At 300 GHz, the energy

penetration depth is ~0.12 mm
*  New:C95.1-2019 Std revises & combines Std.s C95.1-2005 &
C95.6-2002 into a single standard; changes on exposure above 6 * Due to different biological effects of exposure to particular frequencies, the
GHz/10 GHz standard addresses three bands: 0 Hz-100 kHz, 100 kHz-6 GHz, and 6-300
GHz

* Purpose:to provide science-based exposure criteria to protect against
established adverse health effects in humans associated with exposure to EMF;
induced and contact currents; and contact voltages, over the frequency range
of 0 Hz to 300 GHz

o |EEE and ICNIRP agree that thermal effects continue to be the
appropriate basis for protection against RF exposure at frequencies
above 100 kHz
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2019/2020 STANDARDS/GUIDELINES 2019/2020 STANDARDS/GUIDELINES

Table: |[EEE C95.1-2019 Table 5—DRLs (100 kHz to 6 GHz) Thermal Effects

. L Persons in unrestricted Persons permitted in restricted
e Updated IEEE C95.1-2019 reference levels: Safety factors applying 100 Conditions environments SAR (W/kg) environments SAR (W/kg)
kHz- 6 GHz Thermal Effects Whole-body exposure 0.08 0.4
Local exposure (head > 10
I. Whole body averaged (WBA) and torso)
Behavioral effects in animals over many frequencies, threshold at 4 W/kg Local exposure (limbs 4 20

and pinnae)

I0x - 0.4 W/kg for upper tier (controlled environment)
50x - 0.08 W/kg for lower tier (general public)
2. Localized exposure (averaged in 10 g)

Cataract observed in rabbits, threshold at 100 W/kg Table: IEEE C95.1-2019 Table 6—DRLs (6 GHz to 300 GHz) Thermal Effects

0x - 10 W/kg for upper tier

DRL: Dosimetric Reference Limits

. Conditions Epithelial power densit /m2
50x - 2W/kg for lower tier P P A
3. SAR is averaged over 30 min for WBA exposure and 6 min for Persons in unrestricted Persons permitted in restricted
environments SAR (W/kg) environments SAR (W/kg)
local exposure
Body surface 20 100

4. Epithelial power density through body surface is averaged
over 6 min DRL: Dosimetric Reference Limits
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2019/2020 STANDARDS/GUIDELINES

e Main differences in |IEEE C95.1-2019:

|. Upper RF boundary for whole body average (VWBA) SAR has been changed
from 3 GHz to 6 GHz because of improved measurement capabilities and
to harmonize with the revised ICNIRP guidelines

2.Term ‘extremities’ is changed to ‘limbs’ involving the whole arms and legs,
instead of portions distal to the elbows and knees.This change is to
harmonize with C95.6-2002 and the ICNIRP guidelines

3. Local exposure ERL is now frequency dependent, instead of being a fixed
factor of 20 times the whole-body ERL, regardless of frequency

4. Averaging time is 30 minutes for whole body RF exposure and 6
minutes for local exposure

30 May - 3 June 2022

Budapest, Hungary
Budapest Congress Centre

2019/2020 STANDARDS/GUIDELINES

* Main differences in |[EEE C95.1-2019 (cont.):

|. Local exposure limits between 6 GHz and 300 GHz have changed: the
dosimetric reference limit (DRL) is the epithelial power density inside
the body surface, and exposure reference levels (ERLs) is the incident
power density outside the body. For smaller areas, relaxed limits are
allowed

2. Averaging power density area is defined as a 4cm2 square

3. Small exposed areas above 30 GHz: the epithelial power density is allowed
to exceed the DRL or ERL by a factor of 2, with an averaging area of lem2

4. Peak DRL and ERL limits for local exposures to pulsed RF fields are defined,
and new fluence limits for single RF-modulated pulses above 30
GHz are introduced. The averaging area for single pulse fluence is | cm2
square
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About dosimetry...

Dosimetry methods for human exposure to EM fields from ELF
range to HF radiation involve the assessment of:

the external fields generated by EMI source at a given frequency
(incident field dosimetry),

the fields induced inside the body (internal field dosimetry),

v the related temperature rise due to the exposure to EM fields

=

(thermal dosimetry)

Several methods are used in theoretical and experimental
dosimetry.

EMI sources: power lines, transformer substations, PLC systems,
RFID antennas, GSM base station antenna systems, etc.

The resulits obtained from calculation and'or measurement
procedures are to be compared to the exposure limits proposed
by safety guidelines.

10
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Sophisticated _numerical _modeling is required to predict
istribution of internal fields.

Today realistic computational models comprising of cubical
cells are m[:stg related to application of Einite Difference Time
Domain (FDTD) methods.

In certain studies, the FEiniie Element Method (FEM) is
considered to be a more accurate method than the , and
a more sophisticated tool for the treatment of irregular or
curved shape domains.

Some studies have demonstrated that the use of Boundary
Element Method (BEM), fast multipole techniques and wavelet

technigues 1o reduce the computational cost.

11
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INCIDENT FIELD DOSIMETRY PROCEDURES — LF &HF EXPOSURES

® Dosimetry techniques to determine external electric and magnetic fields
due to low frequency (LF) and high frequency (HF) sources

® Theoretical and experimental procedures described

® LF electromagnetic interference (EMI) sources related to power line
communication (PLC) systems, RFID loop antennas and radio base
stations

® Examples given for: power lines, transformer substations, PLC systems
and base station antenna systems



Budapest, Hungary

Radiation Protection Budapest Congress Centre

@ -l 6th European Congress on [ 30May -3 June 2022
IRPA2022

Incident Field Dosimetry Procedures — LF Exposures

Assessment of E and H field from overhead power lines Assessment of E and H field from overhead power lines

The electric field

¢ The amplitudes of the three currents: . - .
P Ly * Analytical approach, based on thin wire antenna theory is used.
Lo *
* The E field is expressed in terms - - 5=
|Il (T)| - |IQ (T)| - |I3 (T)l N Ls of Hertz vector potential: E=VVI+ET
i Jkar Jkor: XJJ()\) ~Yo(z+h) e
g—J%oT1 e—JkoTz h ‘DC—-JS Yo T
. Ty, = — 2 AdA Yo(z +hJ7
¢ Phase differences: " r1 o [ Yo +m cogvd {-/JU e n2y0 +m A
0
I (x) = I (x) /%, Iy (2) = Iy () e=927/" o o T
1 3 — 1 A d2 [ED,(U, - )] j.u;;af‘id) -.'A-d;}q —(y—L;)q . +cj2ﬂ—,’3 fﬁ"’d'z]a = [?I+L2]q_2 b
ds : [2+ 1)+ —L4)°] [(z+ @) + w+ Lo)’]
Gei2m/a (2 +d3)* — (y— Ly)* §
[2+ da)?* + (0~ Lo)?]

wital 1 1 — 253 /5 ’ . Wl z —dy - z+d
Byl do{‘” “L AT WL AR - L,}]+ PP (20l dﬁ{ B Y PR Y PR R i

e 1 1 24 z—dy tdy
R e [(:—dzj3+(y+£-}2 7] +dl+w+LJ}+ e [( —dP+(w+L2)? (2 +d’*fy+“]_

i 1 1— 258/5¢ < —d 2+d
FIG: Configuration of high voltage, e te Iy o) [(:_dswﬂy_“} YA H g gi2/d {[:—a‘::]'- - [;_Lan i ; = ]}
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o
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Incident Field Dosimetry Procedures — LF Exposures

Assessment of E and H field from overhead power lines Computational results for E-field

¢ An illustrative computational example is related to the 3-phase power

The magnetic field

9B line with: mean distance between two towers Is=300m, line current &
: : sy O .
* The magnetic field components are given by: VB =—" =90 A, U=110 kV. '
at -
i.e. it follows: . .
T
? o : ¥ am
R . 24l Kk —Li)(z+4d . (y+La) (2 +da) - f
[Boe(0,9,2)], = J;_:‘.l ] = W 01 : 1) —7 4 %3 % + ——‘| 5 .
T |E+d+ - L) |z +d2)* + (u + L)’ groo "’ ‘
L | | -
2 (y — La) (= +4d3) 3200
Lemi | I %
{{(u +{f;}]:_1 + (v — L:&)2]1 - g vl ml - 421
3700 «
) a e, T ] I pol y—Iy f..‘i—f-w“.l—?lﬁf"kﬁ <o : "
By (0,3,2)], — }!;f{ d(z + dy)(kod) s 2[\,+:J].)E {u ;;;] i [Ba:z (0, y, 2], = g{(3 7{3!]_3Hy7h_ BT % m\}\ T e &
TR |rdi) - L)?| | Fd) 4 (= L) | o I e
| (2 —]d|] (=+di) e [IL = J} § e n e -
- + T 2 [z 4 dy) 2+ (y — L1)2 3 1 L
G-d+@—L)  (+d )+ L) 8 [(e+ar) + 2] G+ + oL %
o lreran® o 142 0 13 y+ La \u+£w(1 2A3/K3) . — . ) e
i A(z + dg) (kod) | 2[“”-’-’? lw L’)] 1 +e!7/ {( s e '—.u+m°' FIG: Spatial distribution of the electric field =
lL(d} +<y+u| | Gt -1y | +d| U+L'] compenents in x = 0 plane, where y 4 e
IR % . -
- (z —d3) N (z+da) ! Ay Tf‘*m‘”’“ —3 % {1 + ] + coordinate takes values from -20 m to 20 m
—da) 1 y—La)® e taa)t (y— Lo 1 [ +d2) + (u+ L)' (s +da)” + (y+La)” \
] :
i 4(z + dy)(kod) 3 [[:er'”l — - L:‘}E] +f_Ji_'".3{ — = 5= b L 'L“ 213’”2 }
z T - T 2 i = —da)* I 2 S (y—Ls)
B [(: + J:z}j +{y + [.‘1?2] (z+ds)” + (g — La) | (z—ds)" + (y—La) (= +da) +(y— La)

frICOM
o1
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g

Tt da) 4 (y— La)
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()44 Three-wire. three-phase | 10 kV power line.
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Table: Comparison to Safety Standards ul / \\}," \
! / \
Safety standards E [V/m] - / \
E. \
ICNIRP guidelines for occupational exposure 10000 \
| Y
ICNIRP guidelines for general public exposure 5000
Croatian law for professional exposure areas 5000 ik
Croatian law for increased sensitivity areas 2000 0 _H_F”r L . : c § i , ,‘1
-100 -80 A0 -0 =20 o 20 40 &0 B 1
wiml
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FIG: E; component of the electric field on the ground level i / \
(top) and on the level of the middle conductor (bottom). i . S
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Analytical results for H-field

* Measured and analytically calculated values of magnetic
flux density B from the three-phase power line | Im above

the ground
Table: Measured and calculated values at =90 A
Measured Analytical FIG: By component of the -
’ ’ magnetic flux density.
Distance from y axis [m] B[uT] B[uT] B[uT] B[uT]
z=lm z=2m =Im z=2m
-30 0.08 0.08 0.129 0.132
-20 0.15 0.15 0.243 0.254
-15 022 0.23 0.353 0.377
-10 0.33 0.37 0.522 0.575
-5 0.54 0.6l 0.736 0.842
0 0.76 0.95 0.8%0 1.046
5 0.77 0.94 0.832 0.973
10 0.56 0.60 0.608 0.680
15 0.35 0.37 0.405 0.435
20 022 023 0273 0.287 FIG: Total magnetic flux
density B due to the three- .
30 0.10 0.11 0.140 0.144

B
L2

8

E

ol
7}

am
&5

con wire, three-phase |10 kV

1 power line.
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Analytical results for H-field

Incident Field
DOSimEtry * Magnetic field measurement:

z[m]
PrOCEd‘ ,res — LF Table: Comparison of the results with safety R R &
sl " //?ﬂ\. \\ \ 4
B [uT] H[A/m] | l: @ 3;1 i
! r 13
E Method or Standard o4 [ y -5 L I ‘{* \
7=2m  7=24m  7=2m  7=24m - 4} I / = \\ | t
l.'f. & f L At
oo t |t 20 / f e L
Analytical. h=20.2m 0330 10340 0263 8228 | A\ A f; : ;,[
214 | = e i -
L3 -
Numerical, h=20.2m 0327 10342 0260 8230 ol \ %H;@/ﬁu? f |
o . \ ,‘} f
Analytical, h=1Im 1.046 = 0.832 4 = *\ \ \E\J/ ? S
18| = 4
Experimental, h=7m |.84 - 1.464 - e \ L /
-10 -8 6 -4 2 L] 2 4 G 8 10 v [m]
Experimental, h=1 | 0.95 = 0.756 _ _ .
S " FIG: Magnetic field H [A/m] in the vicinity
ICNIRP 100 80 of a three-phase power line.

Croatian EMF protection

: 40 32
regulation
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Assessment of E and H field from power substation

The electric field

* When the potential along the wire is 1 o) da’
known one deals with the Scalar Potential o(z,2) = - f 4wt Rnh
. e R
Integral Equation (SPIE): Sy

® Substation conductors are divided into a number of segments. SPIE transforms into a
system of equations for unknown charges along the each segment:

@1..... n - the boundary element potentials,

P Po - - - B

% - i a a1 qi,.... Gn - the boundary element charges,
Py Py - - - Py 12 ©2

y . . X P11, Pia..., Por - the Maxwell coefficients
-Pﬂl Pn? R -Pnn dn ©n 8,_’;, g [ 1 1

Epy=—2- =2 -
Oz dmeols | \(Li —x)P+W? Va2 - W2
* Field components at an point (x.y.z), p._ % _ & v Li—x x

s L = +
ur ¢ Teal- W2 2 74 ) 72
generated by a boundary element, % AnebyWE | Te=aPrWe VB

can be computed, as follows: B d _ a4 = Li—x N T
o 5 9 Oz dmweoL: WP | (L, —2)E L W2 VT 2 WE
& W2 =42+ 2

The magnetic field

*The magnetic induction due to a straight current 5 jt i(?) dl x (F—7') _ pi(t)dlx R
i i it . = A =~ =3 A R3
element is determined by the Biot-Savart law: N ;.

7oA

FIG: Straight current element

St

*Performing some mathematical manipulation and
integrating the contributions along the entire length
of a conductor it follows:

A2

- (T 2t

B= ec‘,% /cos 0dl = ép‘t;;(ﬂ) (sin#; + sinfs)
01

*The total value of the magnetic flux density in a
point of space can be expressed as:

i=1

N 2 N 2 N 2
B(t) = (Z Bw(t)) - (Z By,im) + (Z B,,,,(t))
i=1 =1

13
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Assessment of E and H field from power substation

ln Cident Fie,d The electric field -
DOSi me tr y * Numerical approach, based on quasistatic =~ \Tl """ = '\j E'.\:\'—*-._ s

N transformers

approximation is used. \ ! ‘ l : ‘\ soverhead fines

PrOCEdures - LF * The electric field is expressed in terms of V_\\\\s =

scalar potential.

EXposures * The scalar potential is obtained by solving

the Scalar Potential Integral Equation (SPIE)
via Boundary Element Method (BEM).

______

FIG: Substation layout ==

14
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Computational results for E-field Computational results for H-field

Domain No. | Domain No. 3

FIG: Spatial distribution of the magnetic field

Domain No. | Domain No. 2 Domain No. 5

FIG: Spatial distribution of the electric field

Table: Comparison to Safety Standards

Electric field [kV/m] Workers [kV/m] Public [kV/m]

Table: Comparison to Safety Standards

Magnetic flux

density [uT] Warkers [uT] Public [uT]

3.344 500 (100) 100 (40)

0.381 10 (5) 5(2) :@k Domain No. 4 Domain No. 5
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Assessment of E and H field from power substation

Measurement results for H-field

*Nominal power 630 kVA

2Ty

FIG: Measurement points

h (©) "’ o (D) - Table: Comparison to Safety Standards

FIG: TS 10/0,4 kV substation |: (A) southern side, (B) eastern side, Magnetic flux density [uT] ~ Workers [uT]  Public [uT]
(C) northern side, and (D) western side. 18.3 500 (100) 100 (40)

oftCOM P
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Assessment of human exposure to PLC system

@ Vo Zr

FIG: Simple PLC system

* E-field values for f up to 10 MHz are
added to asses the cumulative effect:

(general public)

10 MH=z 30 MHz 2
E; E;
§ —+ § (E—) =1.15-10"%
isivHz & is10 MHz N DL
(workers)
10 MHz 30 MHz 2
E; FE;
i = =4.03-1074
Y ey ()
11 MHz 110 MHz !
"OM

A8 By |

5.0E-03

4.0E-02 4

FIG: E; component of the radiated electric field under the line for

different values of conductor sag (x=0m, z=1.5m, d=0.0055/m, £.=13)

8,0E-03

3,0E-03 -

2.0E-03

0,00E+00

FIG: Maximal value of E; component below the conductor (z=|.75m]¢>“(‘;§
ARy

6,00E+06 120E+07 1,80E+07 240E+07 3,00E+07
f(Hz)
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Assessment of human exposure to RFID loop antenna

ln Cident FiEld * The input power is P=50mW per loop antenna.The wire radius is 0.9 mm, while the side

length of the wire square loop is 46.5 cm.

Dosimetry e Fig shows the measured H field distribution along the vertical line fromz=0toz =2 m,

corresponding to a human standing beside the system, at a diagonal distance of approx. |.8
m from the center of the antenna system (x = .3 m,y = |.3 m), thus representing an

PrOCEdures — HF employee exposure to the anti-theft gate for a longer period.

Mear magnetic field distribution

E z 0,0012
Xxposures A ) oo
AN
f ; = 0,0008 \
ﬁ | 5
] | l g 0,006
. ] T NN
0,0004 e
FIG: Magnetic field 00002
intensity along the

vertical line. o

FIG: Anti-theft store Position (m)

. FIG: Gate antenna system C
protection gate ? 2
used measurement * The measured field value of |.ImA/m?2 is significantly

SoftCOM '
2071 and 73mA/m?2 for general population.

below ICNIRP reference levels (160mA/m? for workegé‘

"

T

ET;

-
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Radiation From a Base Station Antennas Radio base stations: Analytical and numerical approach
* The levels of public exposure to EM energy from any base stations vary depending on to the radiated field assessment

antenna type, location and distance from the base station.

* EIRP (equivalent isotropic radiated power) is an important concept to express

* The base station antennas are most commonly used in a sectorial arrangement and the capabilities of RF transmission.
produce a so-called pie-shaped beam. _ P,
* The power density of an isotropic point radiator: P, =
47rr?
® This beam is wide in the horizontal direction and narrow in its vertical direction. * P. is the power input to the antenna
T . - 5 _ DGy
-y * For directional antenna, the power density is defined as: Py = 3
/\/// 7 = \ FIG: a) Horizontal pattern of GSM antenna .B) 4dmr
Y, / i - - . - - - - .
/7 SSSTA /)j;ii Yertical parrern of GSM antenna * G, is the gain ratio of the transmitting antenna based on an isotropic radiator.
| Ir { N A
| 4 . % - -
‘\\ E-\// i_I Fa * EIRP is then given by the product: EIRP = P, - G; Gtis a numeric gain.
e \\ / 1 /
\\i:‘j—-ri{y * EIRP can also be written in decibel expression:  EIRP = [Pt] + [Gt]
a b) ¢ [f the attenuation of the system are taken into account then it follows:
; : EIRP [dBm] = P, [dB] + G, [dBi] — L [dB] pmp - L&
® The exposure can be determined by calculations and/or measurement. LI =11 t : ' —
WtCOM |
.q21 ¢ | represents the ohmic losses. '

* [t should be noted that the presence of reflecting and scattering structures can
OM have influence on both the exposure and power deposition inside the human body,.gi

- -
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Near Field Analysis: Assessment of Power Density ~ Far Field Analysis: Calculation of Power Density and

FIG: Base station antennas can be represented

by an colinear array of resonant dipoles

The total average power radiated by an axial array
(N-number of carriers, channels, rho-distance):

R EES | NP | S ———
e
==}
S % ‘_,‘
s
_\l}_’

‘47 3L = 2(Np + h) —1

2n +L
]ip < A n - - i -
1_1_ . P(0t=NPrad=deA=ffS'egpd¢dZ‘ep
J 2h = A | L
l—2 | S
% P =8 -2np-2L, (3.59)
NP,
The average power density: 27!',01-2&2 (3.60)
Taking into account sectorial coverage: § — N Praq @ (3.61)
wp2L ¢’

Electric Field

FIG: In case of observation point in far field. the
base station antenna represents a point radiation
source (Hertz dipole).

Using a concept of effective isotropic radiated power (EIRP) the total field and
power density can be written, as follows:

+/30N - EIRP

E=2 R F(¢,0),
N - EIRP
S = JTR2 = F? (0,0).

where a factor 2 represents the worst case scenario of the reflection of the
plane wave from the PEC ground.
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Radio base stations: Measurements

Mesurement has been performed by using following equipment:

*Holaday Industries HI4455 + HI4460, isotropic probe calibrated for broadband

measurement;

*Calibrated electric dipole + Hewlett-Packard HP 8590B spectrum analyzer for
narrow-band measurement

Electric dipole is calibrated in a way to provide the information about the
incident electric field directly from the measured power from spectrum
analyzer. The attenuation of the cable is taken into account, as well.

The frequency selective measurement is performed using the spectrum analyzer
as a measuring equipment.

The broadband measurement enables one to determine whether the total RF
field is within the reference levels.

On the other hand, the narrow-band measurement is frequency selective and
serves as a test for particular source, i.e. to determine whether its field is in
yaccordance to the reference levels.

15
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Radio base stations: Measurements Radio base stations: Measurements

Measurement example Nol: Table: Parameters of the roof-top GSM base station. Measurement example No2: Table: Parameters of the roof-top G5M base station.
P T 1

Operating frequency GSM downlink band: 935 - 960 MHz Operating frequency ~ GSM downlink band: 935 - 960 MHz

Number of sectors 3
1 Number of sectors 3
Direction of main lobes  Sector A, 30°% Sector B, 150°; Sector C, 270°

Direction of main lobes Sector A, 0°; Sector B, 120°; Sector C, 230°
Elevation of main lobes Sector A, 0°%; Sector B, 0°; Sector C, 3°

Elevation of main lobes Sector A, 0%; Sector B, 0°; Sector C, 3°
Sector A/B/C; Celwave APXV 906514, 2

Antenna types
antennas (per sector)

Sector A/B/C; Celwave APXY 906514, 2

T Antenna types FIG: Example with roof-top antenna system
T 1 .
‘ SenngR ) in_sectorial arrangement mounted at a Number of channels Sector A/B, 4; Sector C, 3
| - height of 48 m above ground.
Number of channels Sector A/B/C; 3 A view to the 2 sector of base station Maximal permissible EIRP Sector A/B/C: 598 dBm
FIG: Antenna system of GSM base station antenna system. per channel o
mounted on a roof top at the altitude of Maximal permissible EIRP The radiated power per channel is P=955 W
5 Sector A/B/C; 58 dBm 935 MH i
approximately |7m above ground. per channel At THEE Table: Location 2 (Flat at the |5th floor below antenna
system at an approximated distance of 8 m from)

radiation source)

) Measured field values are
ableckosation'! within the international!y Measured total field E [V/im]  Reference level E [V/m]
COM

RC

.

Measured total field E [V/im] Reference level E [Vim] p'l prOPOSEd reference levels. 0.23 42.00 ‘é;:
WiCOM 2.33 42.00 ’
Nn A !

[ERN
ul
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Measurement example No3:

FIG: Kathrein 739 623: Horizontal {(left) and
wertical (right) pattern

Tabla: Parameters of the Kathrein 739 623 antenna

] s 4

FIG: Kathrein 739 634: Horimontal {left) and
xertical (right) pattern

Antenna gain I7 dBi Antenna gain I7 dbi
EIRFP per channel Cea 430'W EIRP per channel Ceoa 430'W
Front-to-back ratio = 30 dB Front-to-back ratic =30 4B
i Electrical tilt -6°

Table: Parameters of the Kathrein 739 634 antenna

Radio base stations: Measurements results

Measurement example Mo3:
The measurement locations:
*Loc. |: balcony of the third floor of the house, in the vidinity of the source;
*Loc. 2: balcony on the second floor of the house, in the vicinity of the source;
*| oc. 3: balcony on the third floor, in the vicinity of the source.

Tae: Location |
Measured total field E [Wim]  Reference level E [Vim]
1.76 4200
Broadband measurament: 1.9 v/m

Table: Location 2

Measured total field E [Vim] Reference level E [Vim]

1.23 42.00
Broadband measurament: 1.9 V/m

Table: Location 3
Measured total field E [Wim] Reference level E [Vim]
208 4200

The domain 3 can be noticed down

and left

Broadband measurament: 3.5 V/m
‘L Pch SevCCOH. 1821 Sﬂph‘rl:-ur. 2014, Spit

TALATET TLOWTRCITTRGT.

ATEEARET ', |
BT BT LTy
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Far Field Analysis: Presence of a Lossy Ground and
Layered Medium

Simple analytical relations for the incident field dosimetry
(antenna radiating in the presence of inhomogeneous
media)

6 different approximation schemes for the assessment of
BS antenna:

* Antenna insulated in free space (FS)
* Antenna above perfect ground (PG)

* Antenna above lossy half space

* Using Fresnel reflection coeff.

* Using modified image theory (MIT) approximation
*Model of a layered medium featuring MIT appr.
*Compared to results obtained by NEC

All calculations carried out for the far field zone.

oM FIG: Top too bottom: a) Free space approx.. b}

Perfect ground approx.. c) Antenna above Iogygﬁ
21 h ° 23

half space =\
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Far Field Analysis: Presence of a Lossy Ground and  Far Field Analysis: Presence of a Lossy Ground and
Layered Medium

*Free space approximation:

Layered Medium

~e «Antenna above a lossy half space:
*used by some dosimetry guidelines e * Using Fresnel reflection coeff
*neglects effects due to reflection and scattering . T ) g . i )
*takes into account only incident field B * Using modified image theory (MIT)

Total electric field in the far field:

*Perfect ground approximation:
eaccount the effect of reflected wave
eassumption if perfectly conducting ground

Etot —

E"r'ef -

approximation
FIG: Free space approximation

V30N - EIRP

Etot - Ez’nc s
R _—
E?.ef . ]_—‘FT . -_))Oj\(' 2 EIRP
R*
~.E \
\"‘ ‘mewaener
v Fr  Z1COSa — Zycos 3 , _ Jwp
.| . e .-~ Ls — - Za =
pine 4 pref SRS S Zy cos v+ Zg cos 3 v
FIG: Perfect ground approximatios
30N - EIRP
R R* - distance from the image antenna

to calculation point above PEC ground {é‘i

R

pMIT _ Eeff — €0

Eeff T €0

Nes

Eeff = Ep€0 — J—
eff il i
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Far Field Analysis: Presence of a Lossy Ground and

Incident Field Layered Medium

DOSImEtry «Computational example |: 2m antenna consisting of 8 dipoles and metal
grid with total radiated power P=100W/channel.f = 936.8 MHz; Ph=2 m

Procedures — HF

250

Exposures =

100 |
50

NEC FS PG RC MIT

FIG: a) Electric field (mV/m) via different
approaches compared to NEC at specific
distance from antenna (sigma=0.0[ S/m,
epsilon 2=10,A h=20m)

160
140
120
100

80

FIG: b) Electric field (mV/m) via different
approaches compared to NEC at specific
distance from antenna (sigma=0.01 S/m,
epsilon 2=110,A h=40 m)
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Far Field Analysis: Presence of a Lossy Ground and Far Field Analysis: Presence of a Lossy Ground and
Layered Medium Layered Medium

sComputational example 2: Assessment of field radiated by BS antenna
over a two-layered ground:
*Reflected field from air-multilayer interface given by:

sComputational example 2: antenna power P=100W, f = 236.8 MHz
{one active channel); antenna mounted 25 m above ground

MIT \/30."\" » EIRP

P =
ref __ £ 1=
E = le R* - =
' j o 20 aa - m 100 125 o = &2 ) - m 00 im
- dhilaien fm) s b 3]
[‘1‘111' R‘” AL R{)QG—QWZ "" : » \V."\ ——pndumy ——al =008 B —al =001 5fm ——al =13 ——al =1 %m S wlrd [LE ] w=1s @
= — , - P
m 1+ Rp - Roge= 1 / 5 A
¥/
A
F 4

7 Eeffom — Eeff.
Iﬂ[ T — FC.{. - ff n . ":.-l:f.‘a" 7% 70 — _ I ‘ '.“i_\'f.».--v' . Uk
Ceffym T Eeffin O e oL AR A B e o0 W e

Erree]

—#MadinT —als0ANm —ol=L1%m — s=1%m — =l = 300 S

F10: The total electric field above a multilayered

F10s: Blectric field for different vafues of sigma | and epsilon | with medium | thickness-a} and ¢} | om.
biand di 25 ocm
7
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Accurate numerical modeling of base station antenna
systems

*The formulation is based on the set of the coupled Pocklington integro-

ln Cident FiEld differential equations for induced currents along the wires.

*This set of equations is numerically solved via the Galerkin-Bubnov indirect

Dosimetr Y Boundary Element Method (GB-IBEM).

P d — HF *Knowing the currents induced along the array the radiated electric field is
roce Ures calculated and compared with results calculated via widely used analytical 1+

relations for the far field. /
Y
Exposures {1
{ Ln £E=¢g
A vertical antenna array of M dipoles { 1= pio
of placed in front of a PEC reflector is ]
considered. ] z
1_1_
{
1/
FIG: GSM antenna model: Antenna T |
array in front of reflector v
\tCOM &
% Poljak and Cvetkovic: TUTORIAL: Humans Exposure to Electromagnetic Fields
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Accurate numerical modeling of base station antenna Accurate numerical modeling of base station antenna

systems systems
The current distribution The radiated field
. The components of the electric field radiated by the vertical array:
The currents induced along the antenna elements are governed by the set of P 4 Y
coupled Pocklington integro-differential equations:
M TL2 L2 o )
M 9 +L/2 Eg_- — 1 Z (), f G:-nm. (1 2,) In (Z,) ('32’ b Z f dIn (: ) dGmﬂ (.F‘ % )(Z.Z!
o S [0—2 o A-Q] [ L(z")Gumn (2" dz', m=1,2,....M Jmeo o 000 et e o
Jdmweg = az £
Mo T L (2") 8Gmn (y, ")
where In(z) is the current distribution along the n-th wire, and Gmn is the Ey =~ ) et Gmn (y,2) In (2 d2 = -~ > i mn W ) gt
, ; . jamweg drdz Jdmweg a2/ dy
Green'’s function given by: == —L/2 et L
,—JikRmn ;
gOmn(" 7,‘) - ‘ 1 o [ 07 B &
o =iy = iF o el ST TR E, =- —+k / Gian (7,2 ) In (2) d2’ =
Gmn (4- = ) = Jomn (Z A ) — Jimn (0- < ) Rm”- 7 jAmweo RZZI | 822 l] mn ( ) In (=)
o—ikR ) e
Bl ) = ——=—— 1 = +L/20C' (2, 2") 81, (27) s
; i ; i I Ri?;'??l = Z / ,m?_q_'q/" h T:J" dz' + k2 ] I () Gn (2,27) d2'
The numerical solution: The Galerkin-Bubnov acom  JAmweo r 2
; = | =Kz —L/2
scheme of the Indirect Boundary Element Method 021 L /
et TFIAL
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Accurate numerical modeling of base station antenna Accurate numerical modeling of base station antennas
systems

NUMERICAL RESULTS Comparison of the results obtained via the different methods:
*The computational example: the GSM sector antenna consisting of 8 half-wave &0 2
. . . - FARFIELD
dipole antennas spaced by 0.75A, with radius of 0.004A. 5 — nenaFED . N TN
o | NN Y Y
*This array is distanced from reflector at x=-0.176A.The reflector is modeled as an N 20—
infinite, perfectly conducting plane. E“IY ~ E L/
% o I ~—_ '% /
+All dipoles are driven by the voltage generator placed at the centre of each dipole. - N T €0 /
. . | B 80
*The total input power of all sources is chosen to be 30V per GSM channel. * ] I — [ARrED
» 1 2 3 4 5 6 7 8 9 10 _1000 1 2 3 4 5 6 7 ] 9 10
*The horizontal and vertical radiation pattern is shown below. ] x[m]
FIG: Caleulated electric field $=0°, z=0m FIG: Calculated electric field $=0°,z=-5m

The horizontal and
vertical radiation
pattern are computed.

The use of analytical relations for the calculation of the radiated electric field in the near
zone results in significant overestimation (7-15 dB) only in the main lobe e.g. for z=0.

Beneath the main lobe, near field values could be higher than the value
obtained by the far field pattern, particularly visible for the nulls of the
ficOM F16: Horlzontal (a) and vertical (b) pattern. HCOM radiation pattern (underestimation up to level of 12 dB).

92.1 ) " e
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d

Radiation from WPT Systems

Nowadays many devices rely on wireless
charging.

Sometimes the human body can be
located in the vicinity of WPT transmitter
and it is of interest to carry out the
exposure assessment via
incident/internal dosimetry procedures,
based on analytical/numerical approach.

While the main feature of the realistic
human body models is accuracy, the
simplified models ensure rapid
estimation of the phenomena.

Curved wire antennas, (e.g. loops or helical antennas), have a
number of applications in communication systems.

Two principal modes of helical antennas - the normal
(broadside) and axial (endfire) modes.

The normal mode; radiation occurs when the helical antenna
diameter is much smaller than wavelength.

The axial mode occurs when the helix circumference is one
wavelength and ensures maximum radiation along the helical
antenna axis.

The helix axial mode is often of most importance and it is used
In wide range of applications.
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Radiation from WPT Systems

Formulation: Single wire in free space

lnCident FiEld e The field generated by curved wire configurations is determined by
. integrating the current distribution along the wire.

Dosimetry z

Procedures — HF

Exposures

N
Single wire of arbitrary shape in free space X

e The current distribution is obtained by solving the corresponding

k Pocklington equation via GB-IBEM. 47
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Radiation from WPT Systems

Formulation: Single wire in free space Formulation: Single wire in free space

e Curved wire integral equation can be derived by satisfying ® Magnetic vector potential is defined by the particular integral:
the continuity conditions for tangential field components o M

y7i ~
L A ol | EAG )T
é.-(E*+E")=0 H =7
e From the 1stMaxwell equation: where: J - volume current density, p - medium permeability.

. e For the case of curved PEC wires volume current density is

s 0B : :
VXE = —— replaced by the axial current:

dv i)

,—JRR

y _i ' VoA ' ' =£'
A(s) = 4%!1(5 Vg, (5,85 )5 ds g,(s.5") 2

and Lorentz gauge

A — _iroy e Satisfying the continuity conditions the Pocklington integro-
t follows VA JOHEP differential equation (IDE) is obtained:
— — L 82
E* =—jwA+ V(VA) \ E™(s) = ” f{]ﬁ €e, - }go (5,5 (s")ds'
]a)/,zg ‘ ; ToE, OsOs
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Formulation: Single wire in free space Numerical solution: Single wire in free space
e Orice the current distribution is determined the E-field and e The Pocklington IDE for curved wires is handled via the
. . . : ; GB-IBEM.
H-field field radiated by a curved wire structure are given by
following expressions: e Performing certain mathematical manipulation
Pocklington IDE is transformed into the following matrix
equation:
M n,
. 1 r L ¢ Ol (s . i
E=— Ie I(s"g,(7,F)ds' +j ( )Vgo(r 7)ds' ZZ L=V TEL2en,
J4rowe, " =1 izl
11
2] = ” i 0.0 nds T wad [ [ (] st

-1-1 i -1-1

H, =- j I(s")é. x Vg, (F,7)ds'

e =—z4mofE’ 0 (5) 2 d

dg

49



Budapest, Hungary

@ + Wl 6th European Congress on | 30May -3 June 2022
| IRPA2022

Radiation Protection Budapest Congress Centre

Incident Field Dosimetry Procedures — HF Exposures

Radiation from WPT Systems

Numerical solution: Single wire in free space

e The total E-field and H-field field are obtained by contributing
all wire segments:

M n, '

Er= ZZ{AZIeJ,’"f({:)gO(* *’)—dé jl’” "f(g O(F,F')?—;d:

J 471'(030

m=1 i=1

M B ., ds'
"= ——szf” f(E)e. x Vg, (7,7 )d—‘;df

ml.!l

e where N and n stands for the actual number of elements and
local nodes, respectively.

Formulation: Multiple wires in free space

e The currents induced along curved wires located above a

lossy ground are governed by the set of Pocklington IEs:

ES (s,)=

(RTE _‘RTM )Esm ép '|:k2é.p§s

" R
K2 _
4nwe, HZ_;‘ -([ {[ ° e Os

2

OpOs *

-2

82

Os, Os

= }gw(sm,s;)JrRTM {kzés e. — }g (s, .s )
s, m

m

}g (s,.s )}I(S Yds'«+Z, I(s,), m=12...N,

+

- Green functions

_Jk len

R

Tmn

: e
g'[).nvnn( m? rr):

=
|‘|
q

iyl

Eg = £,8, —;—
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Formulation: Multiple wires in free space Numerical solution: Multiple wires in free space

e The total E - field and H - field irradiated by a configuration
of arbitrarily shaped wires is given by:

« The set of Pocklington |[Es is handled via the GB-IBEM
featuring isoparametric elements.

ol(s, "

& (s, Ng,, (7,7 )ds, "+ j Vg, (7, 7)ds,’

.’ 1

» The unknown current along the n-th wire segment:

s

Il

;?"
o'-—-..?"‘

N Ly n T
] Y Yo =) Ladu @)=,
HZZJ.](S?)S”XVgU (7,7")ds, ' (€) ; F@)=11}, Ui,
0
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Numerical solution: Multiple wires in free space

e ..the weighted residual approach + GB procedure - the set of
coupled IEs is transformed into the matrix equation:

J\'rw Arn

> L7 AT =V m 2,

n=1 1=1

i=1.2,.,N

m

where:

11 !
v ods d
(2T = [} 0 som oo G2 G2
J1-1 ae I

ds

11 i o
. aT . ds. ,ds 7 dé
+r7\'fe_¥” eSm J J {f}} {f };' Eonm (Sn -Sm)d—;dé: (f—gdg - -1

-1-1
1
j ' aT dsn
Z ) —d
" 4roe, J d {f}i {f }f dé 5
-1
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1
{V}j :—j4xfuaOIE::C(5'n){f} —2d¢&,

Numerical solution: Multiple wires in free space

e The total E- field and H-field are given by:

E-YE,  H=3[A]

N
k=1

where:

re __ 1 « 2 1 - 7e — dsk' 1 e af;(f) — = d3k1 &
E¢ = j47r(of:0;{k :[leh,]ﬂ( () gy, (FoF) i d& +_j111.k 5 Vg, (7. )d—é:dg

- 1 & 1 - . ds'
H = —E;_flﬁ-ﬁ(@e&r Ve (.7 s
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Computational examples Computational examples

Loop antenna Loop antenna .
e The circular loop antenna insulated in free space and excited via F
unit voltage source at, ¢=0° is analyzed. e Figs show the current
L . R distribution along the loop. il
I ggiiloop radius is a=0.0027A and the wire radius is b=0.0637A at All catcullafions srs ot
= Ay out by using linear — e T
elements. wiee
Real part of the loop current (a=0.00274, b=0.0637k, /=3GHz)
@ e The results computed by oo =
R BEM are compared to the 1:\
A x results obtained by the SN
b Moment Method (MoM). “u_
a £ q \M%m
ey
Ty looprautenna L Imaginary part of loop current ((a=0.0027A, b=0.06371, £-3GHz) 53
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Computational examples
Incident Field Cylindrical helix

» The cylindrical helix consists of 6 turns, radius 5cm, pitch angle 11°

DOSimEtry . and wire radius 1mm.

Figs show the amplitude of current distribution at =30MHz and
f=750MHz

Procedures — HF |

35 =] { DE [ ks |
£ 0.4
Exposures B |
D2F .
254 0 I i i ] I 1 1
0 5 10 15 20 25 30 35
e 2 SuzANA -+ 4NECZ2|  FHem
2
I Amplitude of current distribution along cyhndrlcal helix at =30MHz
104
2t /'\\
54 E j
0. h /’\

e . kf ‘N\

20
ylem wicm
\ SuzANA - 4NEC2 | zlem

M

Geometry of cylindrical helix
L Amplitude of current distribution along cylindrical helix at I=750MHz
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Computational examples Computational examples
Cylindrical helix Cylindrical helix
- Figs show the radiation pattern of cylindrical helix in horizontal and * Figs show the horizontal and vertical radiation pattern of cylindrical
vertical plane, respectively, at =30MHz. helix in horizontal and vertical plane, respectively, at = 750 MHz.
R J

180 180
Horizontal plane Vertical plane
Radiation pattern of cylindrical helix at =750MHz

Horizontal plane Vertical plane
Radiation pattern of cylindrical helix at =30MHz 55
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Computational examples

Conical helix
» The conical helix consisting of 9 turns, starting radius and pitch angle

5cm and 12° |, respectively, and wire radius 1mm, is analyzed.
+ Fig shows the amplitude of current distribution at =1GHz.

30

25

20 j"
2_
s \; * Vf\
™ 1
10 j
= 10 15 20

5 0

5 Vﬁ Amplitude of current distribution along conical helix at f=1GHz
0
5 5

yicm xfem

1fmA

25 30

SuzAMA  + ANEC2 zfcm

Geometry of conical helix

Computational examples

Conical helix

Fig shows the horizontal and vertical radiation pattern of the conical

helix at =1GHz.

270 180

«Horizontal plane b) Vertical plane
Radiation pattern of conical helix at f=1GHz
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Computational examples Computational examples
Spherical helix Spherical helix

« Fig shows the horizontal and vertical radiation pattern of the

» The spherical helix with helix radius 7.5cm and pitch angle 5° and spherical helix at £=1GHz.

the wire radius 0.2mm, is analyzed.
» Fig shows the amplitude of the current distribution at =1GHz.

15

15 .
10
180
5 05 h
D 1 L 1 L 1 1 L
2 4 6 8 10 12 14

0%

[,

zfcm

c | SuzANA  +  4NEC2 zfem
0
= c 0 5 Amplitude of current distribution along the spherical helixat /=500MHz :
ylcm - om 270 180
Geometry of spherical Horizontal plane Vertical plane
" r?:elix P L Radiation pattern of spherical helix at =500MHz
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Computational examples

Spherical helix — applications in Wireless Power
Transfer (WPT) systems

Today’s interests in Wireless Power Transfer (WPT) systems, near field
communications and RFID systems have resulted in intensive research
of electrically small antennas (ESAs).

The size of ESAs is the main advantage in such systems, but at the
same time leads to serious limitations.

The most serious drawbacks of ESAs are as follows:
- narrow bandwith,
- small input impedance,
- small radiation efficiency.

Theoretical limits of e.g. WPT systems can be approached by specific

design of ESA. One of the examples is spherical helix antenna design. e
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Computational examples
Spherical helix — applications in ereless Power

Transfer (WPT) systems

Advances of SHA use:
v Technique of multiple folding for

A

increasing overall radiation efficiency:

= N multiple-folded arms
(assuming equal current
along each arm) =
radiation resistance
increases with N*N and
ohmic losses with N

If inductive feed loop is used, by
changing the distance between Ioog
and antenna input impedance can be
easily adjusted

S#h erical coil has higher radiation
iciency than cylindrical coil in the
same physical volume which leads to
higher radiation efficiency

e,

6th European Congress on

Radiation Protection

30 May - 3 June 2022

Budapest, Hungary
Budapest Congress Centre

Computational examples

Spherical helix — applications in Wireless Power
Transfer (WPT) systems

Two examples are presented — single-arm SHA with voltage source in
the middle of helix and four-arm folded SHA with indirect feed loop

e Results obtained using GB scheme of IBEM are compared with the
results from FEKO

e NOTE:

e FEKO uses Method of Moments in which each segment has two nodes
= and base functions are linear - linear elements!

| = GB-IBEM: each segment has three nodes with second order
\ = polynomial base functions - curvilinear elements!
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Computational examples Computational examples
Spherical helix — applications in Wireless Power Spherical helix — applications in Wireless Power
Transfer (WPT) systems: SINGLE-ARM SHA Transfer (WPT) systems: SINGLE-ARM SHA
0.014 . . . . — . . ‘
.ﬁéo -\‘)\
* radius of a sphere R =0.208 m = Geometry of single-arm SHA is 0012 : %
- - - iven in spherical coordinates as: ‘
» radius of wire r =3 mm g P ool ;
* number of turns N=9.1 B ,
. $=0:mx, s 0.008
= operating freguency f= 13.56 9 =(cos 9+1) /:i::___"__‘_*ai“;}\:\ |
MHz ,P \;:i"“_“;’_j:x;h % 0.006
= perfect conductor E;/}\’:;::_:;;”“/:; 0.004- \
b T \
= voltage source: 1V in the middle . e - - FEKO, 591 coution ol \
. source o 7 — HJT ‘ ./// gg:ggm 3; 1 ca:cuia::on so!n:s \
of the hell)( N S 9 f 1cacula.0n o?ns "
N / P © GE-IBEM, 235 calculation points
T 825 02 015 -01 005 0 005 o1 015 02 025

L Single-arm SHA geometry L Current distribution along the z axis for given geometry of single-arm SHA
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Computational examples

Spherical helix — applications in Wireless Power

Transfer (WPT) systems: 4-ARM SHA

-1

oY
65k R /,4/

5 / 4
55+ \ /
50 \ / /
% j
45+ ‘\\

Current (A)

7t \ y

(% f/ GB-FBEM. 88 calculation points
4r LN FEKO. &7 calculation points
35|
3 I} 1 1 1 Il 1
) 50 100 150 200 250 300
fi (deg)

Vo

Current distribution along the loop versus angle ¢

Computational examples

Spherical helix — applications in Wireless Power

Transfer (WPT) systems: 4-ARM SHA

b

GB-IBEM xy plane
1 ——— GB-IBEM xz plane
*  FEKO xy plane

180

270

Radiation pattern: normalized directivity in horizontal (xy) and vertical (xz) planes
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Incident Field Multpia hellx | nfY n

* The last example deals with a

Dosimetry multiple helix configuration. o! 'é 1.04 . E.D' - 3.5‘

» The helix at the center of [—seaw - mecs] wem

— coordinate System IS the The current amplitude on active cylindrical helix at =750MHz

PrOCEdures HF active antenna. The distance ' N fh ' - -
between the wire axes is 0.5m af : A .

Exposures o oves m ﬂ/ W INAWAT Y
. L . Y, 1

<
S
S ol
=
<

A

v

L 1 1 1
0 5 10 15 20 25 30 35

304
[ ——sSuzana - angcz| zem
E 20 == E ,:-": "'fHL : e I The current amplitude on passive cylindrical helix at I=750MHz
5 : . T ; ‘ . ;
1041 A e ol PR =T 4 150} f\\ . .
' L s S TTaal ' ]( Y f\ /\ b f
Teol oo I s - 1 1/ | | T
S e 50 d 14 i J 'OJ 1}" J
20 o a0 y i 3
i ( : 0 2|5 30
0 15 i
yiem wfem SuzANA - dNEC2|  #em
L System of multiple helical antennas The current along passive conical helix at =750MHz
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Simplified Models

® Simplified canonical models of the human body in the frequency and time
domain, respectively.

® Frequency domain (FD) analysis involves parallelepiped body model and
antenna body models, single straight thick wire body model and multiple
wire representation of the body.

® Time domain (TD) analysis deals with straight thin wire antenna model of
the body.

® FD antenna models are based on the Pocklington integro-differential
approach while time domain formulation is based on the Hallén integral
equation approach.

® Finally, transmission line body models in both FD and TD are given.
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INTERNAL FIELD DOSIMETRY PROCEDURES — LF &HF EXPOSURES
Simplified Models
INTRODUCTORY REMARKS

W

A

The starting point in the analysis of interaction of humans with time-
harmonic or transient electromagnetic fields is the knowledge of the
induced currents and fields inside the human body.

A simplified approach involves the representation of the human body with
a geometry with a high degree of simplification (canonical geometry),
such as parallelepiped or cylinder.

The equivalent parasitic antenna representation of the body deals with
Pocklington or Hallén integral equation formulation, in either TD or FD.

The electrical properties of the body are taken into account via the load
term in the Pocklington equation for a thick cylinder.

From the current distribution, one can readily calculate the induced
current density and the electric field, the specific absorption rate, or
other parameters of interest.

This provides simple and efficient procedures for a rapid estimation of
these electromagnetic phenomena.

Cylindrical models: Frequency domain analysis

At low frequencies near the power frequency f = 50 Hz, or 60 Hz the human body
is a good conductor with an average conductivity of approximately 0.5 S/m.

If the body is assumed predominantly conducting the body can be represented as an
equivalent cylindrical antenna model with a uniform cross section and conductivity.

Maximum current flows from the body into the ground when it is assumed that the
person is standing bare footed on a good conducting ground. Under the same
circumstances the cylindrical model can be extended to HF and transient exposures,
respectively.

A person exposed to the EMF from ELF to GSM frequencies can be represented by
an imperfectly conducting cylinder of length L and radius a.
alily

_ —
L
FIG: The equivalent antenna
model of the human body
Pl |

Ground
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INTERNAL FIELD DOSIMETRY PROCEDURES — LF &HF EXPOSURES
Simplified Models
INTRODUCTORY REMARKS

W

A

The starting point in the analysis of interaction of humans with time-
harmonic or transient electromagnetic fields is the knowledge of the
induced currents and fields inside the human body.

A simplified approach involves the representation of the human body with
a geometry with a high degree of simplification (canonical geometry),
such as parallelepiped or cylinder.

The equivalent parasitic antenna representation of the body deals with
Pocklington or Hallén integral equation formulation, in either TD or FD.

The electrical properties of the body are taken into account via the load
term in the Pocklington equation for a thick cylinder.

From the current distribution, one can readily calculate the induced
current density and the electric field, the specific absorption rate, or
other parameters of interest.

This provides simple and efficient procedures for a rapid estimation of
these electromagnetic phenomena.

Cylindrical models: Frequency domain analysis

At low frequencies near the power frequency f = 50 Hz, or 60 Hz the human body
is a good conductor with an average conductivity of approximately 0.5 S/m.

If the body is assumed predominantly conducting the body can be represented as an
equivalent cylindrical antenna model with a uniform cross section and conductivity.

Maximum current flows from the body into the ground when it is assumed that the
person is standing bare footed on a good conducting ground. Under the same
circumstances the cylindrical model can be extended to HF and transient exposures,
respectively.

A person exposed to the EMF from ELF to GSM frequencies can be represented by
an imperfectly conducting cylinder of length L and radius a.
alily

_ —
L
FIG: The equivalent antenna
model of the human body
Pl |

Ground
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Pocklington equation formulation for LF exposures Pocklington equation formulation for LF exposures

—] 2
1=~|_ Using the continuity conditions for the tangential electric field:

The current distribution along the human body can be /E.
obtained as the solution of the Pocklington integro-

differential equation for thick loaded straight wire. E™e . B = I(2) Ze(2)

This integro-differential equation can be derived starting After some work the Pocklington integro-differential equation is obtained:

from the following:

i 1 a° o
Ei"¢(z.a) = — e / (t}'fﬂ + k") gplz, 212 d2" + Z1,(2) I(2)

B = -V — ju.:f-f

The vector and magnetic potential are coupled through the bR
previously defined Lorentz Gauge: 4 8 r: B

N ’ 1 e—JkR / -
VA= —jLLﬂ'f.LE'HG gr(z,2') = Ef 7 dep where: R = .,lll,.{_: — 2')" + 4a? sin? -

i

W=t

As only axial component of the magnetic potential A: along the cylinder
exists,A: can be represented by the integral of the axial current l(z) flowing
along the equivalent dipole antenna:

The conducting and dielectric properties of the body are taken into account by the
properties of the impedance Z,.

L I

1 PA. 5 1 1 kR
E. = + kA, M = I(z") dz" dd
f ¥ jwue ( 22 ) E 47 / E?r/ R i
= 0

L
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Numerical solution of the Pocklington equation Numerical solution of the Pocklington equation

Choosing Wj = fj, the Galerkin-Bubnov procedure yields:
The Pocklington integral equation can be solved numerically using the boundary
element formalism.

> /-Jx'q;f]fjds"g: /Efjn:sz-. i=12,....n
-1 Y9 414

Taking into account the boundary conditions for current at the free ends of the

T thin wires, and after integration by parts, results in weak Galerkin formulation of
KI= the integral equation

The integral equation can be written in an operator form:

The unknown current is expanded: i F d F df:(z) r
n P . n Zf}{ , A (— [ f;(2) [ .FI(:} ge(z, 2" ) dz" dz + k-]} /.fi[z’)y;?{z.a'jd:mi;r:’) S
. " . —t " JAmwE dz dz !
I=l,= E a; fi resultingine KI =2 K[, = E o K f; = S S L,
i=1 t=1

L L
F / Zs(z)fi(z) fi(2)dz = — / B () i) de: i=1,2,....%
Residual Ry can be definedas: H, =K [, — K L 3,

The resulting matrix equation system is given by:
and weighted with respect to certain weighting functions W; M

Yz Iy ={V};, i=12....M
fl J 17
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Numerical solution of the Pocklington equation  Numerical solution of the Pocklington equation

The submatrix given by: 1| ! (/ (D}, [ (DT gi(z, ") do' da+ In the ELF region (50/60 Hz) the cylinder representing the human body can be
' Jamwe \Jay, 7 Jas, ) considered as a conducting medium whose impedance per unit length is:
+k? Toplz, 2"V d2'dz | + VAR E AT d:
L0 [ i amte, e ) L, 7@ L
a-ma
Assuming a constant incident electric field along the wire: where Z. = |/jwC, and C is the capacitance between the soles of the feet and
_ their image in the earth. If the foot-soles are bare and in direct contact with the
FE™ = Fo moist earth (well-grounded body) then the capacity can be neglected, i.e. Z. = 0.

the evaluation of the right-hand side vector results in:
From the axial current the induced current density is calculated using:
Alf2

. Ziyy — 2 Al 3 _Iz{z}
Vi; = / Eﬂ% 2= By Salz) = a’m
—at as well as the induced electric field:
Alf2
; z— 2; . Al J.(z)
“2.;'- — /- E':l &IEJ = Eﬂ? EZEZ} — o

_AY?
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Analytical modeling of the human body - Hallen  Analytical modeling of the human body - Hallen

equation for LF and HF exposures equation for LF and HF exposures
The total axial current induced in the human body when this is approximated by The integral equation for the total current |;,(z) induced in a conductor with the
a parasitic cylindrical antenna with half length L and mean radius a can be half-length L and radius a when exposed to an incident electric field Einc parallel
obtained by analytically solving the Hallen integral equation type to the cylinder is
L 7
A B : h E‘_}k‘lr g — Jif i e 1 Fain B |» fing i

/.fz{z'}t_ dz’ = —j-l—Tr K cos k:—i—lEf"“—Z;- /.fz{s]'siuk(: — s)ds [I]:I'rﬁj r ds — T fp C(mkzh_‘_ﬁm skl

! R E[] ? i ; e 4

0 0

where: & = 120782
For the LF part of the electromagnetic spectrum the solution of equation is:

The formula for the total axial current liz(z) induced in the body when exposed

N - o z4 2 . 2], —
I;(z) = j2n——E;"° {1 > (—) } where: Py =2In— —3 t0 Einc is _
Y120 & 5 I-(2) jaw E3€ [[:ws koz —cos kL) VA (1 —coskaL)sinky(L — 3}]
12(2) = 2=+ — o — —
The solution for higher frequencies is: Lol ko cos koL (Zo+2ZL) coskyL sin ko L
_ . kL2 . o . % e R — Call,0) — CalL, L} — (Eg(L,0) — Eg(L, L)) coskaL
I,(2) = j2n——_Eine 1—(_) 1 — jamw_2- : M=l T coskal
2 =43 PaZ 2 [ T ] { 747 ngl;l?g} =

The current density and electric

where: i ' . 2) = 7} =
h":a—ﬁii‘u[*ﬂ.m—f."uL'L.L:-—!_Hn[L.U}—E‘niL.L}]mskL} ; field in the body are given by: Jiz(z) =01 Eyz(z) = A0

I e
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Multiple wire model of the body Computational examples: LF exposures

The first example deals with a well-grounded human body exposed to the 60 Hz

The effects of the arms being raised to various angles to the vertical body axis are overhead power line electric field.
modeled by attaching wires of radius a = 0.05 m and length L = 0.8 m to the P o
cylindrical antenna. r —rE’a o, o;—T

Power line

The wires representing the arms are attached at a height of 1.4 m from the ground. . eimductors : LY ST W
|| [ Air to the body is assumed to be E = |0 kV/m.

s #
/J»V~ i I Eian = (JwA + Vio)ian The tissue conductivity varies from 0.01 S/m
A y- 9 Gronad - (bone) to 0.6 S/m (muscle).
8 —;k}r ¥ | FIG: Gepmetry of a three-wire power line
2 ' L A(F) = ————dS(¥)
b -hl' e Table; Foot current on antenna model of the human
: { T body Exc = 10 kV/m, 60 Hz
’ 4 HL Ll _—_;.I.lF" 7| % Footcurrent  BEM FOTD  Analytical
Ground wl:'??} (== 2 /[v A—, =] A :: 01z
FI: Equivalent antenna model of the body _,r-l.-.._.-, i % Jz 1:(0) [uA] 2] 179 183
with the arms raised ,.3 %
The axial current distribution is obtained by integrating the current density over the oy ,
cross-section of the body. W it s Gty F1G:2 Aosial current induced in the body due
1 = resi to the incident fleid (10 kV/m, £0 Hz)

The numerical solution can be found using the method of moments (MoM). ' -
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Computational examples: LF exposures

Knowing the current distribution, one can easily determine the current density and
the electric field induced in the body.

1:(0) [uA] JHD) [mAdm®] E: [mW/m]
191 3.1 6.2

The basic restrictions for ELF exposure according to the International Commission
on Non-lonizing Radiation Protection — ICNIRP Guidelines [19] are given in terms
of permissible values for the induced current density inside the body.

It has to be underlined that the obtained value of 3.1 mA/m? is less than the limit of
|0 mA/m? for occupational exposure, but exceeds the limit of 2 mA/m? for general

public exposure.

Computational examples: LF exposures

Mext example deals with the power line with maximum current of | = 300 A at
operating voltageV = |00 kV at f = 60 Hz.

The conductors are spaced horizontally at distance s = 3 m from each other and
suspended at a height d = |5 m from the ground.

The person is standing at a point y = 7 m from the reference origin facing the
positive y direction. The body is exposed to all 6 components of the field.

The incident field is Enc = 530V/m, 60 Hz.

Table: Foot current on antenna model of the human body Ene = 530V/m, 60 Hz

Result MoM BEM Anafytical
Foot current 1(0) [uA] j9.64 jlo.ll 2.8
Current density [uf/m?] j157 jle? jled

The current density induced by the external field in individual organs inside the
body can be obtained from the axial current distribution at various heights.
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Computational examples: LF exposures Computational examples: LF exposures

The next example the human body is exposed to electric field of 60 Hz from a
power line, Ei,c = 1081.2V/m.

Table: Comparison of the analytical and numerical results

The results presented so far are obtained by considering the equivalent antenna of
the body with both arms resting close to the sides.

The effects of the arms being raised to various angles to the vertical body axis are

ical eter GEB-IBEM Analytical Di . ; .
Physical param o lale nerepancy [%] also modeled by attaching wires of radius a = 0.05 m and length L = 0.8 m to the
Y g
1(z=0) [uA] i s A cylindrical antenna.
| (2=0) [uA/m?] 13.08 137 45
E (z=0) [uV/m] 261.67 2746 47 025
Toola . . | with hed out ¢
P (z=0) [nWim?] 17.12 |8.85 9.2 i__ e &m&m
g um“-'_?'—v —pe ‘11 -“)HQL
- | ] [ ' :T T mvﬁ“ﬂu H-'““'--\ci\
0000187 ,"‘=-._‘# - f—t——| | ructucad kemal = 015 \.\:l
LUOOHE 3¢ .‘v‘\ eact kermnel E
0.0031 44— M - g E
z - '\%‘R anaiyic [1] C 010
E G.0001 3 & |5 LE
£ agon =l N titicd ] % —=— |Arms Lowered
T sems i = 1%t | £ 005 f—==Arms Raised at 207
i | ; u]l —& — |Arms Raised at 60°
GE-05 '!l —&— Arms Raised at 807
0.00 —
405 — . | : FIG: Current distribution induced o0 02 04 06 08 10 12 14 16 18
2E081- FV\ in the human body obtained for Height firom Ground, (m.)
o |- | » ELF exposure - '
0 02 04 DB 08 1] 2 14 18 18

oty fength () 4 Note that the outstretched arms increase the induced current on the body.
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Computational examples: LF exposures Computational examples: LF exposures

The next example the human body is exposed to electric field of 60 Hz from a
power line, Ei,c = 1081.2V/m.

Table: Comparison of the analytical and numerical results

The results presented so far are obtained by considering the equivalent antenna of
the body with both arms resting close to the sides.

The effects of the arms being raised to various angles to the vertical body axis are

ical eter GEB-IBEM Analytical Di . ; .
Physical param o lale nerepancy [%] also modeled by attaching wires of radius a = 0.05 m and length L = 0.8 m to the
Y g
1(z=0) [uA] i s A cylindrical antenna.
| (2=0) [uA/m?] 13.08 137 45
E (z=0) [uV/m] 261.67 2746 47 025
Toola . . | with hed out ¢
P (z=0) [nWim?] 17.12 |8.85 9.2 i__ e &m&m
g um“-'_?'—v —pe ‘11 -“)HQL
- | ] [ ' :T T mvﬁ“ﬂu H-'““'--\ci\
0000187 ,"‘=-._‘# - f—t——| | ructucad kemal = 015 \.\:l
LUOOHE 3¢ .‘v‘\ eact kermnel E
0.0031 44— M - g E
z - '\%‘R anaiyic [1] C 010
E G.0001 3 & |5 LE
£ agon =l N titicd ] % —=— |Arms Lowered
T sems i = 1%t | £ 005 f—==Arms Raised at 207
i | ; u]l —& — |Arms Raised at 60°
GE-05 '!l —&— Arms Raised at 807
0.00 —
405 — . | : FIG: Current distribution induced o0 02 04 06 08 10 12 14 16 18
2E081- FV\ in the human body obtained for Height firom Ground, (m.)
o |- | » ELF exposure - '
0 02 04 DB 08 1] 2 14 18 18

oty fength () 4 Note that the outstretched arms increase the induced current on the body.
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Computational examples: HF exposures Computational examples: HF exposures

The first example for HF sources deals with the human exposed to a field from a Next example deals with the exposure to a field from missile boat antenna.

breadeist tawer: The current distribution induced along the body in the vicinity of a monopole

A broadcast tower is operating at 700 kHz and the incident field is Enc = | V/m. antenna on a navy missile boat operating at 5 MHz with the field Einc = 10V/m is

shown:
0.25 - =
16 4
.-
— ey, < 14| -‘--*L"h"‘?h‘
=< 0 T E :
E M“_ = ¥ )‘\
3 = — v
- E 10| T
— 018§ - 4
: g “‘
2 010 g ..
o 3 |
g i \
ﬁ _ 2| .| FIG: Current induced by the field
£ 005 o | ! | ! l"b | in vicinity of a missile boat antenna
o0 02 04 06 OB 10 12 14 16 1E
] FIG: Current induced by the field —o— MM Resull  Flejaly from Grownd, (m.)

o, ,;.:2 0:4 0.5 D:S '§:|:| 1.2 1:1 1:5 '1.i£ in vicinity of broadcast tower —=~ FEIEN Fesut

—— MM Result  Hledghn from Ground, (m.) 3 J : .
—~— FEIEM Result The current in this case is about two orders of magnitude larger than that due to

y the broadcast tower and the power lines.
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Computational examples: HF exposures

The last example in this section is related to the radiation from shipboard antenna
system.

Maval personnel standing on the metal deck of the ship are exposed to the near
fields of several vertical antennas operating at frequencies from 1-30 MHz. The
electromagnetic field close to such an antenna is quite large and the induced current
is significant.

The HF transmitter characteristics are: 100 W maximum output power, HF fre-
quency band (3—30 MHz), 5 MHz transmitting frequency during measurement, SSB
AM modulation, 6 m long vertical whip antenna located 16.5 m above the deck.

The shipboard electromagnetic
12e17® || [ L L i isted of:
T 1atin | environment consisted of:
HF = analysad sources antennas;
e t_a ’ = other emitters and antennas on the topside;
. e e ad w8 = metaliic (perfectly conductive] objects on the deck
e 1| om 7= m E|E%ﬂ"3——%—-§r' = cabins of different size and shape and other object

= melic {perfectly conductive) ship hudl;
= sea (ground plane).

. FIG: Measurement points on the ship deck r

Computational examples: HF exposures

The vertical component of HF electric field (Ez) was measured at
each point.

The SAR and the current induced in the human body are obtained FIG: Measurement points on
for the each value of measured electric field E-. the ship deck

Calculations of the current distribution and current density and
SAR are undertaken at f = 5 MHz, 0.55/m, & = 50,ka = 0.105m-!h
= 1.75m. ZL=0,2a=0.14 m.

------- Bz e Maximum value of whole body

" mreim || averaged SAR is SARwe = 0.079899
mWW/kg which is found to be far below
0.08W/ikg (ICNIRP exposure limit for

Y - ' general public).
o] _ . S | It is evident that the obtined values of
nme | S . ! U N SAR, current density and induced

m} e ] T currents in the human body are found

P T e e SR A to be below appropriate limits.

FIG: Axial current (left) and current density distribution (right)
along the human body
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Time domain modeling - exposure of humans to
transient radiation

Time domain formulation

The time domain analysis of the transient electromagnetic field illuminating the well-
grounded human body standing vertically on the perfectly conducting (PEC) ground,

The time domain human equivalent antenna model is based on the Halléen integral : :
is based on the human equivalent antenna concept.

equation.

, . ] . , , . , The dimensions of the human equivalent antenna (L = 1.8 m,a = 5 cm) are within
A solution of this integral equation can be found using the time domain Galerkin- S e : .
Bubnov scheme of the boundary element method (GB-BEM) the thin wire approximation and the effective bandwidth of the EMP frequency

’ spectrum is 5 MHz. This bandwidth is also within the frequency range of the human

Once determining the transient response of the human body one can readily equivalent antenna which is stated to be valid from 50 Hz to 110 MHz.
calculate a distribution of the average and root mean square values of the space-
time varying current flowing through the body as a measure of the transient g Raad o

behavior of the induced current. ); (\3
ES

The main advantage of the proposed formulation, when compared to a more com-
plex realistic models, is its simplicity and efficiency in getting the rapid estimation of

3 L
the transient phenomena. | E
u
el
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Time domain formulation

The Hallén integral equation is given by:

L

[i] 0

where |(zo, t-R/c) is the unknown space-time dependent current to be determined, c

is the velocity of light, Zo is the wave impedance of a free space, and Ry is the
resistance per unit length of the antenna given by:

1

R, = —
a=ma

The unknown functions Fg(t) and Fy(t) account for the multiple reflections of the

current wave from the wire ends.

The numerical solution can be sought for using the weighted residual approach.

L
Ifz'.t—Rfe) z ' L—z 1 ; fz:— 24 :
TR et = (e —E Y e [ gy ETEIY gt

f IR o(t-2)+ f—( ¢ )+2uf : ( : )

Measures of the transient response

Once obtaining the transient current flowing through the human body it is possible
to calculate additional measures of the body transient response.

Average value of the transient current

To N
1 ” At —
L= T [ i(t) dt )

= o L)+ (1)

] k=1

From this parameter one can obtain a rapid estimation of the character of the given
transient waveform properties.

| T N
1D _ | At B2 L Tk Thtl k4142
Irma = \ TD ﬂf?- 'n,”tft If‘;l'l't.a g - J STH Z [(I[ } | [g' I-é ¥ ([;u. :I ]

The RMS value of the transient current is a more interesting parameter from the
bioelectromagnetics point of view as it is directly associated with the thermal effect
oy oOf a time varying current flowing through a lossy material.
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Measures of the transient response Measures of the transient response

Instantaneous power

The specific absorption
Instantaneous power delivered to a certain resistance Ri or to some resistive

medium having equivalent resistance Ry by a transient current is defined by: Once calculating the transient current flowing through the human body the specific
absorption, a principal measure of this human body transient response, can be also
p(t) = Ry i3(t) determined in terms of circuit theory concept.
On the other hand, the absorbed power in the human body is usually defined as a The power dissipated in the human body is usually given by a volume integral over
volume integral over power density, i.e.. power density Pa:
P > 2
i) ar et B . ‘j[-ﬁ‘, f.}‘
Praalt) = [ r:rlf{r yl* av — f | Lav  pra .= %Z [{f}‘}?—: ¥t + (I) | Prad(t) = fv Pgdv where: Py=a ‘E(F,ﬂ =
where M denotes the total number of spatial segments along the cylinder. Specific absorption (S A} is defined as a quotient of the incremental energy (dW)
absorbed by an incremental mass (dm) contained in the volume (dV) of given
Jotal absorbed energy density (p):
The total absorbed energy in the resistance or resistive material can be obtained by AW dw
integrating the instantaneous power SA4 = L
: dm _ﬂdi.f 9
Wit (£) f () di W, =Ei[[P“+P“‘1]] 1[I f}|
! ot Frod ol 4 After combining: SA = / — dt
1 0 & 0 o
0
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Measures of the transient response

The specific absorption

Assuming the transient current distribution to be approximately constant over the
cylinder cross-section gives:

i(z.t) = J(z.t) - S = J(z.t) - a’m
Finally, the SA can be expressed as:

Ty

1 i
= -/ i2(z,t) dt =
0

Th

% / i*(z,t) dt

po (a=m) J

SAke)=

Once the induced current is known the SA can be represented, using the boundary
element formalism, by the following relation:

1 & N-: F|:,+.'fnf
. t T
sa=——=3Y [ @ una

1 Ad

S ==
pola?z)” 3 —

@)’

i Where Nt denotes the total number of time increments and |* denotes the i-th node

4 current at k-th time instant.

HIELE + (I

Tearmbant currani [4]

Numerical results

Example: Exposure to double-exponential EMP waveform

Einc{i) -l Eﬂ {E—at _C—bt)

O GH-BEM

o

Mol

K]

a5

1 T J
1 15 2 248 a

e}
[Tmes s0LE-8

FIG: Transient current induced in the waist
exposed to the double-exponential EMP waveform

Cowm

The transient current induced in the waist due to exposure to the standard double-
exponential EMP waveform:

where: Eg =1 kV/m,a=4 105 b=4.76 ‘| (&,

0.4 @A 0e nB
ol
FIG: Transient current induced in the foot exposed
to the double-exponential EMP waveform

The results obtained from the time domain simulation are compared with the

results calculated by using the frequency domain method of moments code and
21 inverse Fourier transform.The agreement seems to be satisfactory.
B
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Numerical results Numerical results
Example: Exposure to double-exponential EMP waveform Example: Exposure to Gaussian pulse
o . Et"nc[t) — E E—gz(t—t(]}z
The related distribution of the average and rms values along the body. z 0

Gaussian pulse parameters: Eo = | V/im,g =2 - 10° s'! and to = 2 ns.

[#hn w1% AL
T T - ; = T —
i i e P
OooEs -y t 1 = 1 1
1 - T T I S TR S S N
_ ~— n.00¢ : - el
1 1 - 1 1
| I S SR SR SN S -
B ' " P Potw 1 o
- H H H 000 5 5 . FS I beriaggg e - | VA
o P w 1 | = i 1 1 1 - 3 f
! L AR A " = - |
i A : P R -
e 0.000 | - ]
oot ——- b b ! e i i | | | D | ) . ) .
N : : : : : P FIG: Transient current induced in the feet
e R S - e i A B | due to the Gaussian pulse exposure
H lllll ||||||||||
o ] 0 frvets 10K
(-] 4] 0.6 n ) 1.6 1,5 o L (& [l ] [}

As this pulse is a numerical equivalent of Dirac pulse the obtained transient
exposure can be regarded as the impulse response of the human body.

FIG: Spatial distribution of the average values (left) and RMS values (right) along the body for the EMP exposure

Transient response to any other incident waveform then can be computed by
M performing a simple convolution.
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Numerical results

Example: Exposure to Gaussian pulse

i

More information regarding the heating effect due to the Gaussian pulse exposure
can be obtained from the spatial distribution of the rms values of the transient
current:

(ol . . . -
e 'u..___ :
PR NN N S 1__.- ...............
SRR VUV VEVSVON RN N NS S SO N
i i i i - i i
T DUOES i foo 1 L i
i i i | i L] |
[ET0 o 6 1) DRSNS VRNUUUNE SRS S SRS SRS S, i l:‘. .
L]
Ui T ) ) ) ) ) )
S [ T S A AN S \ FIG: Spatial distribution Df average values of the transient
[a] -\.'l.1 L | ; i i 145 -'“9
(m)

The Gaussian pulse induces the peak value of current around 1.5 mA in the feet
corresponding to the equivalent DC current (approx. 0.4 mA).

Thus, the transient current induced in the feet would produce the same heating .
effect as the constant DC current of 0.4 mA. 21

Numerical results

Example: Exposure to Gaussian pulse

The transient behavior of the instantaneous power dissipated in the
body is shown next:
FIG: Instantaneous power dissipated within

the body due to the Gaussian pulse exposure

Cunes 1

i - It can be noticed that the power dissipation,
- with the peak value slightly above 2.5 mW
occurs in the early time within the first 50 ns.

The same conclusion from the total energy I
absorbed in the body versus time. R

It is clearly visible that body does not absorba ;! |
significant amount of energy after first 50 ns. s

FIG: Total energy absorbed in thebody |
I G . ol paR i1 04 0= = 0T an =
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Numerical results

Example: Exposure to Gaussian pulse

INTERNAL FIELD Finally, the corresponding spatial distribution of the specific absorption along the
DOSIMETRY body for the case of Gaussian pulse with:Eo = 1 Vim,g = 2-10° s-! and to = 2 ns,

temporal step being:

PROCEDURES — LF &HF =) Fiag
E X POSU R ES where u(t) denotes the unit step. . 08 \."x.
N
1 Specific ahsaration for vard o ‘\_\-\
mmmmm I:I-Cl l:';i‘ ':léd- :lll: ‘l:lél; - |I I:E Iidd_;-.':- 1.0

(i)

It is visible that the highest value of S5A Is achieved in the case of EMP exposure, and the lowest
value in the case of Gaussian pulse exposure.

The maximal values of SA (below 12 p)/kg), compared to the limits of 28.8 |/kg for whole body
average,and 576 |/kg for |-g spatial peak per pulse proposed by an IEEE Standard, stay far
below the given threshold.

i =
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Transmission line models of the human body Transmission line models of the human body

A person standing vertically on the ground and exposed to an incident transient
electric field oriented tangential to the body can be represented by multiple
imperfectly conducting conductors of length | and radius a.

The representation of the human body in terms of one or more vertical conductors
can be formulated via Transmission Line (TL) approach or an enhanced TL theory.

2a
The human body is represented by one or more vertical conductors and modeled pine e
; : . 1P
Vi e Th tieorpRn TR SEeguonty dumin. The calculation of the current distribution within
The related transient response is computed using the Inverse Fourier Transform the human body is based following equations: e }
(IFT).
& V L
Per unit length parameters are calculated for finite heights and the physical dU(z,w)] | . N AT — 5]
o : i + [Z(w)] [ (z.w)] = [E]]
characteristics of the human and soil are taken into account. dz ¥
The assessment of the space-time dependent current distribution induced in the d[I(z,w)] . - s U=t
body is carried out in the general case where the human is not directly in contact il + Y (w)][U(z.w)] =0 i
With thE gr'Dundl 2 FlIG: H!dﬁiﬂnﬂuﬂﬂLﬂmchLDf_ﬂn_hmm

where [Z(w)] is the longitudinal per unit length impedance
matrix of the vertical multi-conductor system given by:

2] = jw [L] + [Z] + [Z,]
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Transmission line models of the human body Transmission line models of the human body

The equivalent representation with the incident electric field being replaced by two

current generators to each conductor’s terminations in the frequency domain is
shown on figure.
2

The human body in a direct contact with the ground is considered.

The arms are represented by a set of wires attached to the thick cylinder.

o .f_l _-L'l_ f
T T i .. FIG: Equivalent model of a vertical
)— <. \ OJ"'" T‘:; = 12 multi-conductor configuration i o I—_

excited by an ex- ternal field

yn=

Seeal Table: Geometric parameters

o @ - Length L [m]  Radius a [m]
Ground , J—- ol Cylinder | (body) 1.5 .14
L] The termil ; LAY e Cylinder 2/3 (arms) 0.5 0.04
conditions: - [
Ground Cylinder 4 (head) 0.3 0.14
U(0) =—Zo 1(0) e |
I = FIG: Model of the human body with arms
||_{_{;:.} Lin U(l) =z I(1) outstretched
I ! (: il
Al ik A The set of equations for the coupling between a transmission line (n conductors)
and an external electromagnetic field is given by:
,m'_[he contact of the human body with the ground can be taken into 7 _ 1
: by means of reactive impedance Zy: e . .
ypiccountyy P Juin diU(z,w : e A d[I{z,w) A .
% + [Z] H{(z,w)] = [Ur(z, w)] [ l:b W) +[¥Y] [U(z,w)] = [Ir(zw)]
oM ¢ ¢
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Computational examples: Single cylinder model =~ Computational examples: Single cylinder model

The human body is represented by a cylinder of length L = 1.75 m and radius
a = 0.14 m, with the base and the top of the cylinder terminated by

impedances Zi and Zp. _ s :
= T

. . )

X L 1

4 [ i R

= —1 = | I_ 4 ,|| > s |

| !
[ rl
V |H B II |I = B 1
2 L 4 " 4
[ W7 E!
1) | b
= 1
¥ 4 / (A) o I:z : B e
3 . B 02 03 b4 05 08 67 GF 08 1 il R T - i1 0z 03 B4 05 08 07 4B 08
: I Al Tme i) it Time iz) v’ (A) Time i) ;
= | = & m s

nduced Cumar, (A
|
=
\.\Il
iy iceed] Cormee, )
o i
redu i Cumen, (8]
E [
|

Ground Iy
T oo + & T T ) ,'I"__
a) By = ::; : = | m Tl
FIG: {a) Cylindrical model of the human body exposed to vertical i | I:I L] & " .:- | | AR
electric field, (b) impedance 7; and 75 on both ends of the cylinder = weon O Rl B 2 1 z | |
i I I F— i ) 1 i
The three types of transient electric field excitations are considered: ot I— AT VI L]
g ; aons + . 4 ! 1 1 anE | L0 T 1
Gaussian pulse, temporal step function and EMP. et I .2 D O A \y Ve
(T \V1p SE U SRS VRN VRS NN U SR R T o1 - ' e
EMP pulse: Eo =1.05V/m, a=4 -106s-1.4.76 -1 08 s, B S S S - T - .
e i~

Gaussian pulse: Eo =1V/m,g=210° 5|t =2ns.
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Computational examples: Single cylinder model Computational examples:
. . . _— Human body with the arms outstretched
The effects due to the soil conductivity and the capacitance effect are investigated. y
wi” o
: = i — The human body with the arms outstretched is exposed to the double exponential
i — -oos i — Co-955 : : . . .
: I| — liomsm A — Co-arrepr pulse and to transient electric field in the form of Gaussian pulse with: E; =1V/m,
<] \ z [T 2=2-10%1tg =2ns.
=3 gl
b= E T .
E 3 Il1 T'h E 3 ?Illl 0,08 Pl
Hinivm- IR i
§ o f II:‘ .'|l i L a-e:': - § o Jlr IIi'. III i -"\.ﬂl. "-I \Iﬁ:g%f_ _ fn_m-q | Ii :_CT N | P
E i ||:'p "l.." "\\:}(_/ ' E 4 I|:'. I|I .'I ln'll \:')’i)‘\/ i ] in:._rm |I || E a | Ur".ﬁ_ﬂ_ﬁ
b= '[I“ .".-:HI 5 I'Ufll ,."II 5 o II I'ﬁ'- - FIG: Transient current s ] FIG: Transient current
W PRI Y induced in the feet due  * [T/ induced in the feet due
%0 o1 02 03 04 05 05 07 08 05 | %0 07 02 03 04 05 06 07 05 03 | v to the EMP exposure ' 1o the Gaussian pulse
Time (s} w10 Time (5] c10” Ry BE 3 3 3 o i5 1 1E
Tima [10e-TE] Tirme] 8- T
1.4”0"' 1‘3151
nible-exponential pulss | ; P—— JE——
of conductivity pulse exposure for different value of capacitance e FIL —— Fight am o I\ ——Figi o |
:_‘ H l]j'-l!l — Lot o = ) l Lot am
It can be seen that certain differences occur especially if the perfect conductivity of the body Bos JI MA‘---E,,_" £16: Transi E ﬁ F16: Transi
= assumed. i B induced in the right arm, é ’ J R induced in the right arm,
u 04 —
£ left d head d B a5l left d head d
The assumption of direct contact of the body with the earth implies the higher values of the eal ShLamand iead e lo = ¢ LA ARCRERC CLE L0
P Y P the EMP exposure the Gaussian pulse
induced transient current. Thus, the transient response of the body is more affected by the o Bs : g 5 is i s
W capacitance than by soil conductivity. M T [T T e L
- [ | -

[
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Simplified Models

Computational examples: Computational examples:
Human exposure to HF radiation Human exposure to HF radiation
The SAR (W/kg) is defined as: o|E? The worst conditions are assumed, i.e. the maximum coupling conditions (uniform field
SAR = . _ i .
20 along the body) and hence the maximum perturbation induced in the human body.
The current density induced in the body can be expressed in terms of the S = o= _H T
axial current |; as follow: %" :"::1 r—; % z I -“'k\ it
 L(2) ka| Jo(G=V?k - 7) ool N ]y i A EESE
Jo(rz) = — : - _ Tl 1 : T
(r2) = ) Pk a) Fon -t yoo passanw
| e W B a e .\“
where Jp and |; are the Bessel functions, k is the free space phase constant. E o N . & )
. : L . J; ["r:-*?} h
The induced electrical field is given by:  E;(z2) = _
o + jwe

The human with arms in contact of the sides, exposed to HF radiation (1 V/m,

30 MHz), is represented by a cylinder (length L, radius a).

. o Jefa,0) Edz=0) SAR{z=0)
The average value of the conductivity and permittivity of the human body,

respectively, are assumed to be: 0.6 S/m, £ = 60. [} [Vim] [VWike]

! - =30 MHz,a=0.14 m 0.1318 0.2534 1&67=]05
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Simplified Models

Computational examples:
Human exposure to HF radiation

INTERNAL FIELD The obtained results are compared to the exposure limits proposed by ICNIRP (SAR =
DOSIMETRY 0.4 W/kg for general population, SAR = 0.08 W/kg for occupational).

PROCEDURES - LF &HF The SAR values do not exceed the basic restrictions (SARmax = 1.6693 ‘105 W/Kg) and

as such, any heating effect is negligible.

EXPOSURES

Frequency [MHz] o [5/m] Er Frequency [MHz] SARmaw [Wikg] for | (r=a,0)
5 0.54 150 5 6031019
15 0.56 100 15 2.01-102
20 0.57 BO 20 434107
30 0.6 60 30 167105
35 .66 33 35 246104
40 0.7 50 40 242102

The specific absorption rate (SAR) inside the human body increases rapidly with
frequency, while SARmax for different frequency never exceeds the limit of 0.08 W/kg
defined by ICNIRP.
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Assessment of circular current density induced in the
INTERNAL FIELD body

DOSIMETRY
PROCEDURES - LF &HF *Internal dosimetry of human exposure ELF fields deals with internal electric and fields and
EXPO S UR ES current densities, respectively.

*According to ICNIRP 1998 basic restrictions pertain to axial currents when human is

exposed to electric field and circular current densities when the body is exposed to magnetic
field.

*On the other hand, ICNIRP 2010 [9] proposes induced electric field instead of the induced
axial current density.

*The internal circular current density due to the existence of the normal component of the
magnetic flux density is presented here.
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Simplified Models

Assessment of circular current density induced in the

body

*The internal current density can be assessed by using the disk model of the human body.

*These analytical models of the body provide rapid estimation of the human exposure to ELF

magnetic field.

FIG: Disk model of the human body

eStarting from the Faraday’s law:

_ OB
Vo ot

eand using the constitutive relation:

J=0FE

fCOM

30 May - 3 June 2022
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Assessment of circular current density induced in the
body B

*Taking into account the rotational symmetry the

analytical integration simply yields the following ' T
simple expression for the induced current density J _“L
inside the disk:

-y

pdp

|J<15| - O'?Tpf ) Bz

FIG: Integration over the disk cross-section

*The total current flowing through the disk can be calculated using:

a 2w a 2w

3
I:_/Jd.‘?: [/UWfsz([de:G'TFfBz/fpdﬂdZ :mrfBz%
00 00 -

S
Table: ICNIRP Guidelines

Table: Maximal values of magnetic flux density and related internal current densities

Domain Magnetic flux density B [uT i 2 Axial current | [uA
o A BTl ECurrent density § i Al Occupational General
| 2.701 29.7 0.29 exposure population
2 0.945 10.39 0.102
3 3.344 36.77 0.36 500 uT 100 uT
. 2.552 28.06 0.275
Supil u“ 10 mA/m? 2 mA/m?
£ wse 0.747 8.21 0.085
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Simplified Models Assesment of SAR in a Simplified Body
Model due to Hertz Dipole Exposure

W W
SPECIFIC ABSORPTION RATE ’k_ ABSORBED POWER DENSITY _Z]
g m

cup_ A (AW _d (aw
~dt\dm/) dt\pdv

z
0 — tissue conductivity [S/m] s J‘L dxdy L:SMP(X- y.z) *SAR(x,y,z)dz
|E|2 p — tissue density [kg/m?] ab A
SAR = 0— C — specific heat capacity [J/(kg °C)] z =0is body surface
P —— Z ox 15 depth of the body at the
dT S., = j]:q Rerﬁ: X H ]ds corresponding region
SAR =C— - A

dt V — volume of a given mass A=4cm?
f o |E|2db’ , A=1cm?
SARy = ELA—
Iy pav Whole body, W8 10g
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Simplified Models Assesment of SAR in a Simplified Body
Model due to Hertz Dipole Exposure

Model geometry Formulation

A Hertz dipole
ay - The simplest linear antenna

- Non-efficient radiator

/ - Mathematically well described
- A building block for modelling comples

antenna structures
MI . Parm'."efep.-fed body model

air y Constant surface, S

E o - Constant thickness, Ay £

- Homogeneous medium — muscle L

tissue: frequency dependent electric X #
permittivity and conductivity, £, o

z

Eg(r,®) = }Zn

jkr  (kr)?

kI, Al 1 1 )
2 ( ) e~ Tk gin 9

k> = @’upey ... free space constant

Zy =377 .. free space impedance

r...distance between antenna and observation point
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Simplified Models Assesment of SAR in a Simplified Body
Model due to Hertz Dipole Exposure

Formulation Formulation
lz *Z
A Ay "
4
1) A constant value ’ SARwp = f SAR mysciedV
= : v
2) Computed from expression: 1o
1 .y SARmuscIe = E_JEmusciglz
5 .
he .y 1 , (Al
& ' 3 V=5-Ay
— ) ) O ... tissue conductivity
X P,aa ... Power radiated by Hertz dipole p ... tissue density
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Simplified Models Assesment of SAR in a Simplified Body
Model due to Hertz Dipole Exposure

1 i FRESMEL'S COEFFICIENT APPROXIMATION MODIFIED IMAGE THEORY APPROACH
T | 0
(o
{ b : SARpyuscle =EElEmuscEe|2 _
: fiS:l,: Tx'z') f;};) TN, 2') @
[ 7 " -
I s - Mad ) ]
A :*;': Ermuscte¥) = v @~ vl I 4 "o
[ R N B X
g Eo=Eo(r =h,8 = 1/2) BB, !
+‘7¥"‘1"!“" | AR &
I o 1,7 | I| =
g W i et i % T7)
E, = Eg(h,n/2 D  [wuo e S Pt YTz
:P .’r,',' llﬂ'l,:- 12) Iﬁ;ﬂﬁfrmw&k}ﬁ T
.,f‘{.'i-':r.!-——-i%-.-ﬁ 5
R [ n
;‘iﬂl.rv / 2 = ckin o L= Z\E L Iy = +1
Iz [ & = {!{uw:r sktn aept n cos® +n — (sin®)? Lic
i
4y r—x . 0
lo Fii i o tgo = - il e ey =0
SARmuscEe = EEIFH] IED[ e s zZ—Z o
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Simplified Models Assesment of SAR in a Simplified Body
Model due to Hertz Dipole Exposure

Formulation RESULTS #1

Muscle properties:

z
Ay Ay Frequency Wavelength  Permitivitty = Conductivity
y/ fiGHz] Alml E, a[s/m]
= 0.1 3 66 0.708
s _1 0.3 1 58.2 0.771
SARws =3 J:, SARmusciedV 1 0.3 54.8 0.978
1z
S mcte = 5o Emccil® w] i 3 0.1 52.1 2.14
e : ¥ 6 0.05 48.2 5.2
A air
-y 10 0.03 42.8 10.6
air () % a
g, 0 Antenna length: Al=1cm
X & Radiated power: P, = 10 mW
. lo 2 2 ) ( —M—y Distance h: from 10 cmto 2 m
é SARwg _EEWHI |Eol* 5=\1—e

- N . — 3
Zﬂy Density of muscle tissue: p = 1090 kg/m
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Simplified Models Assesment of SAR in a Simplified Body
Model due to Hertz Dipole Exposure

RESULTS #1

(ke f= 100 MHz | g =300 MHz | Tam f=1GHz e i
W | HT. |:ﬂ;|-;hx
2| | \ e
LR 3\ Y f 0.1 0.3 1 3 B 10
il ! ' gl==i" (GHz)
o e b -~ g‘ Ig[A] 1,5099 | 05033 01510 | 0.0503 | 0.0252 | 0.0151
A , — §1n-" Alsa| 1/30 1/10 1/3 1 10/5 10/3
a Antenna length: Al=1cm
; Radiated power: P = 10 mW
'-.I,I; n F— 3 GHz "F ez f=10GHz | Distance h: from 10 cm to 2 m
"t [ Density of muscle tissue: p = 1090 kg/m?
;Ia I, ;I B m & )
51 FHR em
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Simplified Models Assesment of SAR in a Simplified Body
Model due to Hertz Dipole Exposure

AlfA=1 | Al/A=1/a |
Muscle properties: 2
Frequency Wavelength  Permitivitty  Conductivity S e
flGHz] Alm] £ o[s/m] R T W
0.1 3 66 0.708
0.3 1 58.2 0.771 T 138
1 0.3 54.8 0.978 Taa [
3 0.1 57.1 2.14 L it Al/A=1/101 ' Al/A=1/20
¥ 6 0.05 48.2 5.2 f . .
10 0.03 42.8 10.6 g
| 1 g |l

Frequency: f= 6 GHz
Current: I = 50 mA - v
Distance h: from 10cmto 2 m N | e

Density of muscle tissue: p = 1090 kg/m? o o e
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Radiation Protection

Simplified Models Assesment of SAR in a Simplified Body
Model due to Hertz Dipole Exposure

RESULTS #2

Closure
i 7 An efficient analytical approach to the assessment of a specific absorption rate (SAR) in
h T simplified body model exposed to incident electric field in GHz frequency range corresponding
) II\\ —aiiswn to forthcoming 5G systems is presented.
. 58 Al A A/4 /10 /20 hmem&wﬁﬂﬂmk m;nmenh&dbvﬂeltdipu@
[ S o Body is represented as parallellepiped. o
£ T P e et el e el s _
g N\ Seacal W1 6.2832 0.3927 0.0628 0.0157 :
i Ll ) Some illustrative results for the whole body average SAR pertaining to several frequencies,
g Frequency: f = 6 GHz antenna lengths and antenna-body distances are presented in the paper thus enabling:
I Current: | = 50 mA - a rapid assessment of values of interest
c T Distance h: from 10 cm to 2 m = a benchmark for more complicated numerical approaches
Density of muscle tissue: p = 1020 kg/m?

* a didactic value for all newcomers to the field
A 40 B an i 120 fad 480 130

K. cim



6th European Congress on 30 May -3 June 2022

Budapest, Hungary
Budapest Congress Centre

Radiation Protection

INTERNAL FIELD DOSIMETRY PROCEDURES — LF &HF EXPOSURES

COMPUTATIONAL EXAMPLES
Analysis of human exposure to WPT systems

. . -
14 . v " 0.07 . " - x -
HUMAN EXPOSURE TO FIELDS GENERATED FROM WPT SYSTEMS — Internal Field Dosimetry 5 = 5 ;
12 e = 0.06 o 1= 1356 Wz =20
Table 4. Characteristics of human muscle tissue ot different frequencies {9] B 1= 1356 MHZd, 1 raranier = 20 9T > i Frran vassrnt = 20 61
/|- o e t3seMHd L A0S em = O TR RIMHIG, e = 408
" 4 =878 4 -20
Frequency f(tiz) & @ (5/m) ' . 1 o (=878 MH2d,, o =20cm o085} o 678 b L S
c el — =B TEMHZ e =408 0m R L LY W— L)
1356 M a2 0.419 ’g ’ T OOKHZ D, =20 0m En e P A0 K2 Ay anpeae ® 2060
678 M 210 0.391 = 98 - — i (AR, 408 em 004 & == I 100 Rz e * 408 01
100 k 8020 0.362 h " N 2 4 + } I @ +
< =
L g 06 el 4 g 0.03F o 1
% | -0 o 9 W S— P~ 4
ARANBMITIER TRANSMITTIR . - . W e < ol
TRANSITTER ¢ 4 ooz} L A
O 0 O 2 : [ = 4
w s w w
RECEIVE RECFIVER] = =, 1 B e T ey
SACEVER fo) ) t ) fe)
Fig. 4 Simpiified (al cyfinder modei (aterolly side), (b) cyfinder model (top side), (¢) paralieiepiped model o " " N o " " " "
(frant side), (d) porolielepipedt model (laterally side). e} cyfinder model (top side) 0.5 1 15 2 25 3 0.5 1 16 2 25 3
d(m) d{m)
P el namen coovel
uman madel § )
Fig. 8 SAR,q of WPT systems with poralielepiped human mode! Fig. 9 SAR,,; of WPT systems with parollelepiped human mode!
(e) (b) fc)
Fig. 3 Simplified (a) paralielepiped, (b) cylinder human body model and (c) realistic human body model
positioned between antennas 14 v : - . 0.07 - . 3
@ o 4
12 1 0.06
038 S 13BN, e ® 20O (138602, . =20 0m
1+ - 1 I3EE MM, e =408 O 0.05 T=1358MHad, L s408em
. . S 1= BTEMMZG,, | L = 206m - o = TBMAZA, L = 20Cm
2 2 bk e A GTOMHZE L =408 em 4 - 4o i=ET8MHzG ..,
- | s (= 00 w20 em s e = 100 KHZ Gy ot ™ 20 €1
= L - g o = W N MOORME A s i ® 408 07 ? o — = A A00HIG e =408 M
5 ~ O g 0.15 % 08 - + z 0.0 + + 1
= K % @ + %] +
g G\ 3 5 G————— o-———-4 b B m A —————
o N 5 01 04 + - 0.2 - < -0 E
= - @ =
b7 v b o
El =
W 005
?
1 ! PRI i 2 d(m} d (m)
b o e Fig. 12 SARyq, of WPT h ceatistic h odel
L4 10¢ 9 S O Fig. 13 SAR,,, of WPT systems with realistic human mode/
Flg. 15 SAR\qy distribution alorsg the different human body iodels ot f = 6.78 MHz Fig. 16 SAR.y, distribution clong the different human body madsls atf = 100 ke g o Of st

14 5AR,q, distribution along the differeat tuman body models G = 13.55 MHz
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Realistic Models — LF Exposures

® Realistic models of the body exposed to static and low frequency (LF)
fields.

® The human head models exposed to static electric field is handled via finite
element method (FEM) and boundary element method (BEM), respectively. :

® Whole body exposure to LF fields is analyzed by using the quasistatic
formulation and BEM.

® Realistic body models with organs included are presented.

® Examples: human head exposed to electrostatic field from video display
unit; whole body and pregnant woman/foetus exposed to high voltage
extremely low frequency (ELF) electric fields generated by overhead power
lines; human inside transformer substation.
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FORMULATION: Laplace equation

INTERNAL FIELD 3D electrostatic field distribution between a VDU and the head is governed by

DOSIMETRY the Laplace equation for electric potential :
PROCEDURES - LF V2o =0
&HF EXPOSURES

Boundary conditions:

@ = Qg on the display

Y = @h on the head

V(}p .71 = () on the far field

boundaries

FIG: 3D head model in front of VDU
16
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Realistic Models — LF Exposures

Dosimetry: Exposure to static fields - FEM SOLUTION

Applying the weighted residual approach to Laplace equation yields:

2 . A0 — , : : ; ,
/V PW;d2 =0 Performing some mathematical manipulations gives:
Q

The Galerkin-Bubnov procedure (W=f)) it

Neumann condition:

follows:
8,/'1 (/D = 5 T [
/Vp-v,fj(fSQ—/,lfj(ﬂr /V&» Vif:dQ =0
an 9
Q L)
The unknown potential over an element is Th . .
gl - 1 e global matrix system:
expressed by shape functions: Z ;
P =) GiJi A
Fiq [a] {a} T {Q}
Theshapefuaeanss The electrostatic field
— %(I’E—F(I.{J‘—Fbiy—kﬂiz), = 1.13,4 E — _.V(‘:_;

17
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Dosimetry: Exposure to static fields - Computational examples

INTERNAL FIELD
DOSIMETRY
PROCEDURES - LF
&HF EXPOSURES

The parameters:
1s=40 cm, ds=17", @ s=15 kV and (® h =0 kV.

The monitor is 4:3 format; 34.3 cm by 25.7 cm.

FIG: Head mo&els with finite element mesh: a) Person | b) Person 2

|E field]
2069.5

' 18396
16087
13797

11498
o198

|E field]

1956
l 1740.4
1522.9

13053
10878
g0
. B52.86

435.1
217.54
Q

FIG: Electrostatic field in the mid-face symmetry for person | (left) and person 2 (right)

18
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Dosimetry: Exposure to static fields - Computational examples

INTERNAL FIELD
DOSIMETRY
PROCEDURES - LF

E fied
2400
I2|333
18667
&HF EXPOSURES
133323
B 10867
lggjﬁ’ FIG: Electrostatic field strength [V/em] around the nose
66 A3
2 and eye a) Person |:b) Person 2
GO0 - 1600
[a- pese tlp_ - e —
5000 4 | - eye - -
1200 T T
| | - noze tip
000 - aye
1000
5 -\\‘ £ 800
2 =000 =3
= \R‘x o 600
200 —
= e 400
1000 - g 06
Q
o 10 a0 a0 40 50 80 13 14 15 16 17 18 13 20
s [em) s [in]
FIG: Electrostatic field on the nose tip and eyes vs FIG: Electrostatic field in the nose tip and eyes vs

@tance between display and head for 17"VDU display size for 40 cm distance between display and head

= 19
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Realistic approach: anatomically based body models Numerical method: The Boundary Element Method

FORMULATION: Nl The beauty of BEM...
Th ti f tinuit Dt S o 1
B - _ B * BEM tends to avoid volume meshes for large-scale problems.
d' 35
vJ - d? 0 5 * BEM formulation is based on the fundamental solution of the leading operator for the

governing equation thus being competitive with other well-established methods, such as
FEM or FDM, in terms of accuracy and efficiency.

J=—oVy V (eVy) = —p

For the time-harmonic ELF S ‘
exposures it follows:

The problem consists of finding the solution of the Laplace equation in a non-homogenous
media with prescribed boundary conditions

FIG: Several multi-domain models of the body and

. conducting properties of different parts at ELF exposures V:(cVe)=0on N Q &
V [(o + jwe) V] =0 )

The integration domain is
P =@ on Ty considered piecewise
The air-body interface conditions: _ Ty homogeneous, so it can be
(Vo Ve =0 iV %5, 2w, e
¢ Ny, — (D — — . Pe
o Bl 7 ( b ra ) o =all 79(1. '08 (7;Ej dnj ' homogeneous subdomains
@4}% crbszgcb _ _prq Etj FIG: a) Constarjlt element. b) Linear element, Q. (k = |.m).
erasamoToNE, e ) 8

20
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Realistic Models — LF Exposures

Green’s theorem yields the integral representation for a subdomain:

Oy OLIJ 1, icQ
e = / on ol = / " on “ = { s
r

T 2

(smooth boundary)

where ¥ is the 3D fundamental solution of Laplace equation,

Discretization to Nk elements leads to an integral relation:

Cill; = Z/ S df Z/ Edf

JT_1"

Nyn
Potential and its normal derivative can be written by o(€) = Z D (€) oy
means of the interpolation functions ¢, k—1
i N_fn P
Ip(€) dy
e = — (I) £ ST
32 an Z k(&) an |,

The system of equations for each subdomain can be written as:

o - 61 {52 L =0

where H and G are matrices defined by:

do*
7 on ;

k. k.j

[G] =g = f e ¢"dl

J
The matching between two subdomains can be established through
their sharing nodes:
TN Yo
PiA = P;B
Nl n o
e do — | @ FIG: Assembly of subdomains A and B
AT ()H o A onl. by imposing continuity of potentials
I»Q A 1/ B and fluxes at the common interface j

75

w
G

21
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Computational examples: Exposure to power lines Computational examples: Exposure to power lines

The multidomain body of revolution model

The current density values increase at narrow sections such as ankle and neck

y ooe Table: Comparison between the BEM, FEM and experimental results for
The weII-grounded bOdy of I75cm helght exPOSEd to the | 0kV/m/60Hz power gg::i the induced current density at various body portions, expressed in [nA/cm?]
line E-field. The height of the power line is |0m above ground. 5 oo
Power line plane g D“Dg; Body part BEM FEM Experiment
p=Us g 000 Neck 452 462 466
3 0,004
0.002 Pelvis 232 P, 225
’ 0 02 04 06 08 1 12 14 16 18 Ankle 1891 1916 1866
Helght [m]
) i ) FIG: The calculated results via BEM agree well with FEM and
j—i = ; 3—: = the human bod measurements.

The main difference is in the area of ankles and neck.The
peak values of | in those parts maintain the continuity of
the axial current throughout the body.

ol . Current density |
Ground plane Exposure scenario Alm2
IG: Calculation domain with the prescribed B.Cs [mA/m?]
. FIG: The boundary element mesh
ICNIRP guidelines for occupational exposure 10
Table: Conductivities of different body compartments ICNIRP guidelines for general public exposure 2
Body part Head Neck  Shoulders Thorax Pelvis Knee Ankle Foot Jamax (cylinder on earth) 3
Region L1 ] \'% A Vi Vil VIl IX »ftCOM Jamax (body of revolution model) 19 .."?ig)%}
1coM 21 P
I 0 [S/m] 0.12 0.6 0.04 0.11 0.11 0.52 0.04 0.11 7
¥ s
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Computational examples: Exposure to power lines Computational examples: Exposure to power lines

The realistic models of the human bod The realistic models of the human body & o i

&3

; ; : S0 s i 10| et
) ) ) ) Front and side view of equipotential lines in air are presented. b ek
The electric field in the air begins to sense the presence of — ‘
— —— 12
the grounded body at around 5m above ground level = —— = ——— g 4 }) e
=— = % gt
z i
0.6
— 0.4 >
Leg
0:2 oot
cYL ==
i o 1e-04 0.001 001 0.1
B e Current density along torso (Am-2)
\ ,3\ {3 *Ez FIG: Current density distribution
Sl e =) =g
————= N N & E, = 10 [kVim]
e 15 == o P N
& ¥|= 5m ——- FIG: Equipotentials around the body (near field) plane x y view A Sk
FIG: Calculation domain: a) A plan view of the — 125 | i .
integration domain, b) BEM mesh 3 . 2 : : " N
P An oversimplified cylindrical representation of £ §
the body is unable to capture the current § oo
BEM with domain decomposition and mopeL | Zm 75T 1 density peaks in the regions with narrow o B 1
triangular elements (40 000) is used. cross section. ool LI |
5 b J | . . . 1e-04 0.001 0.01 20.1
FIG: Electric field in the air A The presence of peaks in current density values i ert il
oM near the human body . i | Uéérresponds to the position of the ankle and the neck. FIG: Induced current densi 4
=0 x5m 0 1 3 )‘I along the body
21 E [kV/m] =
- i i V==

|
e

%
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Computational examples: Exposure to power lines ~ Computational examples: Exposure to power lines

The realistic models of the human body The realistic models of the human body
The mesh and scalar potential for the body model with arms up is presented. Distribution of axial current density along the torso and head in function
o of the height for the HAU, HAO, HAD and HNA models.
1.00 ,
090 ——————————————— = 3.6 ————— e
080 —— —327 ——— oot [HNA ——  E—tokvm  nECK
—_ HAQ -8
070 — — T 286 —/@ S 0.012 [HAU -
060 — 250

0.01

T2

> 11

0.008 -

. ) Current density |
Table: ICNIRP Safety Standard [mA/m?]

1Axial Current Densityl [A/m?]

T s gy = 0.006 Occupational exposure 10
020 — Va7 AN N 0e7 - | y General public exposure 2
Pt | | A 0.002 g
030 __ // Y\ T~——_045 |
005 ——— Ml T——n0nu_ 021 08 1 12 14 16 18
0.01 ol — 0.01 Position along the Torso and Head [m]
o Table: Peak values of the current density in the ankle for some
POTENTIAL [V] HEIGHT [m] FIG: Induced current density distribution for . . .
; typical values of electric field near ground under power lines.
the various body models
FIG: Front and lateral view of equipotential surfaces for the . 2
o — HAU - Human with arms up E [kV/m] J [mA/m?]
HAU model exposed to a reference incident field Ez = 0.25 V/m.
HAO - Human with arms open | 2
The numbers on the left indicate voltage, while the numbers on HAD - Human with arms down 5 10
the right indicate height of the equipotentials taken at 2.5m coM 10 19

: g ; 3 HNA - Human model without arms
away from the subject, i.e. when equipotential surface become '21

parallel to the ground.
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Computational examples: Human inside a substation

The realistic model of the human body
Ve-n=0

FIG: Human inside a substation touching a control panel

Realistic 1.75 m tall human body inside a
transformer substation room (2.5 m x1.6 m x 2
Ve 8 =01 m) touching a control panel (Im x 2m) at the
potential (po = 400V.

Two scenarios for dry-air between worker’s
hand and panel are considered: d = 0.016m and
d=0.11é6m.

The floor is kept grounded and all other
surfaces of the room are considered with
Neumann adiabatic type conditions.

E V\E E Osscenano; . v

1 | (SewumiaA = In this case, for both scenarios, the values of
internal current density do not exceed ICNIRP
basic restrictions.

il tAm7)
;@
|
|
|

|

A

FIG: The conceptual model and the
results:a) BEM mesh, b) Internal

i J & 4 A ~ | 3 & -
WtCC | Lohd A 08 os 1 11 12 13 1: 15 16 17 s current density for different scenarios

gg‘ . B h === 21

=1
8 )

e
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Table: Three different conductivity scenarios considered

Computational examples: Pregnant woman exposure

The realistic models of the human body

Scenario [S/m] Week 8 Week 13 Week 26  Week 38
o1 023 0.23 0.23 023
FIG: A view to the calculation domain:a) Different tissues,
GAF — — — — b) Division of maternal abdomen into equivalent subdomains
Om 020 0.20 0.20 0.20
0.99% 0.99 0.574 0574 i : ; ,
‘” Realistic, anatomically based, model of pregnant woman/foetus uses a quasi-static
2 o 1.70 1.70 1.64 1.64 G : : ; :
approximation based on the Laplace equation formulation and a solution via three
m 052 0.52 0.52 052 . ; ; ;

— dimensional multi-domain BEM.
o1 0.732 0.732 039 0.39
our 1.70 1.70 1.64 164 The model accounts for variations in geometry, body mass, fat and overall chemical
o 017 017 017 017 composition in the female body.
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