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ABSTRACT
The paper deals with the assessment of human exposure to the transient electromagnetic fields
and high-frequency (HF) radiation. The formulation of the problem is based on a simplified
cylindrical representation of the human body. The analysis is based on the enhanced
transmission line (TL) theory. For this purpose, in order to quantify the induced current inside
the human body, we solve linear system equations, where the electromagnetic field excitation
is represented by two equivalent current and voltage generators. Once the axial current is
determined, it is possible to calculate the specific absorption rate (SAR). Some illustrative
computational examples are presented in the paper.
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1. Introduction

In the last 60 years, electricity requirements in the
world have multiplied by twelve. Electricity has
become an indispensable partner in our daily lives, our
technological and economic development. Despite all
the benefits associated with its use, as humans are con-
stantly immersed in electromagnetic fields generated
by different sources (power lines, mobile phones and
broadcast antennas), there has been an increasing con-
cern regarding the potential adverse health effects due
to exposure to these fields. Consequently, there is a
need to define safe exposure limits for both profes-
sional and general population.

To achieve this aim, it is especially crucial to provide
researchers in Life Sciences objective evidence to quan-
tify the electromagnetic phenomena occurring inside
the human body and causing potential biological
effects.

In addition to accurate, but at the same time com-
putationally demanding, three-dimensional anatomical
body models [1,2], some simplified models for rapid
engineering estimation of the phenomena are also
available, e.g. cylindrical body representation [3],
involving numerical solution of Pocklington integro-
differential equation using the Galerkin–Bubnov
boundary element method (GB-BEM) [3,4].

The present study extends the work reported in [5],
by representing the body in terms of wire-junction
models to account for the influence of arms. The for-
mulation is based on the transmission line (TL) equa-
tions in the frequency domain [6] and valid for a range
frequency of 50 Hz to 110 MHz.

This paper is organized as follows: first, the axial
current distribution induced along the body exposed
to transient electromagnetic fields, taking into account
the influence of the arms, is evaluated. Furthermore, a
rapid estimation of specific absorption rate (SAR) in
human body exposed to a high-frequency (HF) radia-
tion is carried out.

2. Body models

Two representations of the human body are considered
in this work: cylindrical body model and wire-junction
model of the body. The human body assumed to be
homogeneous is represented by a vertical cylinder of
height L and radius a perpendicular to a ground plane
with arms in contact with the body as shown in
Figure 1, where the electrical properties of the human
body such as conductivity s and relative permittivity er
are assumed the same value for all organs of the body
(homogeneous body).

Furthermore, the body in a direct contact with the
ground is considered, as shown in Figure 2. The arms
are represented by a set of wires connected to the thick
cylinder. The dimensions are given in Table 1.

The per unit length parameters of the horizontal
segments are calculated using the formalism of Ame-
tani et al. [7]. For vertical segments, we use the formal-
ism of Rogers et al. [8].

3. Transmission line formulation

The TL theory allows the study of propagation phe-
nomena along a slender support. The voltage and the
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current distribution along the TL are governed by
Telegraph equations.

The set of equations accounting for the coupling
between a TL (n conductors) and an external electro-
magnetic field is given as follows [9]:

d Uðz;vÞ½ �
dz

þ Z½ � Iðz;vÞ½ � ¼ UFðz;vÞ½ �; (1)

d Iðz;vÞ½ �
dz

þ Y½ � Uðz;vÞ½ � ¼ IFðz;vÞ½ �; (2)

where ½Uðz;vÞ� and ½Iðz;vÞ� are n-order complex vec-
tors containing total voltage and current along the TL;
[Z] and [Y] square matrices of order n, impedance and

admittance per unit length complex. The expressions for
the linear longitudinal impedance [Z] and admittance
per unit length transverse [Y] used in this study are
documented in detail in [9,10]. ½UFðz;vÞ� and ½IFðz;vÞ�
are complex vectors due to any external electromagnetic
field, where

UFðz;vÞ½ � ¼ � @

@z
Ee
Tðz;vÞ

� �þ Ee
Lðz;vÞ

� �
; (3)

IF z;vð Þ½ � ¼ � Y½ � Ee
Tðz;vÞ

� �
; (4)

½Ee
Tðz;vÞ�: sources due to incident transverse electric

field;
½Ee

Lðz;vÞ�: sources due to incident longitudinal electric
field.

In our work, only the vertical incident electric field
(longitudinal) to the human body is of interest. The
vertical field Ee

z is the main cause of the exposition; the
prevailing direction of induced currents and voltages is
also vertical (axial).

3.1. Solution of the transmission line equations in
the frequency domain

The telegraph equations (1) and (2) can be written in
state variable forms as a coupled first-order, ordinary
differential equations in matrix form as

d
dz

UðzÞ½ �
IðzÞ½ �

� �
|fflfflfflfflfflffl{zfflfflfflfflfflffl}

XðzÞ

¼ 0½ � � Z½ �
� Y½ � 0½ �

� �
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

A

UðzÞ½ �
IðzÞ½ �

� �
|fflfflfflfflfflffl{zfflfflfflfflfflffl}

XðzÞ

þ UFðzÞ½ �
IFðzÞ½ �

� �
:

(5)

Note that writing Equations (1) and (2) in the matrix
form provides the solution of system (5) to be obtained
directly by analogy with the formalism of state variables,
whose demonstration is carried out in the work of Paul
[6–10]. Thus, the solution of (5) is given by

XðzÞ ¼ ’ðz � z0Þ Xðz0Þ þ
Zz

z0

’ðz � tÞ½ � UFðtÞ½ �
IFðtÞ½ �

� �
dt (6)

with XðzÞ ¼ UðzÞ
IðzÞ

� �
, matrix of voltages and currents at

any point z of the TL (the body in our case).
The chain parameter matrix ’ðzÞ½ � is defined as

’ðzÞ½ � ¼ eA:z ¼ ’11ðzÞ½ � ’12ðzÞ½ �
’21ðzÞ½ � ’22ðzÞ½ �

� �
: (7)

Note that (6) provides the values of currents and
voltages at an arbitrary point z of the line according to
their value at the origin z0.

Figure 1. The cylindrical model of the human body exposed to
an external electromagnetic field.

Figure 2. Model of the human body with arms outstretched.

Table 1. Geometric parameters.
Length Li (m) Radius ai (m)

Cylinder1 (body) 1.5 0.14
Cylinder 2/Cylinder3 (arms) 0.5 0.04
Cylinder 4 (head) 0.3 0.14
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In the case studied in this work, values of voltages
and currents at the extremities of the line (human
body in our case) are of interest. Thus, (6) correspond-
ing to a line that starts with z0 = 0 and applied to the
end zL = l becomes

XðlÞ ¼ ’ðlÞ :Xð0Þ þ
Z l

0

’ðl � tÞ½ � UFðtÞ½ �
IFðtÞ½ �

� �
dt: (8)

The n� n submatrices of the chain parameter
matrix are given by [6]

’11ðlÞ½ � ¼ 1
2
Y½ ��1 T½ � e gðlÞ½ � þ e� gðlÞ½ �

� �
T½ ��1 Y½ �; (9:a)

’12ðlÞ½ � ¼ � 1
2
Y½ ��1 T½ � g½ � e gðlÞ½ � � e� gðlÞ½ �

� �
T½ ��1; (9:b)

’21ðlÞ½ � ¼ � 1
2
T½ � e gðlÞ½ � � e� gðlÞ½ �

� �
g½ ��1 T½ ��1 Y½ �; (9:c)

’22ðlÞ½ � ¼ 1
2
T½ � e gðlÞ½ � þ e� gðlÞ½ �

� �
T½ ��1; (9:d)

where [T] is a matrix of size n� n; [g] represents the
diagonal matrix of propagation constants squared with

g2½ � ¼ T½ ��1 Y½ � Z½ � T½ �.
The development of Equation (8) allows to show the

terms Uð0Þ; Ið0Þ; UðlÞ and IðlÞ:

UðlÞ½ �
IðlÞ½ �

� �
¼ ’11ðlÞ½ � ’12ðlÞ½ �

’21ðlÞ½ � ’22ðlÞ½ �
� �

Uð0Þ½ �
Ið0Þ½ �

� �
þ UFTðlÞ

� �
IFTðlÞ
� �� �

(10)

which can be written as follows:

I2n½ �� UðlÞ½ �
IðlÞ½ �

� �
� ’11ðlÞ½ � ’12ðlÞ½ �

’21ðlÞ½ � ’22ðlÞ½ �
� �

Uð0Þ½ �
Ið0Þ½ �

� �
¼ UFTðlÞ

� �
IFTðlÞ
� �� �

(11)

where I2n½ � is the identity matrix of order 2n (n: num-
ber of conductors by line).

And the total forcing functions are given in [6]:

UFTðlÞ
� � ¼ Z l

0

’11ðl � tÞ½ � UFðtÞ½ � þ ’12ðl � tÞ½ � IFðtÞ½ �ð Þdt;

(12)

IFTðlÞ
� � ¼ Z l

0

’21ðl � tÞ½ � UFðtÞ½ � þ ’22ðl � tÞ½ � IFðtÞ½ �ð Þdt:

(13)

For the case where the body is exposed to an exter-
nal electromagnetic field: ½UFðtÞ� ¼ ½Ee

z� and
½IFðtÞ� ¼ ½0�, Equations (12) and (13) become

UFTðlÞ
� � ¼ Z l

0

’11ðl � tÞ½ � Ee
zðtÞ

� �	 

dt; (14)

IFTðlÞ
� � ¼ Z l

0

’21ðl � tÞ½ � Ee
zðtÞ

� �	 

dt: (15)

3.2. Incorporation of boundary conditions

Obtaining the general solution of the TL coupling
equations in terms of the chain parameter matrix and
the external-field excitation, one then incorporates the
boundary conditions to obtained corresponding vol-
tages and currents for a given problem of interest. At
both ends of the line, we have the following relation-
ships:

Uð0Þ½ � ¼ � Z0½ � Ið0Þ½ �; (16)

UðlÞ½ � ¼ ZL½ � IðlÞ½ �; (17)

where Z0½ � and ZL½ � are the impedance matrices termi-
nation of the line.

In the present work, two specific ends representing
the feet and head are considered. The contact of the
human body with the ground can be taken into
account via a capacitance C [3]:

Z0 ¼ 1
jvC

; C ¼ Ae0er
d

andA ¼ pa2; (18)

where C is the capacitance between the sole of the foot
and its image in the ground, e0 is the permittivity of
free space, er is the relative permittivity of the material
constituting the sole of the shoe, A is the contact sur-
face and d is the distance between the sole of the shoe
and its image in the ground.

The other end of the equivalent cylinder is con-
nected by an impedance of great value, i.e. ZL ¼ 1 .
Namely, cylinders 2, 3 and 4 in the case of the human
body with the arms outstretched.

3.3. Extension to multiple wire model

The principle of the proposed concept is to transform
the propagation equation (10) for all the conductors
representing the body and the electric relations in the
all nodes to a matrix: equation system:

A½ � X½ � ¼ B½ �: (19)

The matrix [A] is the topological matrix of a radial
network. Note that the human is considered in our
work as a radial network of TL.
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X½ � is the vector contains the unknown currents and
voltages at each node;
B½ � is the vector includes the external field effects.

Hence, one should transform the propagation relations
(11) for all the lines representing the body and the rela-
tions in the all nodes (between different organs) to
matrix equation (19).

The matrix A½ � is composed of two submatrices:

A½ � ¼ A1
� �
A2
� �

" #
:

The submatrix A1½ � takes into account the propaga-
tion in all line segments which form the human body
(trunk and arms) and constructed from Equation (11).

The submatrix A2½ � takes into account the electrical
relations (current and voltage) on all nodes of the
human body topology [6]. Applying the Kirchhoff law
in eachmth node, the following equation is obtained [6]:

XN
i¼1

Ym
i

� �
Um
i

� �þ Zm
i

� �
Imi
� �	 
 ¼ 0½ �; (20)

where Zm
i

� �
and Ym

i

� �
are, respectively, the impedances

and admittances matrices resulting from the application
of Kirchhoff’s laws in the mth node. They contain the
numerical values 0, 1, ¡1, impedances and admittances
values according to the human body topology.

Finally, solving the matrix system (19) yields the
currents and voltages at all nodes of the human body
topology.

4. Computational examples

The computational examples are related to the body
exposure to transient and to HF radiation, respectively.

4.1. Cylindrical body exposed to transient
electromagnetic pulse

The human body is represented by a cylinder of length
L = 1.75 m and radius a = 0.14 m. The base and the
top of the cylinder are terminated by impedances ZL

and Z0, as depicted in Figure 3.
In all calculations, the body is assumed to be well

grounded, thus neglecting the capacitance between
the soles of the feet and their image in the earth (Z0 =
0 V), while the average value of the conductivity is
chosen to be s ¼ 0:5 S=m (conductivity at 60 Hz).

The body is exposed to transient incident electric
field in the form of double-exponential electromag-
netic pulse (EMP) [11]:

Ee ¼ E0 e�at � e�bt
	 


; (21)

where E0 = 1.05 V/m, a ¼ 4� 106 s�1 and
b ¼ 4:76� 108 s�1;

The incident field is vertically polarized to ensure
maximum coupling with the body. It should be noted
that the exposure duration is 100 ns.

Figure 4(a,b) represents, respectively, the tran-
sient-induced current in the feet computed via the
proposed TL approach compared to the direct time
domain antenna theory approach based on the
space-time Hallen integral equation solved via Galer-
kin–Bubnov indirect boundary element method (GB-
IBEM) [11].

The results obtained via different approaches are
found to be in a rather satisfactory agreement. In addi-
tion to plausible agreement in both the waveform and
amplitude, the advantage of TL modelling is its mathe-
matical simplicity and low computational cost. Figure 5
shows the spatial-temporal distribution of the induced
current in the feet.

4.2. Human body with the arms outstretched

This subsection deals with the study of the human
body with arms outstretched exposed to the bi-expo-
nential pulse. Figures 6 and 7 represent the variation of
transient current induced in the feet, the free end of
the left and right arms, and the head due to exposure
to the bi-exponential pulse. In this case, the current
flows through the path of the least resistance [12].

Figure 6 shows a slight increase in the current
induced in the feet compared to the result (Figure 4
(a)) obtained for the same excitation scenario but for
the human body represented by a simple cylinder with
arms in close contact with the body.

Furthermore, the human body is exposed to tran-
sient electric field in the form of Gaussian pulse [11]:

Ee
zðtÞ ¼ E0e

�g2ðt�t0Þ; (22)

where E0 = 1 V/m, g ¼ 2� 109 s�1 and t0 = 2 ns.

Figure 3. (a) Cylindrical model of the human body exposed to
vertical electric field, (b) impedance ZL and Z0 on both ends of
the cylinder.
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Figure 8 shows the transient current induced in the
feet due to the Gaussian pulse exposure. The transient
current induced in the free end of the left/right arms
and head is presented in Figure 9.

4.3. Human exposure to high-frequency (HF)
radiation

The thermal effect of the human exposure to HF radia-
tion is quantified in terms of the SAR.

Figure 5. Spatial and temporal distribution of the induced cur-
rent in the human body.

Figure 4. (a) Transient current induced in the feet due to the
double exponential pulse exposure. (b) Transient current
induced in the feet due to the double exponential pulse expo-
sure (antenna model) [11].

Figure 6. Transient current induced in the feet due to due to
the bi-exponential pulse exposure.

Figure 7. Transient current induced in the right arm, left arm
and head due to the bi-exponential pulse exposure.

Figure 8. Transient current induced in the feet due to the
Gaussian pulse exposure.
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The SAR (W/kg) at any point in the human head is
defined as [13]

SAR ¼ s j E j 2
2�r ; (23)

where s and r are electric conductivity and density of
the biological tissue, respectively, jEj is the maximal
value of the electric field induced in the human body.

The current density induced in the body can be
expressed in terms of the axial current Iz as follows [13]:

Jzðr; zÞ ¼ IzðzÞ
a2p

ðka
2
Þ J0ðj

�1=2k�rÞ
J1ðj�1=2k�aÞ ; (24)

where J0 and J1 are the Bessel functions, k is the free
space phase constant.

The induced electrical field is given by [13]:

EzðzÞ ¼ Jzðr; zÞ
s þ jve

: (25)

The basic restrictions (SAR) of the ICNIRP guide-
lines for frequencies between 100 KHz and 100 MHz
[14], given in Table 2, are established to account for
uncertainties related to individual sensitivities, envi-
ronmental conditions, and for the fact that the age and
health status of members of the public varies.

In this case, a man with arms in contact of the sides
standing on the earth, exposed to HF radiation where
the value of the uniform electrical field is found to be
1 V/m at a frequency of 30 MHz, is represented by a

cylinder of the entire length L and radius a. The aver-
age value of the conductivity and permittivity of
the human body, respectively, is assumed to be
s ¼ 0:6 S=m, er ¼ 60 and r ¼ 1000 (kg/m3) [15].

Figures 10 and 11 show, respectively, the induced
current density and electric field calculated inside the
human body due to HF radiation.

The maximum coupling conditions (uniform field
along the body) are adopted in order to quantify in the
most unfavourable conditions the maximum perturba-
tion induced in the human body.

Figure 12 shows the induced values of SAR inside
the body. The maximum values of the induced current
density, the induced electric field and SAR at the feet
are presented in Table 3.

The results presented in Figures 10 and 11 show
that the induced electric field decreases gradually as
one approaches to the axis of the equivalent cylinder.
Namely, at high frequencies, the induced current
moves to the periphery of the cylinder due to skin
effect. The outer layers of the body behaves like a
“shielding”.

Figure 9. Transient current induced in the right arm, left arm
and head due to the Gaussian pulse exposure.

Table 2. ICNIRP basic restrictions.

Frequency range 100
KHz–100 MHz

Whole body
averaged SAR

(W/kg)

Localized SAR
(head and

trunk) (W/kg)

Localized
SAR (limbs)
(W/kg)

General population 0.4 10 20
Occupational 0.08 2 4

Figure 10. Current density inside the human body Ez = 1 V/m,
f = 30 MHz.

Figure 11. Calculated electric field inside the human body Ez =
1 V/m, f = 30 MHz.
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The obtained results are compared to the exposure
limits proposed by ICNIRP (SAR = 0.4 W/kg for Gen-
eral population, SAR = 0.08 W/kg for Occupational).
The SAR values do not exceed the basic restrictions
(SARmax = 1.6693 £ 10¡5 W/Kg) and, as such, we con-
clude that heating effect is negligible.

Finally, the behaviour SAR versus frequency in the
range from 5 to 40 MHz is analyzed.

The body model consists of a material with parame-
ters simulating a muscle tissue: the frequency-depen-
dent permittivity and electrical conductivity (see
Table 4) [15].

The incident electric field amplitude is Ez = 1 V/m,
and the maximum values of the SAR at the feet
obtained for Jðr ¼ a; 0Þ are shown in Table 5.

According to Table 5, we remark that at range fre-
quency 5–40 MHz, the SAR inside the human body
increases rapidly with frequency. The main conclusion
is that the SARmax for different frequency never
exceeds the limit of 0.08 W/kg defined by ICNIRP;
moreover, the SAR depends on the frequency.

Figure 13 shows the logarithm of frequency-depen-
dent SAR: log10(SARmax).

The obtained results stay far below the ICNIRP
exposure limits.

5. Conclusion

In this study, the transient-induced current and SAR
induced in the human body when exposed to transient
and time-harmonic radiation, respectively, are evalu-
ated by using the enhanced TL theory. The simplified
representation of the human body is related to the
thick cylinder with the thin wires attached to account
for the influence of the arms, thus extending the previ-
ous study of the authors dealing with the single-cylin-
der body model. The external electromagnetic field
that excited the body is represented by equivalent cur-
rent and voltage generators.

The proposed TL approach, compared to other
more sophisticated numerical methods, provides fairly
conclusive results for the transient-induced current
and SAR for different cases of human exposure.

Therefore, this method (approach), considered reli-
able, represents a simplified tool for the assessment of
the current induced in the human body due to both
transient and time-harmonic electromagnetic field
exposure, respectively, thus providing the rapid esti-
mation of the phenomena and ensuring the useful
results in an engineering sense.

Disclosure statement

No potential conflict of interest was reported by the authors.

Figure 12. Calculated specific absorption rate (SAR) inside the
human body Ez = 1 V/m, f = 30 MHz.

Table 3. Maximum values of the induced current density, electric
filed and specific absorption rate in the feet.

Jz(a,0) (A/m
2) E(z = 0) (V/m) SAR(z = 0) (W/kg)

f = 30 MHza = 0.14 m 0.1318 0.2534 1.6693 £ 10¡5

Table 4. Electrical parameters for a few frequencies.

Frequency
(MHz)

Electrical
conductivity,

s (S/m)

Relative
permittivity,

er
5 0.54 150
15 0.56 100
20 0.57 80
30 0.6 60
35 0.66 53
40 0.7 50

Table 5. Maximum values of the SAR inside the human body.
Frequency (MHz) SARmax (W/Kg) for J(r = a,0)

5 6.0333 £ 10¡10

15 9.0103 £ 10¡8

20 4.3463 £ 10¡7

30 1.6693 £ 10¡5

35 2.4612 £ 10¡4

40 2.4223 £ 10¡3

Figure 13. SARmax values as a function of frequency.
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