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Abstract—In existing exposure standards and guidelines the 

relationship between dosimetric quantities at a given frequency 
is not always consistent as some simultaneously applied limits are 
more restrictive than others, e.g. limits on induced currents 
compared to those on external electric field or specific absorption 
rate (SAR). To evaluate the current induced in the human body 
in 1 – 90 MHz range, we propose an equivalent circuit composed 
of two elements: the first one provides the voltage at human body 
mid-height and the second one describes the equivalent human 
body impedance. Then, assuming that the human body is 
equivalent to an antenna between 1 and 90 MHz, we calculate 
induced currents at the human body height. Using the 
relationship between external electric field and voltage at the 
body mid-height, we calculate the current along the body and 
suggest updated limits on induced currents more consistent with 
the external electric field limits. 

Index Terms—Human body equivalent impedance circuit, 
induced currents, HF, VHF. 

I. INTRODUCTION 

Because of the increasing number of wireless systems, 
accurate dosimetric assessment of interactions between radio-
frequency (RF) electromagnetic fields and human body is of 
importance. In the 1 - 90 MHz range the limits established by 
ICNIRP [1] and IEEE [2] are defined in terms of external 
electric and magnetic fields, induced currents, current density 
and specific absorption rate (SAR). Tofani et al. reported that 
some limits are not fully consistent with each other, in 
particular in 90 - 104 MHz range [3]. Although the limits on 
external electric field were not overpassed, the induced current 
exceeded the limits, which were the following: 45 mA for 
uncontrolled environment and 100 mA for controlled 
environment through one foot between 0.1 MHz and 100 MHz 
[4]. The same observation was made in a study by Gandhi et 
al. where the limits on currents induced by plane wave 
exposure up to 50 MHz were not overpassed although limits 
on SAR 1g were exceeded [5].  

Several studies have used an equivalent antenna to model 
human body. Gandhi and Aslan have developed a human-
equivalent antenna to measure the external current induced in a 
human body by RF exposure [6]. The antenna impedance was 
approximated by the human body impedance in 3 kHz – 110 
MHz range. Using this antenna allows induced current 
measurements without human subject. In 2003, Poljak et al. 

developed a human equivalent antenna model for transient 
electromagnetic exposure. They used thick cylindrical 
antennas to represent the human body and thin-wire 
approximation to evaluate the current induced in human body 
for a body exposed to a pulsed radiation between 50 Hz and 
110 MHz [7]. Recently Kibret et al. characterized the human 
body as a monopole antenna from 10 MHz to 110 MHz [8]. 
They gave physical dimensions of the equivalent cylindrical 
antenna and characterized it experimentally (in terms of 
radiation efficiency, reflection coefficient and impedance). 

The main objective of this work is to analyze theoretically 
the relationship between induced currents and incident electric 
fields in the 1 – 90 MHz frequency range. The actual limits of 
induced current for a controlled environment are used, i.e. 100 
mA in one foot in 1 - 90 MHz range [2]. The human body is 
modeled as a thick dipole antenna to calculate induced currents 
from the external applied electric field for plane wave 
exposure. The coupling between the thick dipole and the 
incident plane wave is modeled using an equivalent Thevenin 
circuit consisted of a voltage source Vth and impedance Zth 
(section III). This circuit allows calculating currents induced in 
the dipole. We validate the equivalent circuit by comparing 
induced currents computed in a realistic human body model 
with those calculated using the Thevenin circuit. Finally we 
use this equivalent circuit to suggest in the last section more 
consistent limits on induced currents in respect to the limits on 
external electric field. 

II. MATERIALS AND METHODS 

A. Anatomical human body model  

We used the anatomical voxel body model Duke from Virtual 
Family [9]. It is a 1.74 m high and 70 kg male model with a 
voxel size of 5 mm. In total 77 tissues are modeled in 
simulations. We used a heterogeneous and homogenized 
model with the same body geometry. For the heterogeneous 
phantom, the dielectric properties were taken from Gabriel 
database [10]. For the homogeneous one, the equivalent tissue 
mass density was set at 1025 kg/m3; its dispersive 
electromagnetic properties (i.e. relative permittivity and 
conductivity) are represented in Fig. 1. These are weighted 
average of the nine most present tissues from Hugo model of 
the Visible Human [11]. 
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Fig. 1. Electromagnetic properties of the equivalent tissue used to 
homogenize Duke phantom 

B. Numerical modeling 

The phantom is exposed to a vertically polarized plane 
wave in the frequency range 1-90 MHz with E rms field of 
61 V/m. The numerical problems are solved using finite 
integration technique implemented in CST Microwave Studio. 
Matlab is used to calculate the induced current solving the 
Thevenin equivalent circuit. 

III. HUMAN-EQUIVALENT IMPEDANCE AND VOLTAGE 

CIRCUIT 

In this section, based on the standard Thevenin equivalent 
circuit (Fig. 2), we develop a circuit equivalent to human body 
for a vertically polarized plane wave exposure between 1 and 
90 MHz in free space. The circuit is composed of two 
elements. The first element is the Thevenin voltage Vth that 
evaluates the voltage source at mid-height of the phantom 
equivalent to the coupling with the external applied electric 
field (Eext). The second element is the Thevenin impedance Zth 
that evaluates the human equivalent antenna impedance. We 
assume that human body is conductive enough (i.e. σ > ωε0εr 
in the considered frequency range) to consider it as equivalent 
to a homogeneous thick dipole antenna to design our circuits. 
The load in Fig. 2 is set as a short circuit. Then with this 
circuit, we calculate induced current at mid-height of the 
phantom. 

A. Electric model of Thevenin voltage Vth 

The voltage at mid-height of the dipole antenna is the 
equivalent Thevenin voltage Vth and it depends on the antenna 
effective height. Therefore to design the voltage Vth in circuit, 
we have determined the effective height of Duke phantom 
depending on its physical parameters and frequency. 

For frequencies below the Duke phantom resonance (i.e. f 
< 65 MHz), the effective height of the antenna is H/2 where H 
is the height of the antenna equal to the physical height of the 
Duke phantom. At resonance, the effective height is assumed 
to be λ/2 where λ is the wavelength in vacuum.  

 

Fig. 2. Thevenin equivalent circuit modeling the voltage and impedance at 
mid-height of the phantom Duke 

Between 65 MHz and 200 MHz we assume that the effective 
height decreases with a -40 dB/decade slope. Therefore we can 
represent the voltage behavior in the thick dipole (i.e. in the 
phantom Duke) by a 2nd order low-pass filter. Vth is described 
by  
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where Eext is the rms external electric field, ω = 2πf the angular 
frequency, ω0 the angular frequency at resonance and m the 
damping factor, R1, C1 and L1 are the resistance, capacitor and 
inductance representing the lumped elements in the electric 
model of Vth. 
 The voltage below and at resonance is defined by (2) and 
(3), respectively. 

 2th ext
HV E=  (2) 

 2th extV Eλ=   (3) 

 
 After simulating the Thevenin voltage of Duke from 
1 MHz to 300 MHz (Fig. 4a), we set the damping factor m = 
0.35 and resistance R1 = 100 Ω. Because the resonance 
frequency appears for H ~ λ/2, we can deduce R and C from 
equations (4) and (5). The electric model of Vth is described by 
Fig. 3a where R1 = 100 Ω, L1 = 265 nH, C1 = 13 pF and the 
source generator V2 is the external rms electric field Eext of the 
plane wave. 
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As the dipole is thick, we have introduced a corrective 
factor of 0.74 to take into account the antenna thickness 
(shortening factor [12]). Therefore the voltage at mid-height of 
the phantom is given by  
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B. Electric model of human antenna impedance 

To design the electric model of the Thevenin impedance 
(equivalent to human body impedance), we simulated the 
Thevenin equivalent impedance Zth of Duke from 1 MHz to 
300 MHz (solid black curve in Fig. 4b). This simulation allows 
us designing an electric model of Zth with the same impedance 
as Duke in the considered frequency range. At low frequencies 
(i.e. from 1 MHz to 65 MHz), the body impedance behaves as 
a capacitor impedance because the imaginary part of Zth is 
negative. Close to resonance, it becomes a LC series circuit 
with 75 Ω impedance at resonance. At higher frequencies (i.e. 
from 65 MHz to 300 MHz), the thick dipole behaves as a 
radiation resistance which mean impedance of 200 Ω. 
 The electric model of the antenna impedance Zth is shown 
in Fig.3b. Chf, Rhf and Lhf are the components used for 
f < fresonance; Cvhf, Rvhf and Lvhf are those used around the 
resonance while Ruhf and Cuhf are used for f > fresonance. These 
values are determined by the following equations, where H is 
the height of Duke phantom, r its mean radius and c the speed 
of light in vacuum: 

For f < fresonance 
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For f > fresonance 
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To improve the agreement between the impedance values 
obtained with the heterogeneous Duke phantom in simulation 
and the impedance Zth obtained with the electric model in 
Fig. 3b, we tuned values of some components as follows: Lhf = 
288 nH, Rvhf = 50 Ω, Lvhf = 25 nH and Cuhf = 8.8 pF. 

Fig. 4a represents the Thevenin equivalent voltage in the 
heterogeneous Duke phantom and the one calculated with the 
electric model of Vth presented in Fig. 3a. Fig. 4b shows the 
Thevenin equivalent impedance in the heterogeneous Duke 
phantom and the Thevenin equivalent impedance calculated 
with the electric model given in Fig. 3b. The results calculated 
with the proposed Thevenin equivalent circuit are consistent 
with those calculated using Duke, validating the two electric 
models proposed for Vth and Zth. Then the induced current in  

 

Fig. 3. Electric models of (a) voltage at mid-heigth of the dipole (Thevenin 
voltage Vth) and (b) human equivalent impedance (Thevenin impedance Zth) 
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Fig. 4. Equivalent Thevenin (a) voltage and (b) impedance for the 
heterogeneous Duke phantom and equivalent Thevenin circuit 

the thick dipole at mid-height is calculated as Vth/Zth ratio (Fig. 
5). 

In [13], the authors studied induced currents in human 
body for plane-wave exposure in 20 – 100 MHz range in two 
cases: isolated from ground (same as in our study) and with 
feet in contact with the ground. In the isolated case, the 
induced current had a sinusoidal variation. King [14] 
developed analytical formulas to calculate electric current and 
electric field in the body using a cylindrical model. With this 
formulation, induced current calculated near the resonance had 
also a sinusoidal variation. Therefore we assume that the 
induced current along the human body in free space has a 
sinusoidal variation given by (15) where Imax is the induced 
current at mid-height of the body calculated by our circuits and 
z the coordinate along the body.  

  ( )max( ) sin 0.262I z I zπ= +         (15) 

Because the body is not a perfect antenna, the current is not 
zero at the extremities, so we introduce a corrective coefficient 
0.26 in (15). This coefficient is determined based on simulated 
induced current in Duke and induced currents calculated with 
the above described circuits. 

C. Validation of the circuits 

To validate the designed Thevenin circuit, we expose Duke 
phantom in free space to a vertically polarized plane-wave 
from 1 to 90 MHz (E rms field is 61 V/m). Then we compare 
the computed induced current at mid-height (i.e. at z = H/2) of 
the phantom to the currents calculated as Vth/Zth of the 
Thevenin equivalent circuit.  

The mid-height induced current in the homogeneous and 
heterogeneous Duke have the similar behavior, being slightly 
higher in the heterogeneous phantom (maximum deviation is 
of 3 dB) (Fig. 5). The current induced along the body in 

(a) (b) 

(a) (b) 



homogeneous Duke is nearly identical to the current induced in 
heterogeneous phantom (difference < 1 dB, Fig. 6). This 
suggests that a homogeneous antenna can be used to represent 
induced current in human body. 

The current induced at mid-height and calculated using the 
Thevenin equivalent circuit is close to those in Duke 
(maximum deviation of 1 dB) (Fig. 5). Because the electric 
proposed models of Vth and Zth give consistent values of 
induced current, voltage and impedance with Duke phantom, 
we consider that the Thevenin equivalent circuit is validated.  

As the mid-height (H/2) induced current calculated by the 
Thevenin equivalent circuit is validated, we study in the 
following current distribution described by (15) and along the 
simulated Duke phantom. We compare induced currents along 
the body computed using heterogeneous and homogeneous 
Duke to those calculated by the Thevenin equivalent circuit 
and equation (15).  

For the four frequencies represented in Fig. 6 (2 MHz, 30 
MHz, 62 MHz and 90 MHz), the distribution of induced 
current along the body is sinusoidal for heterogeneous Duke as 
well as for the equivalent circuit. The induced current  
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Fig. 5. Mid-length induced current in the heterogeneous, homogeneous Duke 
and in the equivalent dipole from 1 to 100 MHz 
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Fig. 6. Distribution of computed (for heterogeneous and homogeneous 
Duke) and determined using equation (15) induced current along human body 
at 2 MHz, 30 MHz, 62 MHz and 90 MHz 

calculated by (15) is in a good agreement with that computed 
in the heterogeneous phantom (maximum deviation is 1 dB). 
The induced currents values at the feet (z between 0 and 
20 cm) from the equivalent circuit and (15) are slightly lower 
than those of Duke (maximum deviation is 1.5 dB). For the 
head (z between 160 and 180 cm), the difference is higher (up 
to 8 dB at 2 MHz), but the limits on induced current given by 
ICNIRP [1] and IEEE [2] concern feet, so we consider our 
model still acceptable. 

These results suggest that Thevenin equivalent circuit is an 
appropriate model for determining the induced current along 
the body for a plane wave exposure in 1 - 90 MHz range, 
particularly from feet to torso. From the Thevenin equivalent 
circuit (via Vth), we can describe induced current along the 
body as a function of the external electric field. In the next 
section, the equivalent circuit and equation (15) are used to 
propose new limits on induced current more consistent with 
external electric field limits reported in [2]. 

IV. LIMITS ON INDUCED CURRENT DEPENDING ON EXISTING 

EXTERNAL ELECTRIC FIELD LIMITS 

 The limits on induced currents are defined for currents 
induced trough foot, so we consider that the induced current in 
foot can be measured at the ankle (z = 10 cm). For a controlled 
environment the standard limit through a foot is Ilimit = 100 mA 
[2].   

Using (15) and the proposed models, Fig. 7 demonstrates 
that to respect the actual limit on external electric field at 10 
MHz (i.e.184 V/m), the induced current has to be lower than 
80 mA. Between 30 and 90 MHz, the limit on external electric 
field is 61 V/m thus to respect those limits, the induced current 
in ankle has to be lower than 95 mA at 30 MHz and lower than 
180 mA at 50 MHz, 70 MHz and 90 MHz. 
 Therefore the actual limits on induced currents are more 
restrictive than external electric field for frequencies above 
40 MHz. For frequencies below 40 MHz, the limits on external 
electric field are more restrictive. However we did not take 
into account the coupling with the magnetic field because the 
phantom is isolated thus only sensitive to electric field [15]. 
Therefore the same study with the magnetic field coupling 
could be done because for frequencies below 10 MHz, the ratio 
E/H from ICNIRP limits is low impedance (lower than 377 Ω) 
[1]. 
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Fig. 7. Induced current in ankle as a fonction of external electric field at 10 
MHz, 30 MHz, 50 MHz, 70 MHz and 90 MHz 



CONCLUSION 

An equivalent Thevenin circuit has been proposed to 
evaluate human body impedance and voltage at mid-height for 
a vertically polarized plane wave exposure in 1 - 90 MHz 
range. This circuit allows evaluating induced current along the 
human body depending on the external electric field for plane 
wave exposure. It provides an accurate estimate of the induced 
current compared to numerical results for a realistic human 
body model, particularly from feet to torso. 

Finally, based on the proposed circuit and current 
distribution along the body, updated limits on induced current 
have been proposed depending on actual external electric field 
IEEE limits. This allows harmonizing induced current and 
external electric field limits, because currently induced 
currents limits are more restrictive than those of external 
electric field at frequencies above 40 MHz.   
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