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Abstract: There is a special concern for measuring and simulating low-frequency magnetic fields
generated by underground power cables, particularly in human exposure studies. In the present
study, an accurate 2D finite element model for computing magnetic fields generated by three-phase
underground power cables with solid bonding is proposed. The model is developed in ANSYS
Maxwell 2D low-frequency electromagnetic field simulation software for a typical 12/20 kV (medium-
voltage) three-phase underground power cable in both trefoil and flat formations, but it can be
adapted to any cable system. Model validation is achieved by analytical computations conducted
with a software tool based on the Biot–Savart law and the superposition principle. RMS magnetic
flux density profiles calculated at various heights above the ground with these two methods correlate
very well. This is also true for induced shield currents. The application of the finite element model to
multiple three-phase power cables laid together is also considered.

Keywords: magnetic field; underground power cable; solid bonding; finite element model;
analytical calculation

1. Introduction

The general concern and implicit interest in monitoring the low-frequency magnetic fields
generated by underground electric cables (in either transmission or especially distribution
networks) has recently been augmented. If in the case of the high-voltage transmission
systems, underground power cables are a solution only in certain special cases (water or
wide road crossings or particularly scenic areas), we can say that in the urban distribution
area, underground power cables (of medium voltage) are an increasingly applied solution.
Assembly and installation costs are considerably higher by comparison with the overhead
solution, but aesthetics and reliability are significantly improved, leading to reductions of
up to 10 fold in outage duration. On the other hand, the three-phase underground power
cables in the distribution systems, which may carry currents of hundreds of amperes at
voltages of tens or sometimes even hundreds of kV, are found in the immediate vicinity
of humans, much closer than overhead power lines. What are the values of the electric
and magnetic fields generated and to what extent can they be controlled and reduced
is a question that concerns every citizen. Consequently, the specialists must provide
scientifically based answers [1].

Regarding electric fields, the shielding effect achieved due to the Faraday cage principle
is very strong, being mainly produced by the conductive metallic screen/shield that protects
any underground cable (when bonded to ground, it will also carry out the short circuit fault
current), or by the ground in which the cable is buried (which has some conductive properties).
In contrast, shielding magnetic fields is much more complicated and expensive. There
are two techniques: ferromagnetic shielding (performed with shields made of materials
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with high magnetic permeability, on the principle of the path of minimum reluctance) and
induced current shielding (which is effective only if the shield is a good electrical conductor
and thick enough). In addition to high costs and constructive-technological difficulties,
these solutions for shielding magnetic fields also have the important disadvantage of
increasing the losses produced by line charging currents. That is why they will be applied
only on relatively short distances and only in the case of very special requirements [2,3].

Therefore, as in the case of overhead power lines, it is strongly recommended that
through analytical calculations, numerical modeling or actual measurements, to be verified
that the low-frequency magnetic field generated by underground power cables at the soil
level is (far) below the values considered acceptable by the health regulations. Computations,
which can be quite accurate, are often preferable to measurements because they can be
performed for any desired scenario, rather than being limited to the particular conditions
at the measurement time [4–8].

A common 2D approach for calculating magnetic fields generated by underground
power cables is based on the Biot–Savart law and the superposition principle, assuming
that the cables are straight, horizontal, infinitely long and parallel to each other and the
effect of the induced shield currents on the magnetic field is negligible [9–12]. Basically,
this is the case for single-point bonding systems and cross-bonding systems, in which
the induced shield currents are zero or insignificant. However, when dealing with solid
bonding (i.e., the underground power cables operate with their metallic shields bonded and
grounded at both ends), the circulating currents induced in shields may achieve the same
order as the wire-core currents, which leads to a certain total magnetic field reduction. In
some studies, e.g., [13,14], analytical expressions for the induced shield currents have been
obtained under balanced three-phase conditions. It has also been considered the magnetic
field reduction.

Some 2D finite element method (FEM) models have also been developed for computing
magnetic fields from three-phase underground cables with solid bonding. In [15], COMSOL
Multiphysics is used to investigate the magnetic field reduction rate for a three-phase cable
in flat formation as a function of the distance between cables, the shield diameter, as well
as the cross-sectional area of the cable shields. In [16], QuickField was mainly used for
predicting underground cable ampacity (for both trefoil and flat formations), while the
developed model also allows investigating the magnetic field distribution at the ground
surface (only limited results are presented). For a similar purpose (flat formation only),
ANSYS Maxwell is used in [17].

In our study, which is an extended version of [18], FEM based on ANSYS Maxwell
(2D) software is used to compute low-frequency magnetic fields generated by three-phase
underground power cables with solid bonding according to the usual procedures applied
in human exposure studies. Both trefoil and flat formations of a 12/20 kV (medium-voltage)
three-phase power cable are considered for FEM model implementation. For its validation,
calculated magnetic fields and induced shield currents are checked by comparison with
analytical results obtained with a software tool based on the Biot–Savart law and the
superposition principle, which represents an updated version of a previously developed
program [19]. Finally, the application of the FEM model to multiple three-phase power
cables laid together is considered. In all cases, the magnetic field reduction rate due to
induced shield currents is determined as well.

The computational time, generally a major drawback of using FEM [20], is, in this
study, quite acceptable, in the order of 10 to 25 min (simple cable formation, depending
on mesh size). Compared to the analytical approach, which is limited to simple trefoil
and flat formations of cables, the FEM model can also be applied to various types of cable
arrangements while taking into account different influencing factors, such as the relative
phase sequences and positions of the cables. Hence, it may be used not only for assessing
compliance with relevant magnetic field exposure regulations, but also as an accurate tool
for optimizing cable layout and location to mitigate magnetic field problems. Usually, the
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modification of the total magnetic field due to induced shield currents is not considered in
the commercially available software for power cable system analysis.

2. Physical Model Selected for Analysis

The single-core power cables in a three-phase circuit can be laid out in a number of
formations. Typical ones are trefoil and flat. In the first case, the three cables are placed
in the corners of an equilateral triangle, as presented in Figure 1a; in the second case, the
three cables are placed in the same horizontal plane, at equal distances between adjacent
cables, as presented in Figure 1b. The choice of use depends on several factors such as
shield bonding method, conductor area and available space for installation [21,22].
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cable is constructed from aluminum (Al) core conductor with the cross-sectional area of 

Figure 1. Typical cable formations: (a) trefoil formation; (b) flat formation.

In solid bonding systems (suitable for cable lengths over 500 m), the cable shields
are grounded at both ends of the cables, as depicted in Figure 2, where Rg represents the
grounding resistance. This bonding scheme will reduce the induced shield voltages, but
there will be circulating shield currents proportional to the wire-core currents. This will
cause losses in the shields, which reduce the cable current carrying capacity. At the same
time, the circulating shield current generates a magnetic field that is significantly out of
phase with respect to the wire-core magnetic field. In the following, only the total magnetic
field will be investigated.
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Figure 2. Solid bonding.

Since solid bonding is more common for medium-voltage applications, a 12/20 kV
NA2XS(F)2Y single-core cable (Figure 3) has been selected for finite element analysis.
The cable is constructed from aluminum (Al) core conductor with the cross-sectional
area of 150 mm2, semi-conductive layer over conductor, core insulation of cross-linked
polyethylene (XLPE), semi-conductive layer over insulation, swelling tape, copper (Cu)
wire shield with the cross-sectional area of 25 mm2, waterproofing tape and outer sheath
of high-density polyethylene (HDPE). The current carrying capacity when buried in the
ground is 319 A for trefoil formation and 352 A for flat formation, respectively. Other cable
characteristics are given in Table 1.
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Table 1. Cable characteristics.

Cable Characteristic Value

Core conductor diameter 14.2 mm
Nominal cross-sectional area of core conductor 150 mm2

Thickness of XLPE insulation 5.5 mm
Diameter over insulation 26.4 mm

Diameter over copper shield 30.5 mm
Nominal cross-sectional area of shield 25 mm2

Diameter over HDPE sheath (over complete cable) 36 mm
Nominal phase-to-ground/phase-to-phase voltage 12/20 kV

DC resistance of conductor at 20 ◦C 0.206 Ω/km
Maximum operating conductor temperature +90 ◦C

The physical layout of the analyzed three-phase cable system is presented in Figure 4,
where two cases are considered in conformity with the national regulations regarding the
design and execution of the electrical cable networks [23]:

• The three phases are buried in the ground, at a depth of 0.8 m, in trefoil formation (the
spacing between the centers of any two cables is 36 mm, as dictated by the cable outer
diameter), Figure 4a;

• The three phases are buried in the ground, at a depth of 0.8 m, in flat formation with
clearance between cables of 70 mm (the spacing between the centers of the adjacent
cables is 106 mm), Figure 4b.
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In both cases, the power cables are located in a rectangular trench 0.9 m deep and
0.4 m wide, between two sand layers of 0.1 m thickness. Both ends of all cable shields are
connected to ground, as indicated in Figure 2.

For model implementation and its validation, it is assumed that the three-phase
cable system has exactly balanced currents, as follows: I1 = I ∠ –120◦, I2 = I ∠ 0◦ and
I3 = I ∠ 120◦. Computations will be performed at maximum rated current (319 A and 352 A,
respectively), assuming that the actual laying depth has no significant influence on the
maximum admissible load current, which is otherwise compensated by the reduction in
the ambient temperature and the more favorable specific thermal resistances of the ground
at bigger laying depths (according to [23], the usual laying depth range is approximately
0.7 m ÷ 1.2 m). Additionally, the surrounding ground is considered electrically homoge-
nous and non-magnetic.

3. Finite Element Model

ANSYS Maxwell 2D is a powerful software package that uses the finite element
method to solve 2D low-frequency electromagnetic problems, by specifying the appropriate
geometry, material properties and excitations for a device or system of devices [24,25].
The proposed magnetic field problem is solved using the eddy current field solver, which
allows computing steady state, time-varying (AC) magnetic fields at a given frequency,
here 50 Hz. It also computes current densities, taking into account eddy current effects in
solid conductors (including skin and proximity effects), as well as other quantities that can
be derived from the magnetic field solution. An adaptive mesh refinement technique is
used to achieve the best mesh required to meet the defined accuracy level.

The quantities that the eddy current field simulator resolves are the magnetic vector
potential (A)—related to magnetic flux density by B = ∇ × A—and the electric scalar
potential (V). A first equation used for this purpose, derived from Maxwell’s equations, is:

∇× 1
µ
(∇×A) = (σ + jωε)(−jωA−∇V), (1)

where µ is the absolute magnetic permeability, σ is the electrical conductivity, and ω = 2π f
is the angular frequency at which all quantities are oscillating and ε is the absolute electric
permittivity.

As we can see, the right side of (1) consists of a complex conductivity, σ + jωε, multi-
plied by the complex value of the electric field strength, i.e., E = −jωA−∇V. Therefore,
the result is the complex current density, J, which is the sum of three components:

• Js = −σ∇V, the source current density due to the differences in electric potential;
• Je = −jωσA, the induced eddy current density due to time-varying magnetic fields;
• Jd = jωε(−jωA−∇V), the displacement current density due to time-varying elec-

tric fields.

Since the total current (IT) flowing in any conductor that is connected to an external
source is specified when setting up the problem, a second equation used by the eddy
current module to solve for A and V is:

IT =
∫

S
JdS =

∫
S
(σ + jωε)(−jωA−∇V), (2)

which basically states that the total current in a conductor equals the integral of J over the
cross-sectional area of the conductor, S.

Because B is assumed to lie in the xy plane, A has only a component in the z direction.
Therefore, the eddy current module will solve only for Az(x,y). Additionally, E has a z com-
ponent only, which means that V is constant over the entire cross section of a conductor.
Therefore, it is not necessary to solve for V at every node.

3.1. Global FEM Model, Boundary Conditions and Solver Setup

The global FEM model of the three-phase cable system is depicted in Figure 5a, where
the computational domain is a square of side a = 20 m, sufficiently large to determine the
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behavior of the magnetic field well outside from the cable central axis. A discretized section
around the power cables is given in Figure 5b. The power cables are buried—according
to the geometrical dimensions in Figure 4a (for trefoil formation) and Figure 4b (for flat
formation)—in a ground with the electrical conductivity σ = 0.01 S/m, the relative magnetic
permeability µr = 1 and the relative electric permittivity εr = 10. The half top layer in
Figure 5a models the air. The model depth (cable length) is 1 m.
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Figure 5. The 2D FEM model for computing magnetic fields from a three-phase underground cable
system with solid bonding: (a) global geometric model; (b) discretized section around the power
cables; (c) simplified cable model; (d) coupled circuit for shield bonding.

All power cables are modeled as presented in Figure 5c, using a simplified four-layer
cable model consisting of Al core conductor (σ20 = 35.38 × 106 S/m, µr = 1 and εr = 1),
XLPE insulation (σ = 1 × 10−15 S/m, µr = 1 and εr = 2.5), Cu shield (σ20 = 58 × 106 S/m,
µr = 1 and εr = 1) and HDPE oversheath (σ = 1 × 10−14 S/m, µr = 1 and εr = 2.3). The
equivalent thickness (th) of the Cu shield layer is chosen so that it closely matches the
nominal 25 mm2 cross-sectional area of the real wire shield, while its mean radius is exactly
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the same, 14.8 mm. For cables with metallic sheets, the sheet layer in the cable model
will simply reflect the cross section of the real sheet. In simulation, the aforementioned
conductivities (at T0 = 20 ◦C) of the metallic layers will be adjusted to maximum operating
temperatures (90 ◦C for Al core conductors; approximately 80 ◦C for Cu shields), by
taking into account the following temperature coefficients (of resistivity, ρ = 1/σ) per K at
20 ◦C [26]: 4.03 × 10−3 for Al and, respectively, 3.93 × 10−3 for Cu.

Since the analyzed cable structure is assumed to be completely isolated from other
magnetic fields or sources of current, Balloon boundary conditions are assigned to all
four edges of the defined computational domain. In this case, the magnetic vector potential,
Az, goes to zero at infinity; the magnetic flux lines are neither tangential nor normal to
the Balloon boundary. At the interfaces between objects, natural boundary conditions are
automatically assigned by the eddy current module.

The values of the wire-core currents (amplitude and phase) are assigned using the
software functionality “Current Excitation”, while the shield bonding is encoded in the
model by the coupled circuit in Figure 5d, where external windings are used for controlling
the induced shield currents. This electrical circuit was defined with Maxwell Circuit
Editor. As mentioned above, only perfectly balanced currents are considered for model
implementation and further validation, but unbalanced loading conditions can also be
managed. By simulation, the effect of grounding resistance was proved to be insignificant.

A fine mesh was defined for analysis, totalizing a number of triangle elements in the
order of 1,300,000. The mesh refinement was achieved by restricting the maximum length
of the elements in all model blocks, ensuring that high-resolution magnetic field profiles are
generated over a large distance of interest with respect to the cable central axis (a number
of preliminary tests with mesh size were performed). The maximum element length in the
(very thin) shield blocks is 0.05 mm, which represents the minimum defined over the entire
domain. In the air and surrounding ground, the maximum element length is 60 mm, which
represents the maximum defined over the entire domain.

The adaptive setup was configured with a maximum number of passes of 10 and a percent
error of 0.1. The convergence was set as 30% refinement per pass, minimum number of passes
of 2 and minimum number of converged passes of 1. The adaptive frequency is 50 Hz.

3.2. Calculation of RMS Magnetic Flux Density

According to the usual evaluation procedures applied in magnetic field exposure
studies, we are mainly interested in computing lateral profiles of the RMS magnetic flux
density at various heights above the ground, particularly at the standard height of 1 m.
Such profiles of BRMS are calculated in a separate Microsoft Excel worksheet, where a
sufficiently large number of instantaneous magnetic flux density profiles (generated over a
20-ms period) are imported and then “summed” together with the formula [18,27]:

BRMS(i) =

√
1
N ∑N

n=1 B2
n(i), (3)

where B1(i), . . . , BN(i) are the instantaneous values of the magnetic flux density correspond-
ing to the point i of the profile and N stands for the total number of values (profiles). Here,
we use N = 73.

On this basis, for I = 319 A, Figure 6a shows lateral profiles of the instantaneous
magnetic flux density up to 10 m from the central axis of the three-phase power cable
in trefoil formation, at the height of 1 m above the ground, as well as the correspondent
BRMS profile (blue thick line). A 2D distribution of the instantaneous magnetic flux density
around the three-phase cable in trefoil formation (at the time t = 16.94 ms, at which the
peak magnetic flux density in Figure 6a is obtained) is presented in Figure 6b. Similarly, by
adopting I = 352 A, Figure 7a shows simulation results for the three-phase power cable in
flat formation. A 2D distribution of the instantaneous magnetic flux density around the
three-phase cable in flat formation (at the time t = 15.56 ms, at which the peak magnetic
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flux density in Figure 7a is obtained) is depicted in Figure 7b. More details on the magnetic
fields and induced shield currents from both configurations are discussed in Section 5.
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Figure 6. Example of simulation results for the three-phase power cable in trefoil formation: (a) instan-
taneous magnetic flux density profiles and calculated RMS magnetic flux density profile at the height
h = 1 m above the ground; (b) a momentary magnetic field distribution in the cross section of the power
cable (t = 16.94 ms).
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Figure 7. Example of simulation results for the three-phase power cable in flat formation: (a) instan-
taneous magnetic flux density profiles and calculated RMS magnetic flux density profile at the height
h = 1 m above the ground; (b) a momentary magnetic field distribution in the cross section of the power
cable (t = 15.56 ms).

4. Analytical Approach for FEM Model Validation

To verify the numerical results obtained with the proposed FEM model, an interactive
software tool based on the Biot–Savart law and the superposition principle has been
developed. Assuming that the power cables are straight and infinitely long, the total
magnetic flux density at any measuring point (x, y) in the vicinity of a three-phase power
cable with solid bonding can be calculated as (Figure 8):
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Bx = ∑3
i=1
−µ0

2π
(Ii + Ish_i)

[
y− yi

r2
i

]
; (4)

By = ∑3
i=1

µ0

2π
(Ii + Ish_i)

[
x− xi

r2
i

]
; (5)

B =

√
|Bx|2 +

∣∣By
∣∣2, (6)

where Ii is the phase current carried by the conductor located at (xi, yi), Ish_i is the circulating

current in the shield located at (xi, yi), ri =
√
(x− xi)

2 + (y− yi)
2 represents the distance

between the conductor/shield and the measurement point (x, y) and µ0 = 4π × 10−7 H/m
is the magnetic permeability of the free space.
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If considering the same phase sequence (I1 = I ∠ –120◦, I2 = I ∠ 0◦ and I3 = I ∠ 120◦),
it can be shown that the currents induced in the shields of the three-phase power cable in
trefoil formation (Figure 1a) have the general form [21,26]:

Ish_i = −Ii
jX

Rsh + jX
, (7)

where X = 2 × ω × 10−7 ln(s/rsh) represents the shield reactance per unit length of
cable, in Ω /m, and Rsh is the shield DC resistance per unit length of cable, in Ω/m. In the
expression of X, s is the spacing between the centers of the (adjacent) conductors, in m, and
rsh is the mean of the outer and inner radii of the shield, in m.

Similarly, for balanced phase currents, the currents induced in the shields of the three-
phase power cable in flat formation (Figure 1b) have the following expressions [21,26]:
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√
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where Q = X − Xm/3, P = X + Xm, X = 2 × ω × 10−7 ln(s/rsh) represents the
shield reactance per unit length of cable for two adjacent single-core cables, in Ω/m, and
Xm = 2 × ω × 10−7 ln 2 is the mutual reactance per unit length of cable between the
shield of an outer cable and the conductors of the other two, in Ω/m.

Finally, the shield resistance Rsh (at the shield temperature Tsh) is calculated with
the formula:

Rsh =
ρsh20
Ash

[1 + αsh20(Tsh − 20)], (11)

where ρsh20 is the electrical resistivity of the shield material at 20 ◦C, Ash is the shield
cross-sectional area and αsh20 is the temperature coefficient of resistance at 20 ◦C. In our
case, at Tsh = 80 ◦C, Rsh = 0.852 mΩ/m.

All these equations, together with a field mapping algorithm, have been implemented
into a LabVIEW program that is able to generate lateral profiles of the total RMS magnetic
flux density, B, as well as of its transversal components, Bx and By, at any user-defined
height above the ground. The program also displays the induced shield currents (RMS
value and phase). Magnetic flux density profiles generated with this simulation tool for
trefoil formation (I = 319 A) and flat formation (I = 352 A) are presented in Figure 9a,b,
respectively. Detailed comparisons to numerical results are presented in Section 5.
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Figure 9. Example of results obtained by analytical computation (the total RMS magnetic flux density
and its transversal components at the height of 1 m above the ground): (a) for the three-phase power
cable in trefoil formation; (b) for the three-phase power cable in flat formation.

5. Results and Discussions
5.1. Magnetic Fields from the Considered Trefoil and Flat Formations

Comparisons between FEM simulation results and analytical computation results
(lateral profiles of the total RMS magnetic flux density at the height of 1 m above the
ground) for the considered trefoil and flat formations are given in Figure 10a,b, respectively.
Induced shield currents calculated by both methods are given in Tables 2 and 3, respectively.
As it can be seen, the results obtained by the two methods correlate very well. The smallest
difference in the RMS magnetic flux density at the cable central axis is obtained for trefoil
formation (Figure 10a), namely 2.36 nT. For the three-phase underground power cable in
flat formation (Figure 10b), the difference in RMS magnetic flux density at the centerline
is 26.49 nT. In both cases, lower values of magnetic flux density have been obtained by
numerical simulation. Clearly, these differences are too small for any practical purposes
related to magnetic field exposure assessment, but we may assume a slightly different
evaluation of the electromagnetic interaction between models (eddy currents in shields are
neglected in the analytical model).
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Figure 10. Comparison between numerical and analytical results (RMS magnetic flux density profiles
at the height of 1 m above the ground): (a) for the three-phase power cable in trefoil formation; (b) for
the three-phase power cable in flat formation.

Table 2. Induced shield currents obtained by numerical simulation and analytical computation
(trefoil formation).

Current No.
Conductor Current Shield Current (FEM) Shield Current (Analytical)

RMS Value (A) Phase (◦) RMS Value (A) Phase (◦) RMS Value (A) Phase (◦)

1 319 –120 20.816 145.371 20.872 146.248
2 319 0 20.814 –94.625 20.872 –93.752
3 319 120 20.814 25.368 20.872 26.248

Table 3. Induced shield currents obtained by numerical simulation and analytical computation
(flat formation).

Current No.
Conductor Current Shield Current (FEM) Shield Current (Analytical)

RMS Value (A) Phase (◦) RMS Value (A) Phase (◦) RMS Value (A) Phase (◦)

1 352 –120 64.129 148.533 64.229 148.547
2 352 0 44.704 –97.308 44.757 –97.305
3 352 120 61.347 10.178 61.454 10.196

Decreasing the number of mesh elements to about 620,000 still produces very accurate
results in the RMS magnetic flux density (differences below 0.04% at the height of 1 m
above the ground, regardless the measurement point), while the computation time reduces
from about 25 min to 10 min (Intel® Core™ i7-12700H Processor, 14 CPU, 16 GB RAM,
GeForce RTX 3050 GPU). Doubling and even tripling the number of mesh elements has no
significant effect on the calculated RMS magnetic flux density profile at the height of 1 m
above the ground.

With the setting of Balloon boundary conditions, the distance from the source of mag-
netic fields (cables) to the outer boundary is not a critical issue, since different dimensions of
boundary has almost no effect on the simulation results (for instance, the simulation results
obtained by doubling the side a of the computational domain are virtually identical). If the
side a of the computational domain reduces to half, the differences in the RMS magnetic
flux density at the height of 1 m above the ground, regardless the measurement point, do
not exceed 0.06%.

Lateral profiles of the total RMS magnetic flux density at several heights above the
ground, obtained by numerical simulation only, are presented in Figure 11a,b, respectively.
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At maximum rated current (319 A), the magnetic field at the central axis of the three-phase
power cable in trefoil formation is very low compared to the ICNIRP 1998 limit for general
public (100 µT at 50 Hz) [28], ranging from 4.377 µT at the ground level (0-m height) to
0.357 µT at the height of 2 m. At the standard height of 1 m, the RMS magnetic flux density
at the centerline is 0.864 µT (115.74-fold below the ICNIRP reference level), while at the
distance of 10 m from the cable axis it falls to only 0.027% of the ICNIRP limit. Much
higher exposure levels can be observed for the three-phase power cable in flat formation
(maximum rated current of 352 A), in which case the RMS magnetic flux density above
the cable axis varies from 19.409 µT at 0-m height to 1.604 µT at the height of 2 m. Once
again, at the standard height of 1 m, the RMS magnetic flux density at the centerline is
3.876 µT (25.8-fold below the ICNIRP reference level), falling to 0.122% of the ICNIRP limit
at the distance of 10 m from the cable axis. These values should be seen as maximum
exposure levels from such common configurations of 12/20 kV three-phase underground
power cables.
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Figure 11. Magnetic flux density profiles at several heights above the ground, obtained by numerical
simulation: (a) for trefoil formation; (b) for flat formation.

To illustrate the effect of shields on the magnetic field reduction, Figure 12a,b compare
vertical profiles of the total RMS magnetic flux density at the central axis of the two analyzed
cable structures, obtained by numerical simulation, with solidly bonded and non-bonded
shields. As shown in Figure 12a, for trefoil formation, the underground cable with solidly
bonded shields produces a magnetic field that is only 0.41% lower than the magnetic field
created by the non-bonded cable. For flat cable formation (Figure 12b), the magnetic field
reduction effect is more evident, namely 1.83%. If we theoretically assume that both the
core conductors and shields operate at a temperature of 20 ◦C (hence they exhibit lower
resistivity, see Section 3), these figures increase to 0.62% and 2.76%, respectively.

As it can be observed from the results presented above, the magnetic field reduction
rate for the analyzed cable configurations is quite low. However, for other cable systems,
depending on their geometry and the cable characteristics, it may significantly increase. For
instance, if we replace the 12/20 kV NA2XS(F)2Y single-core cable used in the FEM model
with a similar one, but having a copper wire shield with the cross-sectional area of 50 mm2,
the RMS magnetic flux density at the central axis of the two three-phase power cables
will have the vertical profiles given in Figures 13a and 13b, respectively. Now, for trefoil
formation, the underground cable with solidly bonded shields generates a magnetic field
that is 1.45% lower than the magnetic field created by the non-bonded cable (Figure 13a),
while the magnetic field reduction rate for flat formation increases to 6.76% (Figure 13b).
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At a temperature of 20 ◦C for both the core conductors and shields, the magnetic field
reduction rates increase to 2.24% and 9.82%, respectively.
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Figure 12. Magnetic flux density at the central axis of the three-phase power cable with solidly
bonded shields and non-bonded shields, obtained by numerical simulation: (a) for trefoil formation;
(b) for flat formation.
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Figure 13. Magnetic flux density at the central axis of the three-phase underground power cable with
solidly bonded shields and non-bonded shields (50 mm2 copper wire shield), obtained by numerical
simulation: (a) for trefoil formation; (b) for flat formation.

Compared to FEM, the software based on standard formulas provides much faster
results, but it can only be applied to simple trefoil and flat formations of underground
power cables (under balanced loading conditions). On the other hand, FEM is much more
flexible, allowing to take into consideration different cable aspects (armoring, current
unbalance, etc.), and it can easily be extended to various types of cable arrangements. Such
an example will be presented in the following.

5.2. Magnetic Field from Two Adjacent Three-Phase Power Cables in Flat Formation

After FEM model validation, it was used to investigate the magnetic flux density
distribution and magnetic field reduction rate for an arrangement of two adjacent three-
phase power cables (with solid bonding) laid horizontally in the ground, also at the burial
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depth of 0.8 m (Figure 14). Each individual cable is modeled as presented in Figure 5c.
According to [23], the clearance between cables is 70 mm, hence the spacing between the
centers of the adjacent cables is 0.106 m. It is assumed that both circuits carry (maximum)
balanced currents of 307 ARMS (a correction factor has been applied for cable agglomeration)
and the temperatures of all core conductors and shields are 90 ◦C and 80 ◦C, respectively.
For analysis, the phases of the left-side circuit are indicated by the letters A, B and C, while
the phases of the right-side circuit are indicated by the letters A′, B′ and C′.
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Figure 14. The 2D FEM model for computing magnetic fields from an arrangement of two adjacent
three-phase power cables (with solid bonding) in flat formation.

Generally, the magnetic fields generated by two or more adjacent three-phase under-
ground power cables will interact in a complex way, depending on their relative phase
sequences and positions. Figure 15 shows the variations of RMS magnetic flux density at
the height of 1 m above the ground with the change in phase sequence of the two adjacent
three-phase power cables. The maximum RMS magnetic flux density, 6.633 µT, is obtained
when the phases of the two circuits are in the same order, respectively ABC-A′B′C′. On the
contrary, the minimum RMS magnetic flux density, 1.213 µT, is obtained when the phases
of the two circuits are in reversed order, respectively ABC-C′B′A′. This confirms what some
industry guidelines recommend for two parallel three-phase circuits. A 2D distribution of
the instantaneous magnetic flux density around the analyzed cable arrangement is given
in Figure 16.
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Figure 16. The 2D distribution of the (maximum) instantaneous magnetic flux density around the
considered power cable arrangement.

The effect of cable shields on magnetic field reduction (at the height of 1 m above
the ground) is illustrated in Table 4. The highest reduction rate, 2.16%, is obtained for the
phase sequence ABC-B′A′C′, while the minimum reduction rate, 0.20%, is obtained for the
phase sequence ABC-C′B′A′. However, in this case, as already presented in Figure 15, the
cancelation effect in the total magnetic field created by the two circuits is maximum. At the
ground level, the magnetic field reduction rate for the phase sequences ABC-B′A′C′ and
ABC-C′B′A′ increases (slightly) to 2.24% and 0.33%, respectively.
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Table 4. Magnetic field reduction rate due to the shields for the arrangement of two horizontally laid
three-phase power cables with solid bonding.

Sequence No.
Phase Sequence Magnetic Field Reduction Rate at 1 m

above the GroundLeft Circuit Right Circuit

1 ABC A′B′C′ 1.45%
2 ABC A′C′B′ 1.77%
3 ABC B′A′C′ 2.16%
4 ABC B′C′A′ 1.62%
5 ABC C′A′B′ 1.52%
6 ABC C′B′A′ 0.20%

Based on a similar analysis, numerical computations performed for an arrangement
of two adjacent three-phase power cables in trefoil formation, separated by a horizontal
clearance of 250 mm at the burial depth of 0.8 m [23], revealed maximum RMS magnetic
flux densities (at the height of 1 m above the ground) ranging from 1.502 µT, for the phase
sequence ABC-A′B′C′, to 0.517 µT, for the phase sequence ABC-B′C′A′ (optimum phasing).
The highest magnetic field reduction rate, 0.50%, is obtained for the phase sequence
ABC-B′A′C′, while the minimum magnetic field reduction rate, 0.40%, is obtained for
the phase sequences ABC-A′B′C′ and ABC-C′A′B′. The calculated current rating of the
two circuits was 284 ARMS.

As we can see, the magnetic field produced by the two arrangements (for optimum
phasing) is lower than the magnetic field associated with the simple cable formations
discussed in the previous section. For both arrangements, the highest magnetic field
reduction rate (due to induced shield currents) is not obtained for the optimum phasing.

6. Conclusions

The main achievements of this study are the development and validation of a simple
and yet effective FEM model, based on ANSYS Maxwell (2D), for computing and analyzing
low-frequency magnetic fields generated by three-phase underground cable systems with
solid bonding. Comparisons to analytical computations based on the Biot–Savart law and
the superposition principle, for both trefoil and flat formations of cables, revealed a very
good agreement between results (for instance, at the standard height of 1 m above the
ground, the differences in the RMS magnetic flux density at the central axis of the analyzed
cable formations are only 2.36 nT and 26.49 nT, respectively).

The effect of cable shields on the magnetic field reduction has also been investigated. At
maximum rated current (under balanced loading conditions), the magnetic field reduction
rate due to induced shield currents is clearly better for flat cable formation, but the remaining
magnetic field is significantly higher than for trefoil cable configuration. A similar situation
has also been observed for an arrangement of two adjacent three-phase power cables, first
laid in flat formation and then laid in trefoil formation. However, in both cases investigated
here, the highest magnetic field reduction rate (due to induced shield currents) is not obtained
for the optimum (low magnetic field) phasing of the two circuits.

The proposed FEM model can be adapted to calculate magnetic field distributions for
any cable layout, as well as for various types of cable groups, taking into account influencing
factors such as cable spacing, burial depth, phase sequence, magnetic permeability of soil.
Generally, it may be used as an accurate tool for determining the worst-case magnetic field
exposure levels produced by three-phase underground power cables close to the ground
surface and for optimizing cable layout and location to mitigate magnetic field problems.
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A B S T R A C T

The overhead transmission lines are considered one of the major sources of electric and magnetic fields, which
can induce electrical currents within the human body. In this study, the electric and magnetic fields generated by
two recent designs of 400 kV transmission lines used in the Romanian power system are computed and compared
to the exposure limits established by the International Commission on Non-Ionizing Radiation Protection for the
general public. The computations are carried out with two dedicated software tools, called PowerMag and
PowerELT, which have been developed based on a 2D quasi-static analytical approach. This approach, as well as
the electric and magnetic field distributions obtained for the considered 400 kV overhead transmission lines, will
be discussed in detail. To confirm the validity of the results, some comparisons to finite element computations
will also be presented.

1. Introduction

Over the past 35 years, extensive research has been conducted to
determine if the extremely low frequency (ELF) electric and magnetic
fields like those emitted by power lines, in-house installations and
household appliances can affect the human health. Researchers from
different scientific disciplines conducted numerous studies regarding
the potential effects of ELF fields, such as cancer in children and in
adults, reproductive effects, neurological effects, cardiovascular dis-
orders, and immunological modifications. Most notably, a weak statis-
tical association was reported between childhood leukemia and chronic
exposure to average ELF magnetic fields above 0.3–0.4 μT [1–3].

Aiming to provide protection against ELF electric and magnetic
fields, a number of national and international organizations have for-
mulated exposure guidelines. However, these guidelines are not based
on a consideration of risks related to cancer or other health problems.
Rather, the point of the guidelines is to make sure that the electric
currents induced in the human body by such fields are not stronger than
those naturally produced by the brain, nerves and heart [4].

The current consensus among various national and international
scientific organizations is that there are no known adverse health
consequences of exposure to ELF fields at the levels generally found in
residential and occupational environments, including proximity to
electric transmission and distribution facilities. Despite this fact, the

public frequently expresses concern about ELF electric and magnetic
fields, often in the context of locating new transmission lines [5–8].

In Romania, the highest voltage transmission lines operate at
400 kV, totalizing a length of 4703.7 km. The main objective of this
study is to compute the ELF electric and magnetic fields associated with
two designs of 400 kV overhead transmission lines, considered for ac-
tual developments: a 400 kV single-circuit line carried on RODELTA
type towers and a 400 kV double-circuit line carried on DONAU type
towers, respectively. These ELF fields will be compared to the exposure
limits adopted by our country for the general public.

Like many states in the European Union (EU), Romania has trans-
posed into national legislation the Council Recommendation 1999/
519/EC of 12 July 1999 on the limitation of exposure of the general
public to electromagnetic fields (0 Hz to 300 GHz), which provides re-
ference levels derived from the guidelines published by the
International Commission on Non-Ionizing Radiation Protection
(ICNIRP) in 1998 [9]. Accordingly, the reference level for public ex-
posure to 50 Hz electric fields is 5000 V/m, while the reference level for
public exposure to 50 Hz magnetic fields is 100 µT. In 2010, ICNIRP
issued less restrictive recommendations for the frequency range
1 Hz–100 kHz [10], but most EU countries, including Romania, still
comply with the previously established limits.

The rest of the paper is structured as follows: Section 2 describes the
methods adopted for the computation of the ELF electric and magnetic
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fields generated by overhead power lines, as well as the computation
(simulation) software that implements these methods; Section 3 in-
vestigates the distribution of the ELF fields around the considered
400 kV transmission lines and check the compliance with the ICNIRP
guidelines; the conclusions are drawn in Section 4.

2. Materials and methods

The ELF electric and magnetic fields originating from power lines
change very slowly in time, which means that they can be considered as
quasi-static. Hence, these fields can be computed separately. In 2D
analysis, the common practice is to assume that the power line con-
ductors are straight horizontal wires of infinite length, parallel to a flat
ground and parallel to each other. The electric field is usually computed
by finding the linear charge density (electric charge per unit length) on
the conductors [11–17], while the magnetic field is usually computed
by applying the Biot-Savart law [16–23]. Such an approach has been
adopted in our study as well.

2.1. Computation of the electric field strength

Assuming that the ground is perfectly conductive, the electric field
in the vicinity of a power line conductor located at (yi, zi) above the
ground and having a linear charge density qi can be obtained by using

the image method, as presented in Fig. 1, where = − + −D y y z z( ) ( )i i i
2 2

is the distance between the conductor and the observation point (y, z)
and ′ = − + +D y y z z( ) ( )i i i

2 2 is the distance between the image con-
ductor and the observation point (y, z). The influence of multiple
conductors will be taken into account by applying the superposition
principle.

In conformity with [14,17,24–27], the total electric field strength
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Fig. 1. Single power line conductor model for computing the electric field
strength in the yz-plane.
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Fig. 2. Single power line conductor model for computing the magnetic flux
density in the yz-plane.

Table 1
Input data for the 400 kV single-circuit transmission line using RODELTA type
towers.

yi (m) zi (m) Ui (kV) Ii (A)

A −7.5 hg 231 ∠ 0° 1000 ∠ 0°
B 0.0 hg + 11 231 ∠ −120° 1000 ∠ −120°
C 7.5 hg 231 ∠ 120° 1000 ∠ 120°
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Fig. 3. Lateral profiles of the RMS electric field strength from the considered
400 kV single-circuit line, at 1m above the ground: (a) for various ground
clearances (10m, 13m, 17m and 21m); (b) comparison to FEMM 4.2 results
(hg= 13m).
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Fig. 4. The distribution of the RMS electric field strength from the considered
400 kV single-circuit line, from the ground level up to 12m (hg=13m).
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(due to all power line conductors) can be calculated with the formula:
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where ε0= 1/(36π·109) F/m represents the electric permittivity of the
free space and n is the total number of conductors.

The charges qi on conductors are determined from the phase

voltages and Maxwell potential coefficients, using the matrix equation:

= −q p V[ ] [ ] ·[ ]1 (2)

where [q] is the column vector of the linear charge densities on each
conductor, [V] is the column vector of the potentials of the conductors
and [p]−1 is the inverted (symmetric) matrix of the Maxwell potential
coefficients. These coefficients are calculated on the basis of line geo-
metry and conductor radius, using the formulas:
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in which Ri represents the radius of the conductor i, Dij is the distance
between the conductor i and the conductor j, and D′ij is the distance
between the conductor i and the image of the conductor j.

If the line conductors are bundled (as in the case of a 400 kV
transmission line), the conductor radius R will be replaced by an
equivalent radius Req, given by [28]:

= −R R d·eq
N( 1)N (5)

where N is the number of individual conductors in bundle and d is the
separation distance between these conductors. Eq. (5) is valid for up to
three conductors per bundle.

2.2. Computation of the magnetic flux density

In 2D analysis, the ELF magnetic fields from overhead power lines
can easily be computed using the Biot-Savart law, the image method
and the superposition principle. According to [16–20,29], a simple, yet
reasonable formula for calculating the total magnetic flux density at
any observation point (y, z) in the vicinity of an overhead power line is:
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where Ii represents the phase current carried by the i-th conductor –
located at (yi, zi) with respect to the coordinate system in Fig. 2 – in the
positive x-direction, = − + −D y y z z( ) ( )i i i

2 2 is the distance from the
observation point (y, z) to the i-th conductor,

′ = − + + + −D y y z z δ j( ) ( (1 ))i i i
2 2 is the “complex distance” from the

observation point (y, z) to the i-th conductor’s image, μ0= 4π·10−7 H/
m represents the magnetic permeability of the free space, and n is the
total number of conductors.

As it can be seen in the simplified power line model in Fig. 2, the
image current for each conductor – equal in amplitude and opposite in
direction to the conductor current – is buried in the earth at the
“complex depth” + −z δ j(1 )i , where =δ ρ f503 /g represents the skin
depth of the earth, ρg is the earth resistivity and f is the frequency. Since
the earth resistivity typically ranges from 10Ωm to 1000Ωm, the image
currents are normally located at hundreds of meters below the ground.

2.3. Computation software

Based on the theoretical background presented above, two com-
puter programs have been developed to serve as tools for rapid eva-
luation of the ELF electric and magnetic fields around power line sys-
tems. Although most computer programs for calculating electric and
magnetic fields generated by overhead power lines are developed in
MATLAB, e.g. [12,23,30–33], these tools have been written in Lab-
VIEW, which is a graphical programming environment commonly used
for applications that require test, measurement and control [34–36].
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Fig. 5. Lateral profiles of the RMS magnetic flux density from the considered
400 kV single-circuit line, at 1m above the ground: (a) for various ground
clearances (10m, 13m, 17m and 21m); (b) comparison to FEMM 4.2 results
(hg= 13m).
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Fig. 6. The distribution of the RMS magnetic flux density from the considered
400 kV single-circuit line, from the ground level up to 12m (hg= 13m).
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They have been designed with highly interactive user interfaces, fea-
turing simple data entry, advanced field visualization, possibility to
export data in multiple formats, etc.

The program for computing ELF magnetic fields generated by
overhead power lines is called PowerMAG and has already been used in

[29] and [37], to investigate the magnetic field exposure from typical
110 kV and 220 kV single- and double-circuit lines of the Romanian
power system. The program for computing ELF electric fields generated
by overhead power lines is a completely new tool, called PowerELT.
These simulation tools are able to generate quite accurate lateral pro-
files (along y-axis) of the electric and magnetic fields at a specified
height above the ground, as well as to directly map the two fields in the
cross section (yz-plane) of the power line, between any two sets of user-
defined coordinates. As with other simulation programs, the knowledge
of the power line geometry, as well as of the voltage and of the current
respectively (amplitude and phase), for each line conductor, is a pre-
requisite.

Both programs have been validated extensively, in several ways.
First, they have been checked against a large number of published
calculations and measurements, for specified geometries of overhead
power lines, e.g. [13,16,19,24,38–43]. Second, they have been com-
pared to similar simulation tools, based on appropriate analytical
models, such as EMFACDC from ITU-T [44]. Third, they have been
validated by comparison to finite element computations performed
with FEMM 4.2 [45], an open source software for solving low frequency
electromagnetic problems on two-dimensional planar and axisymmetric
domains (see, for instance, [29] and Section 3). Overall, a very good
agreement has been observed.

3. Results and discussions

As already stated, for the purpose of this study, a 400 kV single-
circuit overhead transmission line with geometry imposed by RODELTA
(SnR 400150) type towers and a 400 kV double-circuit overhead
transmission line with geometry imposed by DONAU (Sn 400250) type
towers have been considered. Both lines are equipped with three
standard ACSR 300/69mm2 conductors per phase, symmetrically se-
parated by a distance of 0.4 m (the radius of an individual conductor is
12.57mm, leading to an equivalent conductor radius of 126.22mm).
The influence of the ground wire on the distribution of the electric and
magnetic fields is neglected and the lines are considered exactly ba-
lanced, which means that the phase voltages and currents have equal
amplitudes and 120° phase shift with respect to each other (in practice,
the overhead transmission lines operate with the phases very nearly
balanced). In addition, the two circuits of the 400 kV double-circuit line
are assumed to carry perfectly balanced currents, but this is rare in
reality.

The computation results will be presented in terms of lateral profiles
of electric and magnetic field at the height of 1m above the ground (as
normally used for human exposure assessments), as well as of cross-
section distributions of electric and magnetic field, from the ground
level up to 1m below the lowest conductors (better illustrate the field
behavior around the transmission lines). In both representations, a
lateral distance of 100m from the centerline will be considered.

3.1. The ELF electric and magnetic fields from the 400 kV single-circuit
transmission line (RODELTA)

The input data for the 400 kV single-circuit transmission line – in-
cluding the geometrical parameters, as well as the phase voltages and
currents (RMS value and phase) – are given in Table 1. Since both the
electric and magnetic fields depend on the clearance of the line, hg, this
parameter will be taken into account by specifying four ground clear-
ances, namely hg=10m, hg=13m, hg=17m and hg=21m. Note
that “the maximum electric/magnetic field under the line” will refer to
the largest field for the specified clearance, which is not necessarily on
the route centerline; it is often under one of the conductor bundles.

3.1.1. The distribution of the electric field strength
Fig. 3a shows the lateral profiles of the total RMS electric field

strength for all the aforementioned clearances, computed at the

Table 2
Magnetic flux densities at 1 m above the ground for different loading condi-
tions, hg= 13m.

I (A) B (μT), at distance from the centerline

Maximum under line 15m 37.5 m 50m 100m

100 1.34 0.81 0.21 0.13 0.033
350 4.68 2.83 0.75 0.44 0.12
500 6.69 4.04 1.07 0.63 0.17
700 9.37 5.66 1.50 0.89 0.23

Table 3
Input data for the 400 kV double-circuit transmission line using DONAU type
towers.

yi (m) zi (m) Ui (kV) Ii (A)

A −12.625 hg 231 ∠ 0° 1000 ∠ 0°
B −5.625 hg 231 ∠ −120° 1000 ∠ −120°
C −9.125 hg + 10.5 231 ∠ 120° 1000 ∠ 120°
A′ 12.625 hg 231 ∠ 0° 1000 ∠ 0°
B′ 5.625 hg 231 ∠ −120° 1000 ∠ −120°
C′ 9.125 hg + 10.5 231 ∠ 120° 1000 ∠ 120°

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

-100 -80 -60 -40 -20 0 20 40 60 80 100

El
ec

tr
ic

 fi
el

d 
st

re
ng

th
, E

 (V
/m

)

Lateral distance, y (m)

h = 10 m h = 13 m h = 17 m h = 21 m

a) 

0

1000

2000

3000

4000

5000

6000

-100 -80 -60 -40 -20 0 20 40 60 80 100

El
ec

tr
ic

 fi
el

d 
st

re
ng

th
, E

 (V
/m

)

Lateral distance, y (m)

FEMM 4.2 PowerELT

b) 
Fig. 7. Lateral profiles of the RMS electric field strength from the considered
400 kV double-circuit line, at 1 m above the ground: (a) for various ground
clearances (10m, 13m, 17m and 21m); (b) comparison to FEMM 4.2 results
(hg= 13m).
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standard height of 1m above the ground. For hg=10m, a low clear-
ance, the maximum electric field strength under the line is 7128.4 V/m,
which is 1.43 times higher than the ICNIRP reference level for the
general public, 5000 V/m. At 37.5m distance from the centerline,
which represents the semi-width of the safety/protection zone for
400 kV overhead transmission lines (according to the national regula-
tions) [46], the electric field strength decreases to 535.8 V/m, re-
presenting 10.72% of the ICNIRP exposure limit. For hg=13m, an
intermediate clearance, the maximum electric field strength under the
line is 4655.4 V/m (93.11% of the limit), while at 37.5 m distance from
the centerline the field strength decreases to 567.0 V/m (11.34% of the
limit). At the tower (hg=21m), the maximum electric field strength
under the line is 2032.1 V/m (40.64% of the exposure limit).

The dotted profile in Fig. 3b (hg=13m) is included for comparison
purposes only; it is generated with the FEMM 4.2 model proposed by
the authors in [47], as a “current flow” (quasi-electrostatic) problem,
where the transmission line is placed in the air, above a ground having
zero electric potential. The RMS value of the electric field strength at
each point of the lateral profile is calculated from 40 instantaneous
values evenly distributed over a period of 20ms, which have been
obtained by (successively) imposing adequate instantaneous voltages
on the power line conductors. As it can easily be seen from the graph,
the two profiles of electric field are in very good agreement.

Fig. 4 shows the distribution of the electric field strength from the
ground level up to 12m, for hg= 13m. Near the ground, the highest
(unperturbed) field levels occur at approximately 9m from the cen-
terline, where a 1.8m-tall person could be exposed to electric field
strengths as high as 4764.1 V/m (at the ground level, E= 4606.4 V/m).
Starting from around 35m from the centerline, no significant differ-
ences can be observed between the electric field values calculated at
different heights. At 100m distance from the centerline, the electric
field strength is approximately 83 V/m, accounting for only 1.66% of
the ICNIRP limit for the general public.

3.1.2. The distribution of the magnetic flux density
Generally, the magnetic field from a power line varies widely with

time because the current in the conductors depends on the power
consumption. Most of the magnetic field computations performed in
this study assume a line current of 1000 A, which is rather large.
However, since the magnetic flux density is directly proportional to the
current in the conductors, the field levels can easily be scaled down for
more typical loads.

The lateral profiles of the total RMS magnetic flux density at the
height of 1m above the ground are shown in Fig. 5a. For hg=10m, the
maximum magnetic flux density under the line is 19.18 μT, which is
5.21 times below the ICNIRP reference level for the general public,

100 μT. At 37.5 m distance from the centerline (at the limit of the
safety/protection zone), the magnetic flux density decreases to 2.26 μT,
representing 2.26% of the ICNIRP limit. For hg=13m, the maximum
magnetic flux density under the line is 13.39 μT (13.39% of the limit),
while at 37.5m distance from the centerline the magnetic flux density
decreases to 2.14 μT (2.14% of the limit). At the tower (hg=21m), the
maximum magnetic flux density under the line is 6.15 μT (6.15% of the
exposure limit). The distance at which B=0.4 μT (cutoff value used in
many epidemiological studies) varies only slightly with respect to hg,
from 91.6m (hg=10m) to 89.50m (hg=21m).

Fig. 5b compares the lateral profiles of the magnetic flux density
(hg=13m) obtained with the PowerMAG software and the FEMM 4.2
time-harmonic magnetic model proposed by the authors in [28], in
which the transmission line is placed in the air, above a real ground
having the conductivity σg=1/ρg=0.02 S/m and the relative mag-
netic permeability μr=1. This time, the RMS values of the magnetic
flux density along the defined contour are simply calculated by dividing
the peak values reported in time-harmonic regime by √2. As it can be
seen from the graph, the two profiles of magnetic field are also in very
good agreement.

Fig. 6 shows the distribution of the magnetic flux density from the
ground level up to 12m, for hg=13m. At the centerline, for heights
ranging from 0m to 1.8 m above the ground, the magnetic flux density
varies between 11.97 μT and 14.68 μT, respectively. Starting from
around 55m from the centerline, no significant differences can be ob-
served between the magnetic flux density values calculated at different
heights. At 100m from the centerline, the magnetic flux density is
approximately 0.34 μT, accounting for only 0.34% of the ICNIRP limit
for the general public.

In addition to the results presented above, Table 2 gives the mag-
netic flux densities computed for several lower currents, at various
distances from the centerline (hg=13m). If considering a normal
loading of 350 A–400 A, it can be concluded that the typical levels of
the magnetic field under the 400 kV single-circuit line, at 1 m above the
ground, are in the order of 5 μT.

3.2. The ELF electric and magnetic fields from the 400 kV double-circuit
transmission line (DONAU)

The input data for the 400 kV double-circuit transmission line are
given in Table 3. The electric and magnetic field computations are
performed under the same conditions as for the single-circuit line.

3.2.1. The distribution of the electric field strength
The lateral profiles of the RMS electric field strength from the

double-circuit line are shown in Fig. 7a. The maximum electric field
strength under the line exceeds the ICNIRP limit for both hg=10m
(Emax= 8053.3 V/m, 1.61 times higher than the limit) and hg=13m
(Emax= 5679.1 V/m, 1.14 times higher than the limit); outside the
safety/protection zone, the electric field strength accounts for less than
785.3 V/m (15.71% of the limit) and 704.3 V/m (14.09% of the limit),
respectively. At the tower (hg=21m), the maximum field strength
under the double-circuit line is 2547.5 V/m (50.95% of the limit).

As with the single-circuit line, Fig. 7b compares the lateral profiles
of the electric field strength generated with PowerELT and FEMM 4.2,
for the same ground clearance (hg=13m). Also this time, a very good
agreement between results can be observed.

The distribution of the electric field strength in the cross-section of
the 400 kV double-circuit line is presented in Fig. 8 (hg=13m). At the
centerline, for heights ranging from 0m to 1.8m above the ground, the
electric field strength varies between 5648.5 V/m and 5747.3 V/m,
respectively. Starting from around 50m from the centerline, the dif-
ferences between the electric field values calculated at various heights
may be considered negligible. At 100m from the centerline, the electric
field strength is approximately 161 V/m (3.22% of the ICNIRP limit),
double the value obtained for the single-circuit line.

55860.6

28010.0

159.39

Fig. 8. The distribution of the electric field strength from the considered 400 kV
double-circuit line, from the ground level up to 12m (hg=13m).
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3.2.2. The distribution of the magnetic flux density
The lateral profiles of the RMS magnetic flux density from the

double-circuit line are shown in Fig. 9a (I=1000 A). For hg=10m, the
maximum magnetic flux density under the line is 17.80 μT (5.62 times
below the ICNIRP reference level), slightly lower than for the single-
circuit line. At the limit of the safety/protection zone (37.5 m distance
from the centerline), the magnetic flux density is 3.02 μT (3.02% of the
ICNIRP limit), slightly higher than for the single-circuit line. For
hg=13m, the maximum magnetic flux density under the line is
11.92 μT (11.92% of the limit), while at 37.5 m distance from the
centerline the magnetic flux density decreases to 2.79 μT (2.79% of the
limit). At the tower (hg=21m), the maximum magnetic flux density
under the line is 5.70 μT (5.70% of the exposure limit). The distance at

which B=0.4 μT varies from 102.8 m (for hg=10m) to 100.5 m (for
hg=21m).

Similarly, Fig. 9b compares the lateral profiles of the magnetic flux
density obtained with PowerMAG and FEMM 4.2, for the ground
clearance hg=13m. A very good agreement between results can also
be observed.

The distribution of the magnetic flux density in the cross-section of
the 400 kV double-circuit line is presented in Fig. 10 (hg=13m). At a
distance of 5.8 m from the centerline, a 1.8 m-tall person could be ex-
posed to magnetic fields as high as 13.13 μT (at the ground level,
B=10.62 μT). Starting from around 65m from the centerline, the
differences between the magnetic flux density values calculated at
various heights may be considered negligible. At 100m from the
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Fig. 9. Lateral profiles of the RMS magnetic flux density from the considered 400 kV double-circuit line, at 1 m above the ground: (a) for various ground clearances
(10m, 13m, 17m and 21m); (b) comparison to FEMM 4.2 results (hg= 13m).
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centerline, the magnetic flux density is approximately 0.42 μT, ac-
counting for only 0.42% of the ICNIRP limit for the general public.

Table 4 gives magnetic flux densities computed for currents lower
than 1000 A (hg=13m). As already observed, for the same current, the
magnetic field levels under the 400 kV double-circuit line are lower
than those under the single-circuit line (the magnetic field generated by
the single-circuit line falls below the magnetic field generated by the
double-circuit line at a distance of about 9m from the centerline). If
considering a normal loading of 350 A–400 A, the typical levels of the
magnetic field under the 400 kV double-circuit line, at 1 m above the
ground, are in the order of 4.5 μT.

4. Conclusions

The paper has been focused on the computation and analysis of the
ELF electric and magnetic fields associated with two recent designs of
400 kV overhead transmission lines – single-circuit and double-circuit,
respectively – used in Romania. The computations have been carried
out with two original programs based on a 2D quasi-static analytical
approach and have been rigorously verified by numerical modeling
based on the finite element method. According to these computations,
the electric field strength at 1m above the ground exceeds the ICNIRP
limit for the general public under both transmission lines, with the
highest value, 8053.3 V/m (1.61 times higher than the limit), being
registered under the 400 kV double-circuit line. On the contrary, the
highest magnetic flux density is registered under the 400 kV single-
circuit line, 19.18 μT (for phase currents of 1000 A), but this value is
more than 5 times below the ICNIRP limit for the general public.
Outside the safety/protection zone (37.5 m from the centerline), the
electric and magnetic fields originating from the double-circuit line are
slightly higher than those generated by the single-circuit line, not ex-
ceeding 785.3 V/m (15.71% of the limit) and 3.02 μT (3.02% of the
limit), respectively. The calculated ELF fields are similar to those re-
ported for other types of 400 kV transmission lines.
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500 5.96 4.75 1.40 0.82 0.21
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Abstract 
 
The radiofrequency (RF) electromagnetic fields represent one of the most common and fast growing environmental influences, 
raising concerns about possible effects on human health. The fact that there is a continuous change and an emergence of RF 
communication technologies on the market also leads to a change of daily RF exposure levels for the general public. In such a 
context, the main objective of our study is to assess the RF exposure originating from the emerging Worldwide Interoperability 
for Microwave Access (WiMAX) technology, which was only rarely investigated. By adopting a frequency-selective technique, 
in-situ far-field measurements were conducted at 41 locations in the urban environment of the Iasi city, Romania, and its rural 
neighborhood, focusing on the coverage area of several WiMAX base stations operating in the licensed 3.5 GHz and 3.7 GHz 
frequency bands. The WiMAX downlink signals measured at each location were recorded, extrapolated to maximum data traffic 
and compared to the reference level specified by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) 
for the general public. The highest electric field level was found to be 0.201 V/m (corresponding to only 0.33% of the ICNIRP 
exposure limit), while 86.9% of the individual measurements were below 0.1% of the limit. As for the total WiMAX exposure, it 
varied from 0.008 V/m (0.012% of the limit) to 0.201 V/m (0.33% of the limit), with a median value of 0.059 V/m (0.096% of 
the limit). No significant differences were observed between the results taken at urban and rural locations. 
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1. Introduction 
 
WiMAX, acronym for Worldwide 

Interoperability for Microwave Access, is a wireless 
communication technology based on the IEEE 
802.16 standard family. It is designed to provide 
high-speed 4G mobile broadband services, while 
replacing broadband cable networks like DSL 
(Digital Subscriber Line). WiMAX is currently 
embedded in hundreds of devices including PC cards, 
USB dongles, MiFi routers, laptops and cellular 
phones, being available to more than 1 billion people 
in about 150 countries (Morley and Parker, 2014). 

To meet the requirements of different types of 
access, two versions of WiMAX were defined: 
similar to Wi-Fi, Fixed WiMAX (IEEE 802.16d-

2004) is able to provide Internet access to fixed 
locations, but the coverage is significantly larger, up 
to 50 km; Mobile WiMAX (IEEE 802.16e-2005) is 
designed to support portability and mobility, 
covering a distance from 5 to 15 km (Hamodi et al., 
2013; Meinel and Sack, 2012). There is no uniform 
global licensed spectrum for WiMAX, but most 
deployments focus on the 2.3 GHz, 2.5 GHz and 3.5 
GHz frequency bands (ICNIRP, 2008; Rohde & 
Schwarz, 2015). A typical WiMAX base station 
transmits at power levels of approximately +43 dBm 
(20 W), while the user equipment transmits at 
approximately +23 dBm (200 mW) (Poulin, 2008; 
Sanders et al., 2012). 

In the context of public exposure to RF 
electromagnetic fields generated by WiMAX 
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systems, only a small number of studies were 
conducted or reported. For instance, by using a 
frequency-selective measurement method, 
Bornkessel et al. (2009a, 2009b) assessed the RF 
exposure from several WiMAX base stations 
operating in the licensed 3.5 GHz and the license-free 
5 GHz frequency bands, in Germany, and compared 
the measured levels to those generated by UMTS 
(Universal Mobile Telecommunications System) 
base stations on the same roof or in near vicinity. 
Similarly, Joseph et al. (2012) performed narrowband 
measurements of the RF electromagnetic fields from 
base stations of emerging wireless technologies, 
including WiMAX (if present), at 311 locations 
spread over 35 areas, in three European countries 
(Belgium, The Netherlands and Sweden). A different 
approach was adopted by Barbiroli et al. (2009), who 
analyzed the impact of WiMAX installations by 
means of simulation tools, in conformity with the 
information given by Italian operators. Another study 
was conducted by Singh (2012), who performed 
calculations of effective isotropic radiated power 
(EIRP) to determine compliance distances for various 
types of base stations, also including WiMAX, at a 
typical site for wireless communications in Bharat 
Nagar, Ludhiana, India.  

According to all these studies, the emissions 
caused by WiMAX are well bellow the ICNIRP 
guidelines (ICNIRP, 1998), and generally lower than 
the emissions associated with other concurrent 
technologies, such as GSM (Global System for 
Mobile Communications) and UMTS. However, as 
very limited information is available on the public 
exposure to WiMAX transmitters, further research is 
necessary for a better knowledge of the typical RF 
exposure levels associated with this emerging 
technology. 

At present, in Romania, three nationwide 
WiMAX networks operate in the licensed 3.5 GHz 
(3410 MHz – 3600 MHz) and 3.7 GHz (3600 MHz – 
3800 MHz) frequency bands. One of them – the 
largest Mobile WiMAX network in Europe, at its 
launch in 2011 (Airspan, 2011) – is serving to 
connect government, public safety, border patrol and 
administrative offices across the country, while the 
other two – a Fixed WiMAX network operated by 
Radiocom, whose first part was officially launched in 
November 2010 (TeleGeography, 2010), and a 
Mobile WiMAX network operated by 2K Telecom, 
since March 2011 (2K Telecom, 2011) – are 
commercial, providing broadband services to 
business, public and residential customers. Thus, the 
main objective of our study was to investigate the RF 
exposure levels originating from these networks, by 
conducting an electric field (E-field) survey in the 
vicinity of several WiMAX base stations installed in 
the urban environment of the Iasi city and its rural 
neighborhood.  

In order to achieve this goal, special attention 
was first paid to establish a frequency-selective 
technique – based on a handheld RF spectrum 
analyzer in conjunction with a calibrated log-periodic 

antenna – able to perform reliable in-situ 
measurements of the present WiMAX downlink 
signals. The survey itself was conducted during June 
2015, over 41 locations (24 urban and 17 rural), 
where public has frequent access. All measured E-
field levels were recorded, extrapolated to maximum 
data traffic and compared to the reference levels 
recommended by ICNIRP for the general public 
(ICNIRP, 1998), which are identical to the exposure 
limits adopted by Romania (GO, 2006). 

Further, the paper is organized as follows: 
Section 2 describes in detail the measurement 
methodology for WiMAX exposure; Section 3 
investigates the distribution of the measured RF 
exposure levels and check compliance with the 
ICNIRP guidelines; the conclusions are drawn in 
Section 4. 

 
2. Measurement methodology 

 
The WiMAX transmissions mainly involve 

the OFDM (Orthogonal Frequency Division 
Multiplexing) modulation scheme, which divides the 
occupied bandwidth into a large number of closely 
spaced subcarriers and transmits data in parallel 
streams. Currently, Fixed WiMAX has channel 
bandwidths of 3.5 MHz, 5 MHz, 7 MHz and 10 
MHz, and supports both TDD (Time Division 
Duplexing) and FDD (Frequency Division 
Duplexing) transmission modes. Mobile WiMAX has 
channel bandwidths of 5 MHz, 7 MHz, 8.75 MHz 
and 10 MHz, and supports only TDD. Note that in 
FDD systems the uplink and the downlink 
transmissions occur simultaneously, on separate 
frequency channels, while in TDD systems the uplink 
and the downlink transmissions share the same 
frequency channel, but are scheduled in different 
time slots (Keysight Technologies, 2014; National 
Instruments, 2015). 

All WiMAX networks operating in our 
country use TDD. During the survey period, a total 
number of 7 Mobile WiMAX (IEEE 802.16e-2005) 
channels were present at the considered locations. 
The bandwidth of four channels was 10 MHz, while 
the bandwidth of the other three was 5 MHz. For 
each signal, the duration of a TDD frame was 5 ms, a 
widely accepted value. 

To perform in-situ measurements of these 
WiMAX signals, we adopted a frequency-domain 
technique based on a portable SPECTRAN HF-
60105 V4 spectrum analyzer (1 MHz – 9.4 GHz, typ. 
accuracy ±1 dB) in conjunction with a wideband 
HyperLOG 60100 antenna (680 MHz – 10 GHz), 
both from Aaronia (Fig. 1a). In addition to a great 
mobility and a high sensitivity, this setup has also the 
advantage that the spectrum analyzer (SA) can 
directly display the electric field strength, E, in units 
of V/m.  

The frequency-dependent antenna factor and 
losses in the connecting cable, which normally must 
be added to the voltage reading of the SA in order to 
obtain the E-field level (David et al., 2009; Lunca et 
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al., 2013), are already stored in the instrument, so this 
operation is automatically performed. 

 

 
 

(a) 
 

 
 

(b) 
 

Fig. 1. Measurement approach used for WiMAX exposure: 
a) instrumentation; b) example of measurement in the 

vicinity of a base station in the urban area 
 

The optimum SA’s settings used for assessing 
the WiMAX exposure were derived as follows: RMS 
(Root Mean Square) detector, as the OFDM 
modulated signals from WiMAX base stations 
feature a high peak-to-average ratio, approximately 
10 dB; resolution bandwidth RBW = 5 MHz, the 
maximum usable RBW with respect to the determined 
channel bandwidths; video bandwidth VBW = 50 
MHz (FULL), at least three times higher the RBW 
(Lunca et al., 2012); sample time SpTime = 5 ms, 
equal to the duration of a TDD frame (leading to a 
sweep time of about 250 ms, as the SA’s display has 
51 horizontal pixels); frequency span of 30 MHz, 
with the center frequency of the SA equal to the 
center frequency (CF) of the WiMAX signal, 
previously determined by closely investigating all 
available channels. 

At each location, the measurement approach 
was to record the maximum E-field strength for 

every present signal, not only from the designated 
WiMAX transmitter, in order to calculate a worst-
case exposure level. Thus, measurements were taken 
with the spectrum analyzer operating in Maximum 
Hold mode and smoothly moving the hand-held 
antenna in all directions, while varying its 
polarization and tilt, up to about 2 m above the 
ground (Fig. 1b), until a maximum signal level was 
observed (Lunca et al., 2014). The duration of each 
measurement was at least one minute. During the 
measurements, a minimum distance of 1 m was 
maintained between any object and the antenna.  

However, as the TDD base stations do not 
transmit continuously, the E-field readings taken in 
Max Hold mode will overestimate the RF exposure 
for maximum data traffic. For this reason, all 
measurement results were extrapolated to maximum 
duty cycle, by using the equation (CCR, 2014):  
 

HoldMax  meassubframe DLcycleduty  max EttE frame ⋅=  (1) 

 
where tDL subframe is the duration of the downlink 
subframe, tframe is the duration of the full TDD frame 
and Emeas Max Hold is the RMS level measured in Max 
Hold mode.  

Generally, the ratio tDL subframe/tframe may be 
available from the network operator or it may be 
determined by inspection in the time domain. In our 
case, because no specific data were available from 
operators, we considered the maximum ratio 
observed during multiple measurements for each 
TDD channel, which was in the range of 0.56 ÷ 0.6. 
Hence, for a maximum duty cycle of 0.6, the 
extrapolation factor was 0.75. 

After data processing, the total WiMAX 
exposure at each location was evaluated with the 
formula (Lewicki and Scharoch, 2015): 
 

lim
1

2 EEE
n

i
i <= ∑

=

 (2) 

 
where Ei is the field strength due to a particular 
signal and Elim is the ICNIRP exposure limit for the 
WiMAX frequency range, i.e. 61 V/m. 
 
3. Results and discussion 

 
By using the methodology presented above, a 

total of 122 measurements were conducted – as 
already mentioned – at 41 locations, 24 urban and 17 
rural, focusing on the coverage of several WiMAX 
base stations. All measurements were taken outdoor, 
under typical far-field exposure conditions, starting 
from about 30 m away from the closest base station. 
The downlink signals found at each location were 
recorded, extrapolated to maximum data traffic and 
compared to the ICNIRP reference level for the 
general public, as illustrated in Table 1. 

An overview of the frequency range from 
3400 MHz to 3800 MHz is given in Fig. 2. The two 
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spectra, which highlight the WiMAX signals in Table 
1 at a particular location, are recorded by using the 
MCS Spectrum Analyzer Software from Aaronia, 
during a few minutes. The number of WiMAX 
downlink signals simultaneously present at a location 
varied from 1 to 6 in the urban environment and from 
1 to 3 in the rural environment. At several sites, the 
WiMAX emissions were below the sensitivity of the 
measuring equipment. 

The highest extrapolated E-field level 
observed during the entire survey was 0.201 V/m, at 
the frequency of 3445 MHz. This value, which 
represents 0.33% of the exposure limit, was 
measured in the vicinity of a WiMAX tower located 
in the rural area, at a distance of about 225 m. The 

highest E-field level recorded in the urban 
environment was 0.125 V/m, at the frequency of 
3473 MHz. This value, which represents 0.2% of the 
exposure limit, was measured in front of a WiMAX 
antenna installed on the roof of a 13-floor building, at 
a distance of about 180 m. Other measurements 
performed closer to these transmitters revealed lower 
exposure levels, which means that the distance is not 
a determinative factor for quantifying the RF 
exposure in the immediate vicinity of WiMAX 
antennas, but rather the orientation to the main beam 
and site conditions (the buildings, trees and other 
structures in the vicinity greatly attenuate the 
generated RF fields). 

 
Table 1. Example of measurement results for WiMAX exposure 

 
Center frequency 

(MHz) 
Emeas Max Hold (V/m) Extrapolation 

factor 
Emax traffic 

(V/m) 
ICNIRP limit 

(V/m) 
Percentage of 
ICNIRP limit 

3445 0.020 0.75 0.0150 61 0.02 
3473 0.026 0.75 0.0195 61 0.03 
3572 0.067 0.75 0.0503 61 0.08 

3697.5 0.097 0.75 0.0728 61 0.12 
Total field strength 0.0918  0.15 

 

 
(a) 

 

 
(b) 

 
Fig. 2. WiMAX emissions in the frequency range: a) from 3400 MHz to 3600 MHz; b) from 3600 MHz to 3800 MHz 
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Fig. 3 illustrates the distribution of all 
individual readings taken in the survey. The 
overwhelming majority of the measurement results 
are below 0.05 V/m (corresponding to 0.08% of the 
field strength limit), with a median value of 0.0165 
V/m (0.027% of the limit) and an average value of 
0.0302 V/m (0.05% of the limit). In percentage 
terms, 86.9% of the extrapolated E-field values are 
below 0.1% of the ICNIRP exposure limit, while 
9.84% of the individual readings fall between 0.1% 
and 0.2% of the limit. As for the power density, 
calculated as S (W/m2) = E2/Z0, where Z0 = 377 Ω 
represents the characteristic impedance of the free 
space (ICNIRP, 1998; Sandu et al., 2011), 86.9% of 
the individual results are below 0.0001% of the 
ICNIRP reference level, i.e. 10 W/m2.  

Fig. 4 compares, as percentage of the ICNIRP 
exposure limit, the total E-field levels (due to all 

WiMAX signals) and the highest E-field levels (due 
to the strongest WiMAX signal) registered at the 41 
locations. As it can easily be seen, the largest 
contribution to the total WiMAX exposure comes 
from the highest WiMAX signal present at each 
location, which usually originated from the 
designated base station. The minimum value for the 
total WiMAX exposure is 0.008 V/m or 0.012% of 
the ICNIRP limit, while the maximum value is 0.201 
V/m or 0.33% of the ICNIRP limit, corresponding to 
a single WiMAX signal. The median and average 
values for the total WiMAX exposure are 0.059 V/m 
(0.096% of the ICNIRP limit) and 0.063 V/m 
(0.103% of the ICNIRP limit) respectively. As for 
the location type, urban or rural, the medians are 
practically identical to the general value, while the 
averages are 0.060 V/m (0.098% of the limit) and 
0.068 V/m (0.112% of the limit) respectively. 
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(b) 
  

Fig. 3. Overview of the recorded data: a) maximum WiMAX exposure levels within specific sub-bands; b) percentage of 
measurements as percentage of ICNIRP field strength exposure limit 
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Fig. 4. Total and highest E-field levels registered at 41 urban and rural locations, as percentage of the ICNIRP exposure limit 
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Compared to the results of the studies cited in 
Section 2, the results reported above seem to be quite 
similar. For instance, Bornkessel et al. (2009a, 
2009b) stated that the majority of the measurement 
results extrapolated to maximum data traffic were 
below 0.02 V/m (0.03% of the exposure limit), with a 
maximum value of 0.84 V/m (1.38% of the exposure 
limit), which is 4.18 times higher than our maximum 
level, and a median value of about 0.017 V/m (0.28% 
of the exposure limit), which is very close to ours. 
Joseph et al. (2012) reported a “maximal value” for 
the WiMAX exposure of 0.28 V/m and an average 
value of 0.07 V/m. This is also close to our average 
value for the total WiMAX exposure at the 41 
locations, 0.063 V/m. 

 
4. Conclusions and further work 

 
At present, very limited information is 

available on the general public exposure to WiMAX 
base station radiation. The objective of this study was 
to establish a measurement methodology for 
WiMAX exposure, to collect measurement data and 
to assess worst-case exposure levels from a number 
of WiMAX base stations operating in Iasi, Romania. 
All measurements were taken outdoor, at 41 
locations, during June 2015. The total WiMAX 
exposure at each location was clearly dominated by 
the WiMAX emissions from the designated base 
station, ranging from 0.008 V/m (0.012% of the 
ICNIRP field strength limit) to 0.201 V/m (0.33% of 
this limit). All of the registered WiMAX exposure 
levels are therefore considerably below the ICNIRP 
guidelines and are not considered hazardous. The 
main findings of this study are consistent of those of 
other few studies carried out in some European 
countries. 

Further researches will be focused on 
investigations at more locations, as well as on the 
influence of different factors on the WiMAX 
exposure. For example, one limitation of our study 
was that most of the measurements were taken at the 
ground level, so further investigations might be 
necessary to determine if the height differences could 
significantly affect the RF exposure from WiMAX 
transmitters, especially in tall neighboring buildings. 
Another research issue will be to determine the 
contribution of WiMAX to the total RF exposure and 
to compare the WiMAX exposure levels to those 
generated by other concurrent technologies, such as 
4G LTE (Long Term Evolution). 
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Abstract 
 
The aim of this study is to carry out a theoretical investigation of the extremely low-frequency (ELF) magnetic fields produced by 
typical configurations of overhead power lines of the Romanian power grid. The computation of the magnetic flux density is 
achieved by the following two approaches: i) using an interactive LabVIEW program developed on fundamental formulas and ii) 
by numerical modeling with FEMM 4.2, a software package based on the finite-element method. Analytical results are then 
compared to numerical results and both are checked against national and international ELF exposure guidelines.  
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1. Introduction 
 
During the past three decades, there has been a 

growing concern about possible adverse health effects 
of the exposure to extremely low-frequency (ELF) 
magnetic fields, mainly arising from the transmission 
and use of electrical energy at the power frequencies 
of 50/60 Hz. Since 1979, when an epidemiological 
study reported – for the first time – an association 
between childhood leukemia and magnetic fields 
from high-current electrical wiring configurations 
(Nica et al., 2011; Wertheimer and Leeper, 1979), 
numerous studies have examined this potential link.  

In 2001, largely based on two pooled analyses 
suggesting that the chronic exposure to average ELF 
magnetic fields higher than 0.3 - 0.4 μT might double 
the risk of childhood leukemia (Ahlbom et al., 2000; 
Greenland et al., 2000), the International Agency for 
Research on Cancer (IARC) has classified the ELF 
magnetic fields as “possibly carcinogenic for 
humans”, Group 2B (IARC, 2002). This means that 
the evidence in humans is credible, but alternative 

explanations, such as chance, bias, etc., can not be 
ruled out. 

To ensure protection to electromagnetic fields 
(EMFs), a number of national and international 
organizations have formulated guidelines. Like many 
European countries, Romania has transposed into 
national legislation the Council Recommendation of 
12 July 1999 on the limitation of exposure of the 
general public to electromagnetic fields (0 Hz to 300 
GHz) and the Directive 2004/40/EC of the European 
Parliament and of the Council of 29 April 2004 on the 
minimum health and safety requirements regarding 
the exposure of workers to the risks arising from 
physical agents (electromagnetic fields).  

Both documents provide reference levels 
derived from the guidelines published by the 
International Commission on Non-Ionizing Radiation 
Protection (ICNIRP) in 1998, which – in the case of 
the power-frequency magnetic fields – are 100 μT, for 
general public exposure, and 500 μT, for occupational 
exposure (ICNIRP, 1998). In 2010, ICNIRP 
published less restrictive recommendations for the 
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frequency range 1 Hz - 100 kHz (ICNIRP, 2010), but 
the European Union, including our country, still 
follows the more conservative limits established 
previously. 

At present, since the possible health impact of 
exposure to ELF magnetic fields from power-
frequency systems remains somewhat controversial, 
the evaluation of these fields – to demonstrate 
compliance with adequate EMF exposure guidelines – 
is a very important issue (Buzdugan and Balan, 2011; 
Neacsu et al., 2012). In the following, by using two 
distinct computation methods (analytical and 
numerical), special emphasis will be placed on the 
characterization of the exposure levels generated by 
common configurations of 110 kV and 220 kV 
overhead power lines of the Romanian power grid.  

 
2. Computation methods 

 
Generally, the electric and magnetic fields 

from overhead power lines can be efficiently 
predicted with both analytical (Kaune and Zaffanella, 
1992; Olsen et al., 1995; Filippopoulos and Tsanakas, 
2005; Moro and Turri, 2008) and numerical (El-Fouly 
et al., 2005; Hameyer et al., 1995; Tupsie et al., 2010) 
methods. The computation models adopted for this 
study – one in each category – are briefly presented in 
the subsequent two sections. 

 
2.1. Analytical method 

 
The distribution of the magnetic fields from 

overhead power lines has been the subject of many 
calculation approaches, with different degrees of 
approximation. Typically, there are two simplifying 
assumptions, namely that the conductors are straight 
horizontal lines parallel to a flat conductive earth and 
parallel with each other, and that the influence of the 
transmission towers is negligible. Thus, if the currents 
in all the conductors are known, it is possible to 
calculate the magnetic flux density at any point (y, z) 
in the vicinity of the line by using the equation 
(Milutinov et al., 2009):  
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(1) 
where:  
Ii represents the r.m.s. current carried by the ith 
conductor, located at (yi, zi) with respect to the 
coordinate system in the positive x-direction (Fig. 1); 

   22
iici zzyyr    is the distance from the 

observation point (y, z) to the ith conductor; 

    22 1 jzzyyr iiii    is the complex 

distance from the observation point (y, z) to the ith 

conductor’s image, and n is the total number of 
conductors.  

Note that the image current for each 
conductor, equal in magnitude and opposite in 
direction to the conductor current is buried in the 
earth at the complex depth  jzi  1 , where 

fg /503   represents the skin depth of the 

earth, ρg is the earth resistivity and f is the frequency.  
Since the typical values of the earth resistivity 

range from 10 Ωm to 1000 Ωm, the image currents 
are normally located at hundreds of meters below the 
ground (Olsen et al., 1988). 
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Fig. 1. Cross section of a double-circuit power line 
 
To quickly compute ELF magnetic fields from 

different configurations of overhead power lines, this 
mathematical model has been incorporated into an 
interactive LabVIEW program, called PowerMAG 
(Lunca et al., 2012). As with other similar tools, the 
knowledge of the power line geometry and of the 
current (amplitude and phase) for each line conductor 
is a prerequisite. By simply specifying a computation 
height above the ground, the program can then 
generate quite accurate lateral profiles (along y-axis) 
for both the total magnetic flux density, B, and its 
transversal components, By and Bz.  

Another useful feature of the program is the 
capability to directly map the magnetic field in the 
cross section (yz-plane) of the power line, between 
any two sets of user-defined coordinates. 

 
2.2. Numerical method 

 
As already stated, the ELF magnetic fields 

from overhead power lines can also be estimated by 
using popular numerical methods, such as the finite-
element method (FEM). Thus, for confirming the 
validity of the results generated by PowerMAG, a 
number of simulations have been conducted with 
David Meeker’s FEMM 4.2, a free FEM-based 
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software package that addresses some limiting cases 
of Maxwell’s equations for solving two-dimensional, 
low-frequency electromagnetic problems.   

Fig. 2 conceptually illustrates the FEMM 
model used for these simulations. The power line – in 
this case, a 220 kV double-circuit line – is placed in 
the air, above a real earth having the conductivity σg = 
1/ρg = 0.05 S/m and the relative magnetic 
permeability μr = 1.  

The active conductors of the two circuits are 
steel-reinforced aluminum conductors with standard 
sections of 450/75 mm2, excited by sinusoidal 
currents of 50 Hz frequency. The boundary conditions 
applied here assume that the magnetic vector potential 
along the boundary is zero (A = 0). In addition, the air 
region surrounding the conductors is taken large 
enough to neglect the side effects (only a part of the 
model is shown in Fig. 2. 

 

 

 
 

Fig. 2. FEMM model for a 220 kV overhead power line: 
cross section and zoom on a conductor 

 
It should be mentioned that, in FEMM 4.2, all 

the quantities computed in time harmonic regime are 
defined in terms of peak values.  For this reason, to 
directly compare such results to those generated by 
PowerMAG, which are in terms of r.m.s. values, 
additional processing has been carried out in MS 
Excel. Only the 2D distributions of magnetic flux 
density will be presented in the form generated with 
FEMM 4.2.  
 

3. Results and discussion 
 
All the computations performed in this study 

assume configurations of 110 kV and 220 kV double-
circuit lines (DCLs), similar to that in Fig. 1. The 
influence of the grounding wire on the distribution of 
the magnetic field is neglected and the currents within 
each circuit are considered exactly balanced, which 
means that they have equal amplitudes and 120º-
phase shift with respect to each other (in practice, the 
overhead transmission lines operate with the phases 
very nearly balanced).  

In addition, the two circuits are assumed to 
carry perfectly balanced currents, but this is rarely 
found in reality. However, because the importance of 
the balance of current between the two circuits 
depends on the relative phasing of the line, both 
“untransposed” (U) and “transposed” (T) phasing are 
considered. With transposed phasing, the magnetic 
fields from the two circuits will partially cancel each 
other and, if the currents are equal, the cancellation 
will be good, resulting in a reduction of the magnetic 
field, especially at larger distances. With 
untransposed phasing, the magnetic fields from the 
two circuits will reinforce each other and it doesn’t 
matter too much if the currents are equal or not 
(EMFs.info, 2013). 

 
3.1. ELF magnetic fields from 110 kV power lines 

 
In order to investigate the exposure levels from 

typical configurations of 110 kV overhead power 
lines, we have selected a DCL geometry dictated by 
suspension towers of Sn 110.252 type. According to 
the coordinate system in Fig. 1, the horizontal 
separation distances between conductors are 6.1 m, 
for both the upper and lower conductors, and 10 m, 
for the middle conductors, whereas the vertical 
separation distances are 4.6 m, between the lower and 
middle conductors, and 5.7 m, between the middle 
and upper conductors, respectively. With this phase 
arrangement, the associated ELF magnetic fields have 
been computed for two distinct ground clearances: 8 
m and 15.2 m, respectively. 

Table 1 summarizes computation results 
obtained at the height of 1 m above the ground, for 
different loading conditions, by using the PowerMAG 
software. For 8 m ground clearance (275 A loading, U 
phasing), the maximum magnetic flux density under 
line does not exceed 6.33 μT, which is approximately 
16 times lower than the ICNIRP exposure limit.  

At 18.5 m distance from the centerline, which 
represents the semi-width of the safety / protection 
zone for 110 kV simple- and double-circuit lines 
(NTE 003/04/00, 2004), the magnetic flux density 
decreases to 2.05 μT, accounting for less than 2.1 % 
from the ICNIRP exposure limit. In Table 1, the 
“maximum magnetic field under line” represents the 
largest field computed for the considered parameters, 
but it is not necessarily on the route centerline. 
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Table 1. Computed magnetic flux densities from the considered 110 kV double-circuit line 

 
Magnetic field, B (µT), 

at distance from centerline Line 
(kV) 

Load 
(A) 

Clearance 
(m) 

Phasing 
(U/T) maximum  

under line 
10 m 18.5 m 25 m 50 m 100 m 

U 2.3007 1.5190 0.7454 0.4683 0.1354 0.0352 
8 

T 1.5930 0.6935 0.2420 0.1230 0.0206 0.0033 
U 0.9536 0.7625 0.5040 0.3603 0.1246 0.0344 

100 
15.2 

T 0.3659 0.2517 0.1338 0.0815 0.0178 0.0031 
U 4.0262 2.6583 1.3045 0.8195 0.2370 0.0617 

8 
T 2.7879 0.8263 0.4236 0.2153 0.0362 0.0058 
U 1.6688 1.3344 0.8820 0.6305 0.2181 0.0605 

175 
15.2 

T 0.6403 0.4406 0.2342 0.1427 0.0311 0.0055 
U 6.3269 4.1774 2.0500 1.2879 0.3725 0.0969 

8 
T 4.3810 1.9071 0.6657 0.3383 0.0569 0.0091 
U 2.6225 2.0969 1.3861 0.9908 0.3428 0.0948 

2x110 

275 
15.2 

T 1.0062 0.6924 0.3680 0.2243 0.0489 0.0087 
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Fig. 3. Lateral profiles of the magnetic flux density from the considered 110 kV double-circuit line:  

(a) untransposed phasing; (b) transposed phasing 
 

 
 

(a) 

 

 
 

(b) 
Fig. 4. Distributions of the magnetic flux density from the considered 110 kV double-circuit line, computed with FEMM 4.2:  

(a) untransposed phasing; (b) transposed phasing 
 

Fig. 3 compares lateral profiles of the 
magnetic flux density from the considered 110 kV 
DCL (generated with the two methods, at the height 
of 1 m above the ground), revealing a very good 
result agreement. The FEMM model adopted here is 
the same as in Fig. 2, with the mention that the active 
conductors of the two circuits are assumed to be steel-
reinforced aluminum conductors with standard 
sections of 185/32 mm2.  

Profiles are computed for both transposed and 
untransposed phasing, by considering 175 A loading 
and 8 m ground clearance. The distribution of the 
magnetic flux density around the line – obtained with 
FEMM 4.2 – is shown in Fig. 4. At 1 m below the 
lowest conductor, the magnetic field for untransposed 
phasing is approximately 30 μT, whereas the 
magnetic field for transposed phasing goes higher, to 
approximately 32 μT (very similar results have also 
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been obtained with PowerMAG). However, as can 
easily be seen from both Fig. 3 and Fig. 4, the ELF 
magnetic fields for transposed phasing fall more 
rapidly with distance, producing significantly lower 
exposure at large distances from the line.  

Note that, in Fig. 4, the two distributions of 
magnetic flux density are given for the same region, 
namely 20 m lateral distance from the DCL centerline 
and 30 m height above the ground level (the bottom 
line). 

 
3.2. ELF magnetic fields from 220 kV power lines 

 
Similarly, to investigate the exposure levels 

from typical configurations of 220 kV overhead 
power lines, we have selected a DCL geometry 
dictated by suspension towers of Sn 220.202 type. In 
this case, the horizontal separation distances between 
conductors are 10 m, for both the upper and lower 
conductors, and 16 m, for the middle conductors, 
whereas, in vertical plane, all the phases are separated 
by 6.5 m. With this phase arrangement, the associated 
ELF magnetic fields have also been computed for two 
distinct ground clearances: 10 m and 19.2 m, 
respectively. 

Computation results obtained with the 
PowerMAG software are presented in Table 2. For 10 
m ground clearance (500 A loading, U phasing), the 
maximum magnetic flux density under line does not 
exceed 7.99 μT, which is approximately 12.5 times 
lower than the ICNIRP exposure limit. At 27.5 m 
distance from the centerline, which represents the 
semi-width of the safety / protection zone for 220 kV 
simple- and double-circuit lines (NTE 003/04/00, 
2004), the magnetic flux density decreases to 2.37 μT,  
accounting for less than 2.4 % from the ICNIRP 
exposure limit. However, as with the 110 kV power 
lines, the typical exposure levels are below the 
aforementioned values, because the ground clearances 
are usually higher and the loads are usually lower. 

Lateral profiles of the magnetic flux density 
from the considered 220 kV DCL (generated with 
FEMM 4.2 and PowerMAG) are comparatively 
presented in Fig. 5. These computations are also 
performed at the height of 1 m above the ground, for 
both transposed and untransposed phasing, by 
considering 250 A loading and 10 m ground 
clearance. Once again, a very good result agreement 
can be observed. 

 
 

Table 2. Computed magnetic flux densities from the considered 220 kV double-circuit line 
 

Magnetic field, B (µT), 
at distance from centerline Line 

(kV) 
Load 
(A) 

Clearance 
(m) 

Phasing 
(U/T) maximum  

under line 
10 m 25 m 27.5 m 50 m 100 m 

U 1.5963 1.4080 0.5485 0.4735 0.1675 0.0442 
10 

T 1.3961 0.9026 0.2203 0.1780 0.0388 0.0053 
U 0.7107 0.6329 0.3738 0.3378 0.1469 0.0426 

100 
19.2 

T 0.3613 0.2913 0.1283 0.1102 0.0320 0.0050 
U 3.9907 3.5201 1.3713 1.1839 0.4188 0.1105 

10 
T 3.4902 2.2566 0.5508 0.4451 0.0971 0.0134 
U 1.7768 1.5823 0.9346 0.8445 0.3674 0.1066 

250 
19.2 

T 0.9034 0.7284 0.3207 0.2757 0.0802 0.0127 
U 7.9815 7.0402 2.7427 2.3679 0.8377 0.2211 

10 
T 6.9805 4.5133 1.1016 0.8903 0.1942 0.0268 
U 3.5537 3.1647 1.8692 1.6890 0.7349 0.2133 

2x220 

500 
19.2 

T 1.8068 1.4569 0.6414 0.5514 0.1604 0.0254 
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(b) 

Fig. 5. Lateral profiles of the magnetic flux density from the considered 220 kV double-circuit line:  
(a) untransposed phasing; (b) transposed phasing 
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The distribution of the magnetic flux density 

around the line – obtained with FEMM 4.2 – is 
shown in Fig. 6. At 1 m below the lowest conductor, 
the magnetic field for untransposed phasing is 
approximately 45.5 μT, whereas the magnetic field 
for transposed phasing is approximately 47.3 μT (the 
values computed with PowerMAG are 44.2 μT and 
46.9 μT, respectively). And this time, as can be seen 
from both Fig. 5 and Fig. 6, the ELF magnetic fields 
for transposed phasing fall more rapidly with 
distance. In Fig. 6, the two distributions of magnetic 
flux density are given for 30 m lateral distance from 
the DCL centerline and 35 m height above the 
ground level.  

 

(a) 
 

 

(b) 
 

Fig. 6. Distributions of the magnetic flux density from the 
considered 220 kV double-circuit line, computed with 
FEMM 4.2: (a) untransposed phasing; (b) transposed 

phasing 
 

4. Conclusion and future work 
 

According to the computations carried out in 
this study, it can be concluded that the levels of 
general public exposure to ELF magnetic fields from 
common configurations of 110 kV and 220 kV 
overhead power lines of the national power grid are 
well bellow the limits recommended by ICNIRP.  

The results obtained with analytical and 
numerical methods – for different exposure scenarios 
– are in very good agreement. Future work will be 
focused on extending this theoretical investigation to 
other configurations of overhead power lines, also 
including 400 kV transmission lines, as well as on 
comparing computation results with measurement 
data.  

Likewise, special attention will be paid to the 
determination of the ELF electric fields associated 
with such lines, which are generally less investigated 
with respect to human exposure. 
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Finite Element Analysis
of Electromagnetic Fields Emitted
by Overhead High-Voltage Power Lines

Eduard Lunca, Bogdan Constantin Neagu, and Silviu Vornicu

Abstract The overhead high-voltage power lines (OHVPLs) are considered signifi-
cant sources of extremely low frequency (ELF) electric and magnetic fields (EMFs),
whose potential health effects became during the past decades a matter of scien-
tific debate and public concern all over the world. In this chapter, a simple and yet
effective finite element (FE) approach is proposed to compute and analyze—from
the perspective of public exposure—both electric and magnetic fields emitted by
typical configurations of OHVPLs belonging to the Romanian power grid. First,
a 2D ANSYS Maxwell model is developed for the specific instance of a 110 kV
double-circuit OHVPL and validated against two software tools based on quasi-static
analytical methods, PowerELT and PowerMAG. Next, it will be used to investigate
exposure to ELF-EMFs emitted by a selection of OHVPLs with nominal voltages
of 110 kV, 220 kV and 400 kV, taking into consideration influencing factors such
as loading, phasing and ground clearance. Compliance with the exposure guidelines
specified by the International Commission on Non-Ionizing Radiation Protection
(ICNIRP) for general public is assessed for each particular case. As a result, all
calculated magnetic fields are below the ICNIRP limit of 100 μT, while the electric
fields exceed the ICNIRP limit of 5000 V/m only in limited areas beneath the 400 kV
OHVPLs. The calculated field levels are in line with those reported in the scientific
literature for similar OHVPLs.
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Abbreviations

A. Acronyms
2D Two-Dimensional
ACSR Aluminum Conductor Steel-Reinforced
ELF Extremely Low Frequency
EMF Electric and Magnetic Fields
EU European Union
FE Finite Element
FEM Finite Element Method
IARC International Agency for Research on Cancer
ICNIRP International Commission on Non-Ionizing Radiation Protection
IEEE Institute of Electrical and Electronics Engineers
OHVPL Overhead High-Voltage Power Line
RMS Root Mean Square
SW Shield Wire
T Transposed
U Untransposed
WHO World Health Organization

B. Symbols/Parameters
B Magnetic flux density
E Electric field strength
i Conductor number
I i Phase current of conductor i
Ui Phase voltage of conductor i
di Lateral distance from centerline to conductor i
hi Height of conductor i
hg Line-to-ground clearance
h Calculation height above ground
Req Bundle conductor equivalent radius

1 General

The electricity has many benefits in our daily life. But generating, transmitting,
distributing and using electricity can expose people to ELF-EMFs, which interact
with the human body by mainly inducing electric currents in it. During the past
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decades, a lot of research has been devoted to investigation of possible health effects
of exposure to ELF-EMFs, including childhood and adult cancers, reproductive
dysfunctions, cardiovascular and developmental disorders, immunological modifi-
cations, neurological effects, etc. Particularly, a (poor) statistical link between child-
hood leukemia and prolonged exposure to residential ELF magnetic fields higher
than 0.3–0.4 μT has been reported by a number of epidemiological studies [1, 2].
In 2002, based on these findings, the International Agency for Research on Cancer
(IARC)—an intergovernmental agency activating within the World Health Organiza-
tion (WHO)—has concluded that the ELF magnetic fields are “possibly carcinogenic
to humans” (Group 2B carcinogens, designating agents for which the evidence in
humans is limited and the evidence in animals is “less than sufficient”). As for ELF
electric fields, IARC has concluded that they are “unclassifiable as to carcinogenicity
in humans” (Group 3 carcinogens) [3].

Aiming at preventing the established health effects associated with short-term
exposure to high intensity ELF-EMFs, principally induced currents, ICNIRP and
IEEE (the Institute of Electrical and Electronics Engineers) have formulated exposure
guidelines in 1998 [4] and 2002 [5], respectively. According to the scientific infor-
mation currently available, long-term exposure to ELF field levels not exceeding the
limits prescribed by these guidelines is considered safe for the purpose of protecting
human health. There is no established evidence that exposure to ELF-EMFs emitted
by power lines, substations, transformers or other electrical equipment, regardless of
the proximity, can cause any known health effects. But there is a continuous debate
as to what might be adequate precautionary approaches at these lower field levels.
Furthermore, the general public often expresses concern about ELF-EMFs, espe-
cially in relation with setting up new overhead high-voltage power lines or living in
their vicinity [6–9].

The OHVPLs are considered significant sources of both electric and magnetic
fields. Both fields are strongest directly under the OHVPL and sharply reduce with
distance from it. Of course, in addition to distance, there are many other factors
influencing the ELF-EMFs originating from OHVPLs, including voltage, current,
phasing, ground clearance, observation height above the ground, balance within
circuit, balance between circuits, conductor bundle, existence of parallel lines, ground
resistivity (conductivity), etc. Moreover, the electric fields are greatly attenuated
by buildings, walls, fences, trees and other obstacles in the neighborhood, but the
magnetic fields pass through most materials and cannot be attenuated as easily as the
electric fields [10–12].

To determine ELF electric and magnetic field levels emitted by OHVPLs and to
assess compliance with relevant exposure limits, both measurements and computa-
tions can be performed [13–19]. Computations are often preferable to measurements
because they can be conducted for any desired exposure scenario rather than being
confined to the particular conditions at the time of taking measurements. Analyt-
ical and numerical methods can be used for computations, usually employing two-
dimensional (2D) models because of their simplicity [20–33]. Very often, the numer-
ical calculations (simulations) exploit the finite element method (FEM), which is
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recognized for its ability to generate accurate 2D electric and magnetic field distri-
butions in the transverse section of the OHVPLs and of other power–frequency
systems [19, 29–33].

In this chapter, a simple and yet effective FEM approach is proposed to compute
and analyze—from the perspective of public exposure—ELF electric and magnetic
fields produced by typical configurations of OHVPLs belonging to the Romanian
power grid. Computations are performed with ANSYS Maxwell 2D electromagnetic
simulation software, mainly in the form of RMS electric field strength and RMS
magnetic flux density lateral profiles, at the standard height h = 1 m above the ground
level. It is worthwhile to remark that Romania, as a member of the European Union
(EU), has implemented exposure limits derived from the Council Recommendation
of 12 July 1999 on the limitation of exposure of the general public to electromagnetic
fields (0 Hz–300 GHz) [34], which is based on the guidelines issued by ICNIRP in
1998. For power–frequency electric and magnetic fields, these limits are 5000 V/m
and 100 μT, respectively.

From this point, the chapter is organized as follows. First, a 2D ANSYS Maxwell
model for computing ELF electric and magnetic fields around OHVPLs will be
developed and validated against simulation software based on analytical methods.
Next, it will be used to investigate exposure to ELF-EMFs generated by a selection
of OHVPLs with nominal voltages of 110, 220 and 400 kV. As already mentioned,
special attention will be given to the field distribution at 1 m height above the ground,
taking into consideration influencing factors such as loading, phasing and ground
clearance. Compliance with the ICNIRP exposure limits for general public will be
assessed for each particular case.

2 2D ANSYS Maxwell Model for Computing ELF Electric
and Magnetic Fields Around OHVPLs

ANSYS Maxwell 2D is a high-performance low frequency electromagnetic field
simulation software that uses the finite element method for solving electric, magne-
tostatic, eddy current and transient problems. Therefore, it may serve as an appro-
priate tool for computing exposure to ELF-EMFs originating from OHVPLs, but such
investigations are rather rare and mostly focused only on the magnetic field expo-
sure [17, 35, 36]. As an extension of a recent study by the authors [11], this section
presents the development and validation of a 2D Maxwell model for computing both
electric and magnetic fields emitted by various OHVPLs. The model is implemented
for a common configuration of 110 kV double-circuit line used for primary power
distribution, but it can easily be applied to any other OHVPL. The model validation
is achieved against previously developed software based on quasi-static analytical
methods.
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2.1 Model Development

The 110 kV double-circuit OHVPL selected for model implementation—often found
in the proximity of urban settings—has geometry dictated by suspension towers of
Sn 110.252 type, as illustrated in Fig. 1. The phases of the two circuits are realized
with Aluminum Conductor Steel-Reinforced (ACSR) cables of Sect. 240/40 mm2

(21.7 mm exterior diameter), while the shield wire (SW) is represented by a 160/95
mm2 ACSR conductor (20.75 mm exterior diameter). The OHVPL is considered to
operate at a load of 500 A (close to the maximum rated current), with the phases of the
two circuits perfectly balanced. In addition, because the field level largely depends
on the relative phasing between the two circuits, we assumed both untransposed
(ABC/A’B’C’) and directly transposed (ABC/C’B’A’) phase arrangements, which

Fig. 1 Suspension tower of
Sn 110.252 type (dimensions
are given in mm)



800 E. Lunca et al.

Fig. 2 Global FEM
geometric model of the
110 kV double-circuit
OHVPL

Ground

Baloon 

Air 

OHVPL 

clearly determine the maximum and minimum exposure to the sides of the line [37,
38], where people are most likely to live or spend time.

a. FEM geometric model

The global FEM geometric model is presented in Fig. 2, where the considered
110 kV double-circuit OHVPL is placed above a ground with the electrical conduc-
tivity of 0.01 S/m, the relative electric permittivity of 10 and the relative magnetic
permeability of 1. The ground clearance, namely 9 m, corresponds to an “average
height” of the OHVPL above the ground, calculated as havg = hmax—(2/3)·f [39],
where hmax = 15.2 m represents the maximum height of the conductors (at tower)
and f = 9.2 m is the conductors sag. The active conductors are modeled as presented
in Fig. 3, as simple aluminum cylinders with the electrical conductivity of 3.8·107

S/m, the relative electric permittivity of 1 and the relative magnetic permeability of
1, while the influence of the SW on the electric and magnetic field distribution is
ignored (the SW is not included in simulation). The applied boundary conditions are
of Balloon type, which models the region outside the defined space as extending to
infinity. The radius of the bounded region is taken R = 200 m, sufficiently large to
determine the behavior of the two fields well outside the power line corridor, even
for OHVPLs with higher nominal voltages. All simulations conducted in this study
assume a total number of mesh elements of 1,223,286, but it can be lowered for more
rapid and yet satisfactory analyzes.

b. Magnetic field calculation

The magnetic field distribution around the OHVPL is obtained using the eddy
current solver, which allows calculating magnetic fields that oscillate with a
frequency (in this case, 50 Hz). However, because the magnetic field distributions
generated with this solver are reported in terms of instantaneous magnetic flux density
values over a 20 ms period, further post-processing is necessary to generate RMS
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A A’ (C’)

C C’ (A’)

B B’ (B’)

Fig. 3 Discretized OHVPL region

Fig. 4 Instantaneous magnetic flux density profiles at h = 1 m, for U phasing

magnetic flux density (lateral) profiles at the height h = 1 m, as often used for
assessing exposure to ELF-EMFs from overhead power lines. Consequently, multiple
instantaneous magnetic flux density profiles have been imported into Microsoft
Excel, where they have been processed in a point-by-point fashion, according to
the formula [11]:

BRM S(i) =
√√√√ 1

N

N∑
n=1

B2
n (i), (1)

where B1(i), …, BN (i) represent the instantaneous values of the magnetic flux density
corresponding to the point i of the profile and N = 73 is the total number of values.
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Figure 4 presents instantaneous magnetic flux density profiles obtained for
untransposed (U) phasing, while Fig. 5 shows similar profiles obtained for transposed
(T) phasing. The correspondent RMS magnetic flux density profiles—computed with
Eq. (1)—are comparatively presented in Fig. 6. Starting at a certain distance from the
centerline, any other phase arrangement will generate an RMS magnetic flux density
profile between these two limit plots.

Figures 7 and 8 illustrate the magnetic field distribution around the OHVPL at
the time instants corresponding to the maximum field profiles in Figs. 4 and 5,
respectively. As evident, an extra degree of cancellation between the magnetic fields
generated by the two circuits can be observed for transposed phasing. The distance
from the centerline is 30 m in both distributions.

c. Electric field calculation

Fig. 5 Instantaneous magnetic flux density profiles at h = 1 m, for T phasing

Fig. 6 Comparison between RMS magnetic flux density profiles obtained for untransposed and
transposed phasing
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Fig. 7 The magnetic field distribution around the 110 kV double-circuit OHVPL for U phasing
(t = 10.83 ms)

Fig. 8 The magnetic field distribution around the 110 kV double-circuit OHVPL for T phasing
(t = 11.66 ms)
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The electric field distribution around the OHVPL is determined using the AC
conduction solver, which allows calculating sinusoidally-varying electric fields
(here, varying at 50 Hz). And this time, to generate RMS electric field strength
lateral profiles at the height h = 1 m, multiple profiles of instantaneous electric field
strength have been imported into Microsoft Excel, where they have been processed
in the same way, by applying the formula [11]:

ERM S(i) =
√√√√ 1

N

N∑
n=1

E2
n(i) (2)

where E1(i), …, EN (i) represent the instantaneous values of the electric field strength
corresponding to the point i of the profile and N = 73 is the total number of values.

As in the case of magnetic field, Fig. 9 gives instantaneous electric field strength
profiles obtained for U phasing, while Fig. 10 shows profiles obtained for T phasing.
The two associated RMS electric field strength profiles—computed with Eq. (2)—are
compared in Fig. 11.

Figures 12 and 13 illustrate the momentary distribution of the electric field around
the OHVPL corresponding to the maximum field profiles in Figs. 9 and 10, respec-
tively. Once again, an extra degree of cancellation between the electric fields gener-
ated by the two circuits can be observed for transposed phasing. As in the case of
magnetic field, the distance from the centerline is 30 m in both distributions.

Fig. 9 Instantaneous electric field strength profiles at h = 1 m, for U phasing
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Fig. 10 Instantane-ous electric field strength profiles at h = 1 m, for T phasing

Fig. 11 Comparison between RMS electric field strength profiles obtained for untransposed and
transposed phasing

2.2 Model Validation

The model validation has mainly been performed with the help of two interactive
software tools based on analytical methods, PowerELT and PowerMAG [28], which
are capable to produce accurate electric and magnetic field (lateral) profiles at any
user-defined height above the ground level, together with 2D electric and magnetic
field distributions in the transverse section of the OHVPL, in any rectangular plotting
area also defined by user. Assuming the same power line geometry, and voltage and
current information (amplitude and phase, respectively), Fig. 14 compares RMS
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Fig. 12 The electric field strength distribu-tion around the 110 kV OHVPL for U phasing (t =
10.55 ms)

Fig. 13 The electric field strength distribu-tion around the 110 kV OHVPL for T phasing (t =
20 ms)
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magnetic flux density profiles computed with the developed 2D ANSYS Maxwell
model and PowerMAG software. Similarly, Fig. 15 compares RMS electric field
strength profiles computed with the developed 2D ANSYS Maxwell model and
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PowerELT software. As obvious, there is an excellent agreement between numerical
and analytical results, regardless the phasing (U or T).

Similar comparisons have also been made for OHVPLs with higher nominal
voltages (i.e., larger physical dimensions), each time obtaining perfect matching
between simulated profiles. Exposure to ELF-EMFs from some of these lines, under
various conditions, will be discussed in the subsequent section.

3 Finite Element Analysis of ELF-EMFs from Typical
OHVPLs Used in the Romanian Power Grid

In Romania, OHVPLs are used for both power transmission and power distribution.
Power transmission is achieved through a total length of 8759.4 km of OHVPLs,
of which [40]: 3.1 km—750 kV, 4915.2 km—400 kV, 3875.6 km—220 kV and
40.4 km—110 kV, where 482.6 km serves as interconnection lines. In addition,
power distribution operators make use of more than 20,000 km of OHVPLs operating
at 110 kV. Thus, for assessing exposure to ELF-EMFs emitted by these OHVPLs,
we have selected two double-circuit lines with nominal voltages of 110 kV and
220 kV, respectively, and a single-circuit line with nominal voltage of 400 kV, which
can be considered typical. Finite element analysis of ELF-EMFs from these lines
assumes the same conditions as in the described model, except that computations
will be performed for three different ground clearances (minimum, average and
maximum), as well as for maximum allowable current. However, because of the
direct proportionality between current and magnetic flux density, the computed fields
can easily be scaled down for more common loads.

3.1 ELF-EMFs from the 110 kV Double-Circuit OHVPL

In essence, the 110 kV double-circuit OHVPL subjected to investigations is the same
used for model development, which has geometry dictated by suspension towers of
Sn 110.252 type. As already mentioned, the two circuits are realized with standard
240/40 mm2 ACSR conductors (21.7 mm exterior diameter), which have a maximum
allowable current of 575 A (RMS). All other input data for this line are presented in
Table 1, where di is the lateral distance from the OHVPL centerline to the conductor
i, hi represents the height of the conductor i and hg denotes the ground clearance of
the line: 6 m, 9 m and 15.2 m, respectively.

a. Magnetic field distribution

Figure 16 presents RMS magnetic flux density profiles at the height h = 1 m, for
untransposed phasing. The maximum magnetic field beneath the line (not necessarily
at the centerline) varies from 5.48 μT for hg = 15.2 m (at tower) to 18.5 μT for hg

= 6 m (at mid-span), which is generally below 18.5% of the ICNIRP limit for
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Table 1 Input data for the 110 kV double-circuit OHVPL using towers of Sn 110.252 type
(untransposed phasing)

Phase conductor i di [m] hi [m] Ui [kV] Ii [A]

A 1 −3.05 hg 63.51 ∠ 0° 575 ∠ 0°

B 2 −5.05 hg + 4.6 63.51 ∠ −120° 575 ∠ −120°

C 3 −3.05 hg + 10.3 63.51 ∠ 120° 575 ∠ 120°

A’ 4 3.05 hg 63.51 ∠ 0° 575 ∠ 0°

B’ 5 5.05 hg + 4.6 63.51 ∠ −120° 575 ∠ −120°

C’ 6 3.05 hg + 10.3 63.51 ∠ 120° 575 ∠ 120°
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Fig. 16 RMS magne-tic flux density profiles for the 110 kV OHVPL, for untrasnsposed phasing
and various ground clearances

general public, 100 μT. For transposed phasing (Fig. 17), the maximum magnetic
field beneath the line varies from 2.12 μT for hg = 15.2 m to 16.1 μT for hg =
6 m, hence not exceeding 16.1% of the ICNIRP exposure limit. As it can easily be
observed, starting with some distance from the centerline, the transposed phasing
produces much lower magnetic field levels.

Considering the average clearance hg = 9 m and a (more) typical loading of
325 A, Table 2 gives magnetic field levels at various distances from the centerline.
Beneath the line, the magnetic flux density does not exceed 6.51 μT for U phasing
and 4.03 μT for T phasing, while at the edge of the OHVPL corridor—18.5 m from
the centerline, according to national regulations [41]—it decreases to 2.32 μT and
0.73 μT, respectively. The critical value of 0.4 μT—often used in epidemiological
studies—is reached at a lateral distance of about 53.9 m and 24.5 m, respectively.
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Fig. 17 RMS magne-tic flux density profiles for the 110 kV OHVPL, for transposed phasing and
various ground clearances

Table 2 Typical magnetic field levels from the 110 kV OHVPL (hg = 9 m, I = 325 A)

Phasing B [μT], at various lateral distances

Maximum beneath line 18.5 m 25 m 50 m 100 m

U 6.51 2.32 1.49 0.46 0.14

T 4.03 0.73 0.38 0.067 0.011

b. Electric field distribution

The RMS electric field strength distribution at the height h = 1 m—for untrans-
posed phasing—is illustrated in Fig. 18. The maximum electric field beneath the line
(at the centerline) varies from 882.8 V/m at tower to 3017.2 V/m at mid-span, which is
generally below 60.34% of the ICNIRP exposure limit for general public, 5000 V/m.
For transposed phasing (Fig. 19), the maximum electric field levels beneath the line
range from 243.2 V/m at tower to 1790.2 V/m at mid-span, hence not exceeding
35.8% of the exposure limit.

For the average clearance hg = 9 m (Table 3), the electric field strength beneath the
line reaches 1901.8 V/m for U phasing and 784.4 V/m for T phasing, while the electric
field strength at the corridor edge reaches 110.3 V/m and 109.5 V/m, respectively. At
the distance of 50 m from the centerline route, the electric field levels fall to only 77
and 11.3 V/m, respectively, similar to the lowest levels measured at 30 cm distance
from household appliances.
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various ground clearances

Table 3 Typical electric field levels from the 110 kV OHVPL (hg = 9 m)

Phasing E [V/m], at various lateral distances

Maximum beneath line 18.5 m 25 m 50 m 100 m

U 1901.8 110.3 134.4 77 25

T 784.4 109.5 47.9 11.3 3.3
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3.2 ELF-EMFs from the 220 kV Double-Circuit OHVPL

The 220 kV double-circuit OHVPL selected for FE analysis has geometry dictated by
suspension towers of Sn 220.202 type. The line is equipped with standard 450/75 mm2

ACSR conductors (29.25 mm exterior diameter), for which the maximum allowable
current is 975 A. Table 4 presents the geometrical data, as well as the voltage and
current information used for computation, where the ground clearance hg is taken
7 m, 11 m and 19 m, respectively. Because the geometry of this line is quite similar
to the geometry of the 110 kV line, we expect similar electric and magnetic field
distributions.

a. Magnetic field distribution

For untransposed phasing (Fig. 20), the maximum RMS magnetic flux density
beneath the 220 kV OHVPL ranges from 7 μT at tower to 23.9 μT at mid-span,
generally accounting for less than 24% of the ICNIRP exposure limit for general
public. For transposed phasing (Fig. 21), the maximum RMS magnetic flux density
along the half-span varies between 3.62 and 24.33 μT, hence not exceeding 24.4% of
the ICNIRP exposure limit. And this time, much lower field levels can be observed
at larger distances from the line for T phasing.

Table 5 gives magnetic field levels at various distances from the OHVPL centerline
for the average clearance hg = 11 m and a (more usual) loading of 200 A. Beneath the
line, the magnetic flux density does not exceed 2.87 μT for U phasing and 2.35 μT
for T phasing, while at the edge of the OHVPL corridor—27.5 m from the centerline
[41]—it decreases to 0.93 μT and 0.42 μT, respectively. The critical value of 0.4 μT
is reached at a lateral distance of about 45 m and 25.4 m, respectively. As we can
see, because of the low load conditions, the typical exposure levels from this line are
lower than those associated with the 110 kV OHVPL.

b. Electric field distribution

The electric field strength distribution for untransposed phasing is illustrated in
Fig. 22. Beneath the 220 kV double-circuit OHVPL, the maximum field strength at
the standard height h = 1 m ranges from 1452.8 V/m for hg = 19 m to 4673.7 V/m
for hg = 7 m, which is very close to the ICNIRP limit for general public (93.5% of

Table 4 Input data for the 220 kV double-circuit OHVPL using towers of Sn 220.202 type
(untransposed phasing)

Phase conductor i di [m] hi [m] Ui [kV] Ii [A]

A 1 −5.00 hg 127 ∠ 0° 975 ∠ 0°

B 2 −8.00 hg + 6.5 127 ∠ −120° 975 ∠ −120°

C 3 −5.00 hg + 13 127 ∠ 120° 975 ∠ 120°

A’ 4 5.00 hg 127 ∠ 0° 975 ∠ 0°

B’ 5 8.00 hg + 6.5 127 ∠ −120° 975 ∠ −120°

C’ 6 5.00 hg + 13 127 ∠ 120° 975 ∠ 120°
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Fig. 20 RMS mag-netic flux density profiles for the 220 kV OHVPL, for untransposed phasing
and various ground clearances

0

5

10

15

20

25

30

-100 -80 -60 -40 -20 0 20 40 60 80 100

M
ag

ne
tic

 fl
ux

 d
en

si
ty

, B
 (u

T)

Lateral distance, d (m)

hg = 7 m hg = 11 m hg = 19 m

Fig. 21 RMS mag-netic flux density profiles for the 220 kV OHVPL, for transposed phasing and
various ground clearances

Table 5 Typical magnetic field levels from the 220 kV OHVPL (hg = 11 m, I = 200 A)

Phasing B [μT], at various lateral distances

Maximum beneath line 25 m 27.5 m 50 m 100 m

U 2.87 1.07 0.93 0.35 0.11

T 2.35 0.42 0.34 0.076 0.01
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Fig. 22 RMS electric field strength profiles for the 220 kV OHVPL, for untransposed phasing and
various ground clearances

the limit). For transposed phasing (Fig. 23), the maximum electric field strength at
the same height lies in the range from 499.2 to 3653.9 V/m, which is below 73.1%
of the ICNIRP exposure limit.
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Table 6 Typical electric field levels from the 220 kV OHVPL (hg = 11 m)

Phasing E [V/m], at various lateral distances

Maximum beneath line 25 m 27.5 m 50 m 100 m

U 2969.5 207.6 215.9 161.7 60.5

T 1580 199 160 40 7.5

For the average clearance hg = 11 m (Table 6), the electric field strength beneath
the line reaches 2969.5 V/m for U phasing and 1580 V/m for T phasing, while the
electric field strength at the corridor edge (27.5 m from the centerline) only reaches
215.9 V/m and 160 V/m, respectively. At 50 m from the OHVPL centerline, the
electric field strength diminishes to 167.1 V/m and 40 V/m, respectively. As in the
case of the 110 kV single-circuit OHVPL, such levels can also be measured at a
distance of 30 cm from household appliances.

3.3 ELF-EMFs from the 400 kV Single-Circuit OHVPL

The last OHVPL selected for FE analysis is a 400 kV single-circuit line with geometry
dictated by anchor portal towers of PAS 400.102 type. The line is equipped with two
standard 450/75 mm2 ACSR conductors per phase, with a distance between individual
conductors of 0.4 m. The input data for this line are presented in Table 7, where the
ground clearance hg is taken 8.2 m, 12.6 m and 21.4 m, respectively. Magnetic field
computations assume a maximum current of 1950 A.

a. Magnetic field distribution

The RMS magnetic flux density distribution at the height h = 1 m is illustrated
in Fig. 24. As with the other investigated OHVPLs, the magnetic field beneath the
400 kV line does not exceed the ICNIRP exposure limit for general public, but at
mid-span it can be as high as 57.4 μT, which represents more than half of this limit.
Towards the tower, it falls to only 14.85% of the limit.

Table 7 Input data for the 400 kV single-circuit OHVPL using towers of PAS 400.102 type

Phase conductor i di [m] hi [m] Ui [kV] Ii [A]

A 1 −11.50 hg 231 ∠ 0° 975 ∠ 0°

2 −11.10 hg 231 ∠ 0° 975 ∠ 0°

B 3 −0.20 hg 231 ∠ −120° 975 ∠ −120°

4 0.20 hg 231 ∠ −120° 975 ∠ −120°

C 5 11.10 hg 231 ∠ 120° 975 ∠ 120°

6 11.50 hg 231 ∠ 120° 975 ∠ 120°
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Fig. 24 RMS mag-netic flux density profiles for the 400 kV OHVPL, for various ground clearances

Table 8 Typical magnetic field levels from the 400 kV OHVPL (hg = 12.6 m, I = 450 A)

B [μT], at various lateral distances

Maximum beneath
line

25 m 37.5 m 50 m 100 m

7.73 2.64 1.22 0.69 0.16

Once again, Table 8 gives magnetic field levels at various distances from the
OHVPL centerline for the average clearance hg = 12.6 m and a (normal) loading
of 450 A. As it can easily be observed, the magnetic flux density at the OHVPL
centerline is 7.73 μT, while at the edge of the OHVPL corridor—37.5 m from the
centerline [41] —it decreases to only 1.22 μT. The critical value of 0.4 μT is reached
at a lateral distance of about 65.1 m.

b. Electric field distribution

The RMS electric field strength distribution at the height h = 1 m is illustrated in
Fig. 25. This time, the electric field at mid-span (hg = 8.2 m) is about two times higher
than the ICNIRP exposure limit for general public, namely 9145.3 V/m. Towards
the tower (hg = 21.4 m), the electric field strength falls to 1970.9 V/m (39.41% of
the limit), but, as the ground clearance increases, the maximum field levels slightly
move outside the line (for hg = 21.4 m, the maximum field strength is recorded at a
distance of 16 m from the OHVPL centerline).

Finally, Table 9 gives electric field levels for the average clearance hg = 12.6 m.
The electric field strength beneath the line reaches 4752 V/m, decreasing to 776.4 V/m
at the corridor edge (37.5 m from the OHVPL centerline) and to 340.2 V/m at
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Fig. 25 RMS electric field strength profiles for the 400 kV OHVPL, for various ground clearances

Table 9 Typical electric field levels from the 400 kV OHVPL (hg = 12.6 m)

E [V/m], at various lateral distances

Maximum beneath
line

25 m 37.5 m 50 m 100 m

4752 2212.7 776.4 340.2 44.1

50 m from the OHVPL centerline. At 100 m lateral distance, the electric field drops
drastically, to only 44.1 V/m.

c. Alternative computation approach

All computations performed above assume that each sub-conductor of the consid-
ered 400 kV single-circuit OHVPL is modeled separately. However, this model can
be simplified by replacing each of the three bundled conductors with an equivalent
conductor of radius Req, given by [42]:

Req = N
√

R · d(N−1), (3)

where N stands for the number of sub-conductors in bundle, R represents the radius
of a sub-conductor and d is the separation distance between sub-conductors. Equa-
tion (3) is applicable for up to three conductors per bundle, in our case leading to Req

= 76.485 mm.
Figure 26 compares RMS magnetic flux density profiles computed with ANSYS

Maxwell 2D by both approaches, as well as with PowerMAG software, which makes
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Fig. 26 Comparison between RMS magnetic flux density profiles obtained by the two approaches
with ANSYS Maxwell 2D and PowerMAG software (hg = 12.6 m, I = 450 A)

use of equivalent conductor model. As it can be observed, there is an excellent
agreement between the three magnetic field profiles.

Similarly, Fig. 27 compares RMS electric field strength profiles computed with
ANSYS Maxwell 2D by both approaches, as well as with PowerELT software, which
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with ANSYS Maxwell 2D and PowerELT software (hg = 12.6 m)
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also makes use of equivalent conductor model. And this time, an excellent agreement
between the three electric field profiles can be observed.

4 Conclusions

This chapter has been devoted to computing and analyzing ELF electric and magnetic
fields emitted by typical configurations of OHVPLs used in Romania. All compu-
tations have been conducted using a 2D ANSYS Maxwell finite element model,
strictly verified by quasi-static analytical methods. According to the obtained results,
the highest exposure levels to ELF electric fields are associated with the 400 kV
OHVPLs, directly beneath the line approaching the double of the ICNIRP limit for
general public. As for ELF magnetic fields, the highest exposure levels are also asso-
ciated with the 400 kV OHVPLs, but they are approaching only 60% of the ICNIRP
limit. At the edge of the line corridor, the typical ELF electric and magnetic fields
originating on the investigated OHVPLs are well below the specified limits, regard-
less the nominal voltage of the line. The computed ELF-EMF exposure levels are in
line with those determined for similar OHVPLs in other countries.
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Abstract. In this article, a simple 2D finite element model is proposed for computing the RMS 
electric field strength generated by overhead power lines. The model it is implemented in 
FEMM 4.2, a high quality, open source finite element software for solving low frequency 
electromagnetic problems, for the particular case of a 110 kV single-circuit overhead power 
line. The results obtained with this model there are analyzed and then compared to those 
obtained by analytical calculations, revealing a very good agreement. The proposed FEMM 4.2 
model it is primarily intended to assess the compliance with the electric field exposure limits 
established by health regulations, but other applications are also possible. 

1. Introduction 
The overhead power lines (OPLs) are structures used for electric power transmission and distribution 
along large distances, consisting of conductors suspended by towers or poles [1]. All OPLs produce 
extremely low frequency (ELF) electric and magnetic fields, which can induce electrical currents 
within the human body. Consequently, in order to check the compliance with the exposure limits 
established by health regulations, such as those published by the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) in 1998 [2] and 2010 [3], these ELF fields need to be properly 
assessed. For this purpose, measurements and theoretical computations are complementarily 
performed. 
The computation of the ELF electric and magnetic fields emitted by overhead power lines can be 
achieved by both analytical and numerical methods [4-9], often employing expensive general 
software. We here propose a simple 2D numerical model for computation of the electric field strength, 
which is based on Finite Element Method Magnetics 4.2 (FEMM 4.2) [10], open source finite element 
software for solving low frequency electromagnetic problems on 2D planar and axisymmetric 
domains. Previous results obtained with this FEMM model were only briefly presented in [11], for the 
particular case of a 110 kV double-circuit line commonly encountered in the Romanian power system. 
A finite element model for computation of the magnetic flux density in the vicinity of OPLs, also 
based on FEMM software, was presented by the authors in [12]. 
The rest of the paper is structured as follows: Section 2 details the construction of the FEMM model 
for a typical 110 kV single-circuit OPL, as well as the methodology adopted for determination of the 
RMS values of the electric field strength; Section 3 presents representative results – lateral profiles 
                                                      
2  To whom any correspondence should be addressed. 
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and 2D planar distributions of electric field strength – obtained for the considered OPL; Section 4 
draws the conclusions. 

2. FEMM model for a 110 kV single-circuit OPL 
The 110 kV single-circuit line proposed for study has its geometry imposed by normal suspension 
towers of Sn 110.102 type, according to data from Table 1. The three phases (A, B and C) are 
equipped with ACSR (Aluminium Conductor Steel Reinforced) conductors of section 185/32 mm2 
(19.2 mm exterior diameter and 7.2 mm core diameter). The ground wire (GW) consists of a 95/55 
mm2 ACSR conductor (16 mm exterior diameter and 9.6 mm core diameter). The ground clearance of 
the line is assumed to be hg = 10 m, an intermediate one. 
 

Table 1. Geometrical parameters of the 110
kV single-circuit overhead power line. 

Conductor i xi (m) yi (m) 
Phase A 1 4.35 hg 
Phase B 2 2.85 hg + 4.20 
Phase C 3 -4.35 hg 
GW 4 0.00 hg + 9.50 

 
The global FEMM model of the 110 kV single-circuit overhead power line is presented in Figure 1, 
discretized by a mesh of 494839 triangular elements and 247613 nodes. The boundary conditions 
applied to this model assume that the scalar electric potential at the ground level and along the semi-
circular boundary is zero (U = 0). The air region surrounding the power line (limited by the previously 
established boundary) is taken large enough to neglect the side effects, having a radius of at least 10 
times the arrangement dimensions.  
The four ACSR conductors are modelled as presented in Figure 2, using the following electric 
parameters: for aluminium (Al), σ = 3.77 · 107 S/m and εr = 1; for steel (Ol, internal symbol), σ = 0.56 
· 107 S/m and εr = 1.   
 

 

Ground (U = 0) 

Air 

U = 0
Power line

 

Figure 1. Discretized global FEMM model of the 110 kV 
single-circuit overhead power line. 

 Figure 2. Detailed model for an 
ACSR conductor. 

 
The model is implemented using the “current flow” module of FEMM 4.2, which generally allows to 
determine electric field distributions, voltage (potential) distributions, current densities, etc. By 
imposing adequate “fixed voltages” on the conductors, it is possible to obtain electric field 
distributions around the power line at different time instants over a 20 ms period. The RMS values of 
the electric field strength along a defined contour – a lateral profile, for instance – might be calculated 
by taking multiple distributions, equally-spaced over a 20 ms period. The RMS calculations performed 
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in this study assume 40 electric field strength distributions (“density plots”), corresponding to the 
instantaneous phase voltages presented in Figure 3.  
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Figure 3. Instantaneous phase voltages imposed on the conductors for 

computing the RMS electric field strength. 

3. Simulation results 
Figure 4 shows the lateral profiles of the electric field strength at the considered time moments, taken 
at the standard height of 1 m above the ground, as well as the lateral profile of the computed RMS 
electric field strength (blue thick line). The unperturbed RMS electric field strength under the power 
line does not exceed 994.1 V/m, which is 5.02 times below the ICNIRP limit for general public 
exposure, 5 kV/m; at the edge of the power line corridor (18.5 m from the centreline), the RMS 
electric field strength decreases to about 260 V/m, which is 19.23 times below the aforementioned 
exposure limit.  
Figure 5 compares the lateral profiles of the RMS electric field strength obtained by the described 
FEMM model with those analytically obtained, using the simulation software proposed by the authors 
in [13]. As it can easily be seen, there is good concordance between the results provided by the two 
methods. 
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Figure 4. Lateral profiles of the momentary 
and RMS electric field strength at the height of 
1 m above the ground. 

Figure 5. Comparison between lateral profiles 
of RMS electric field strength obtained with 
FEMM 4.2 and analytical calculations.  

 
Figure 6 presents the distribution of the electric field strength around the 110 kV single-circuit OPL at 
the time instant t = 13.5 ms, corresponding to the maximum lateral profile in Figure 4. Comparing the 
field levels in this distribution to the 5 kV/m (RMS) limit will provide a safety margin, but it has to be 
mentioned that the electric field strength reaches this limit value only at a fairly high height, 
approximately 7.5 m. The distribution of the electric potential at t = 13.5 ms is presented in Figure 7.  
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4. Conclusions 
The main result of this study is the development of a simple but effective FEMM 4.2 model for 
computing the RMS electric field strength surrounding the overhead power lines. The model is 
primarily intended to verify the compliance with the ELF exposure limits established by health 
regulations, but other applications can easily be identified. Lateral profiles of the RMS electric field 
strength obtained with the proposed model and similar profiles obtained by software based on a quasi-
static analytical approach were compared, revealing a very good agreement. As future development, 
we intend to automatically calculate the RMS values of electric field strength. 
 

Figure 6. The distribution of the electric field 
strength around the 110 kV single-circuit OPL 
at the time instant t = 13.5 ms. 

Figure 7. The distribution of the electric 
potential around the 110 kV single-circuit OPL 
at the time instant t = 13.5 ms.  
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Abstract—In this study, the low-frequency electric field 

generated by a 110-kV double-circuit overhead power line is 

comparatively assessed by measurements and numerical 

simulations. Measurements were performed with a self-

developed 5 Hz – 2 kHz electric field sensor (EFS-01) in 

conjunction with a portable signal analyzing device, i.e. Fluke 

43 single-phase power quality analyzer, while simulations were 

performed using a 2D finite element model developed in ANSYS 

Maxwell 2D. The results obtained by the two methods are in 

good agreement and in line with expected exposure field levels 

for such types of 110-kV overhead power lines. 

Keywords—electric field, electric field sensor, overhead power 

line, measurement, numerical simulation 

I. INTRODUCTION

The overhead power lines (OPLs) are significant sources 
of low-frequency electric and magnetic fields. Usually, these 
fields reach the highest levels directly under the line, but they 
quickly diminish with distance from the OPL. In addition to 
distance, there are other factors influencing the electric and 
magnetic field distribution around an OPL, including voltage, 
current, ground clearance, evaluation height from the ground, 
physical phasing, balance within circuit and balance between 
circuits, ground conductivity, parallel lines, etc. Furthermore, 
the trees, bushes, fences and buildings naturally reduce the 
electric fields generated by OPLs, but the magnetic fields pass 
through the most materials and objects [1, 2]. 

Since the magnetic field is directly linked to the current 
flowing on the line (line load), it typically shows daily and 
seasonal variation patterns. On the other hand, the electric 
field, which is proportional to voltage, changes very little in 
time because of the line’s stable voltage. Both fields can be 
either measured using a “field meter” or (quite accurately) 
computed based on power line geometry and information on 
current and voltage, respectively. Measuring electric fields is 
harder than measuring magnetic fields because the person 
taking the measurement often perturbs the field [3]. 

There are many studies dealing with the measurement and 
simulation of low-frequency electric and magnetic fields 
produced by OPLs, especially from human exposure point of 
view [2, 4-13]. However, comparative assessments were only 
rarely performed [14-16], while most of them were focused on 
magnetic fields (probably because of the statistical 
association 

between these fields and childhood leukemia). This is why, in 
this study, the electric field associated with a common 
110-kV double-circuit OPL is comparatively assessed by
measurements under real conditions and numerical
simulations.

Comparisons were performed in terms of RMS electric 
field strength profiles taken at the height of 1 m above ground 
level, as usually considered in exposure studies. For this 
purpose, special emphasis was put in the development and 
calibration of an active electric field sensor, called EFS-01, 
which offers a very flat frequency response from 5 Hz to 
2 kHz and is configured to measure electric field strengths 
from about 1 V/m to more than 50 kV/m. On the other side, 
numerical simulations were performed with ANSYS Maxwell 
2D, by adopting a 2D finite element model derived from that 
proposed in a recent study [17].  

The rest of this research paper is structured as follows: 
Section II summarizes the OPL’s characteristics; Section III 
gives details about instrumentation and measurements; 
Section IV focuses on the 2D finite element model used for 
numerical simulations; Section V compares measurement and 
simulation results and check them against the ICNIRP limit 
for general public exposure; Section VI draws conclusions. 

II. ELECTRICAL AND GEOMETRICAL CHARACTERISTICS OF 

THE CONSIDERED 110-KV DOUBLE-CIRCUIT OPL

The selected 110-kV double-circuit OPL is a typical power
distribution line often found in urban areas and their 
proximity. Fig. 1 and Table I summarize the geometrical and 
electrical characteristics of the considered 110-kV OPL, 
mainly required for numerical simulation. The two circuits are 
equipped with ACSR conductors of section 300/50 mm2 
(exterior diameter of 24.2 mm), while the shield wire (SW) 
consists of an 160/95 mm2 ACSR conductor (exterior 
diameter of 20.75 mm). As we can see, the same phase 
sequence is employed in both circuits, which clearly produces 
the maximum field levels to the sides of the line. The RMS 
values of the phase-to-ground voltages (at the measurement 
time), Ui, were obtained from the power distribution company, 
while the conductor heights above ground, yi, were measured 
with a Suparule Model 600E cable height meter. The 
separation distances between phases, xi, were chosen 
according to the used type of suspension tower, Sn 110.252.  
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Fig. 1. Cross section of the 110-kV double-circuit OPL. 

TABLE I.  GEOMETRICAL AND ELECTRICAL CHARACTERISTICS OF 
THE SELECTED 110-KV DOUBLE-CIRCUIT OVERHEAD POWER LINE 

Line 

conductor 
i 

xi 

(m) 

yi 

(m) 

Di 

(mm) 

Ui  

(kV) 

Phase I 1 -3.1 20.12 24.2 68.4 ∠ 0° 

Phase II 2 -4.7 15.44 24.2 68.3 ∠ -120° 

Phase III 3 -3.1 10.77 24.2 68.2 ∠ 120° 

Phase I 4 3.1 20.4 24.2 68.3 ∠ 0° 

Phase II 5 4.7 15.4 24.2 68.2 ∠ -120° 

Phase III 6 3.1 10.85 24.2 68.5 ∠ 120° 

SW 7 0 26.2 20.75 0 ∠ 0° 

III. INSTRUMENTATION AND MEASUREMENTS 

A. Instrumentation 

 Generally, near the ground surface, the electric field 
generated by an OPL is nearly vertical and nearly linearly 
polarized, a consequence of the fact that the ground itself is 
conducting. To measure such fields, we designed a single-axis 
electric field sensor, EFS-01, which basically consists of a 
circular pickup probe connected to a signal processing circuit, 
as depicted in Fig. 2. The pickup probe is fabricated from a 
double-sided PCB disk, in the form of two closely spaced 
electrodes: an active (electrode) disk with the diameter d = 58 
mm – surrounded by a guard ring – on the top side and the 
reference backside (electrode) disk of diameter D ≈ 3d. The 
active disk is connected to the inverting input of an op-amp 
with capacitive feedback, while the non-inverting input of the 
op-amp, the guard ring and the backside disk are connected 
together to ground. In this way, the displacement current (I) 
induced by the electric field E on the active surface (A) is 
converted to an equivalent voltage (U), according to the 
formula [18]: 

                                 
C

AE
U

⋅⋅
=

0ε
, (1) 

where C is the capacitance in the feedback loop of the op-amp 
and ε0 is the permittivity of free space (8.85·10-12 F/m). 

 In order to prevent field distortion caused by unwanted 
emissions, this low-level voltage is fed into a 4th order high-
pass Butterworth filter with the cutoff frequency of 5 Hz 
(attenuation of 80 dB/dec below 5 Hz) and then into a 2nd order 
low-pass Butterworth filter with the cutoff frequency of 2 kHz 

(attenuation of 40 dB/dec above 2 kHz). After filtering, the 
voltage signal is passed to a manually controlled gain stage 
with 4 selectable gains (1, 10, 100 and 1000), implemented 
with an INA128 instrumentation amplifier, and finally applied 
to the input of an AC-coupled variable gain stage (2 ÷ 200), 
which is used to set out the sensor’s overall sensitivity (S) 
during the calibration process. The electric field strength is 
determined very simple, by multiplying the RMS value of the 
output voltage (in this case, measured with the portable Fluke 
43 power quality analyzer) by the selected scale factor, 1/S. 
The dual voltage supply for sensor, ±9 V, is provided by two 
9 V batteries. 

 The sensor accuracy is derived from a sinusoidal 
calibration field, Ec = 200 V/m, established with a parallel 
plate arrangement (air dielectric). After setting the overall 
sensitivity, the frequency response of the sensor was tested at 
twelve frequencies varying from 5 Hz to 2 kHz, as presented 
in Fig. 3. As it can be seen, in the frequency range from 20 Hz 
to 1 kHz, the frequency response flatness is within  
-0.3/+0.1 dB. Depending on the selected measurement range 
(sensitivity), the sensor is able to measure electric field 
strengths from about 1 V/m to 50 kV/m, which virtually 
covers all situations for the intended use. 

B. Measurements 

 The field assessment was conducted close to mid-span, as 
illustrated in Fig. 4. During measurements, the sensor was 
mounted on a 1-m non-conductive tripod, parallel to the power 
line conductors, with the active disk facing upward. Electric 
field waveform measurements were taken at 41 locations in 
the cross section of the OPL, up to 20 m from the centerline, 
with at least 2 m distance between sensor and operator 
position. The air temperature was 20.3 °C (October 2022) and 
the terrain in the cross section of the OPL was relatively 
smooth. 
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Fig. 2. Block diagram of the single-axis electric field sensor. 

 
Fig. 3. The frequency response of the single-axis electric field sensor 
(measured at the field strength of 200 V/m). 
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Fig. 4. Electric field measurements under the 110-kV OPL. 

IV. NUMERICAL SIMULATION 

 The ANSYS Maxwell 2D model used for numerical 
simulation is illustrated in Fig. 5, where the 110-kV double-
circuit OPL is located above a ground with the electrical 
conductivity σg = 0.05 S/m and the relative permittivity  
εr = 10, according to the heights and separation distances in 
Table I. All conductors are modeled as aluminum cylinders 
with the electrical conductivity σc = 3.8·107 S/m and proper 
diameters (very important role in electric field estimation), 
energized with the measured phase-to-ground voltages (Ui). In 
addition, Balloon boundary conditions are assigned, which 
model the region outside the delimited space as being 
infinitely large. Field calculations are performed using the AC 
conduction solver.  

 The RMS electric field strength at the height of 1 m above 
ground is derived from a sufficiently large number of 
instantaneous electric field strength profiles taken over a  
20-ms period (Fig. 6.a), using the formula [17]: 

               ( ) ( ) ( ) ( )( )kEkEkE
N

kE NRMS
22

2
2
1 ...

1
+++= , (2) 

where E1(k), …, EN(k) are the instantaneous values of the 
electric field strength corresponding to the point k of the 
profile and N = 73 stands for the total number of values. 

A distribution of the electric field around the power line is 
presented in Fig. 6.b. As expected, close to the ground, the 
electric field is nearly vertical. 

 

Ground 
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circuit OPL 
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Fig. 5. Finite element modeling of the 110-kV double-circuit OPL.  

 
a) 

 

b) 

Fig. 6. Results directly obtained with the proposed finite element model:  
a) lateral profiles of the instantaneous electric field strength at the height of 
1 m above ground; b) example of electric field distribution around OPL.  

V. RESULTS 

Fig. 7 graphically compares the measured E-field profile 
and the E-field profile calculated with Eq. (2). As it can easily 
be seen, there is a good correlation between the RMS electric 
field strength profiles obtained by the two methods. This can 
also be observed in Fig. 8, which gives percentage differences 
between measurements (Emeas) and calculations (Ecalc) for all 
test points, determined with the formula: 

                         ( ) 100

2

% ⋅








 +

−
=

calcmeas

calcmeas

EE

EE
diff . (3) 

All percentage differences are below 23.2%, while, for 
most of the points, they are below 15%. An error factor could 
be the terrain unevenness.  

Field values at several distances from the centerline are 
presented in Table II, alongside the associated percentage of 
the ICNIRP reference level for general public (5 kV/m at  
50 Hz) [19]. In accordance with the measured and simulated 
data, the electric field strength at the centerline (0 m) is 
around 32% of the ICNIRP reference level. At 20 m distance 
from the OPL centerline, the electric field strength falls to 
about 1.6% of the ICNIRP reference level, a value that can be 
found in the vicinity of many household and office 
appliances. In practice, it is possible to encounter slightly 
higher field levels from such type of overhead power lines, 
especially due to conductor sag. 

E 
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Fig. 7. Comparison between measurement and simulation results:  
RMS electric field strength profiles at the height of 1 m above ground. 

 
Fig. 8. Percentage differences between measurements and calculations. 

TABLE II.  RMS ELECTRIC FIELD STRENGTH AT SEVERAL DISTANCES 
FROM THE CENTERLINE AND COMPARISON TO ICNIRP LIMIT 

Distance 

RMS electric field 

strength, E(V/m) 

% of ICNIRP  

exposure limit 

Measured Calculated Measured Calculated 

0 m  1573.8 1607.6 31.5 32.2 

5 m 1251.7 1269.9 25.0 25.4 

10 m 662.4 629.2 13.2 12.6 

15 m 242.8 217.4 4.9 4.3 

20 m 80.5 67.3 1.6 1.3 

VI. CONCLUSIONS 

The measured and simulated electric fields associated 
with the selected 110-kV overhead power line correlate 
within acceptable limits, resulting in percentage differences 
below 23.2%. Based on the obtained data, it can also be 
concluded that the exposure levels from this common type of 
110-kV OPL are quite small compared to the ICNIRP limit 
for general public, not exceeding 2% of the limit at a distance 
of 20 m from the centerline. As approaching the tower, the 
electric field levels are even lower.  
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Abstract – This study presents results of a preliminary 

survey of the RF electromagnetic fields (EMFs) 

originating from digital terrestrial television 

transmitters. In situ-measurements of DVB-T2 signals 

were conducted in the city of Iasi, Romania, and its 

rural vicinity, where a 180 meters tall guyed mast for 

FM-/TV-broadcasting is installed. The measured E-

field levels were found to be well below the exposure 

limits recommended by the International Commission 

on Non-Ionizing Radiation Protection (ICNIRP) for 

the general public. 

 

Keywords – EMF exposure, DVB-T2 transmitter 

antennas, in-situ measurements  

 I. INTRODUCTION 

 

The transition from analogue to digital terrestrial 

television (DTT or DTTV) is a process in various stages 

of implementation around the world [1]. In the European 

Union (EU), DTT represents the most widespread 

platform for TV reception, reaching over 100 Million 

households – 250 million viewers [2]. 

DVB-T (Digital Video Broadcasting – Terrestrial) is 

the DVB European-based consortium standard for the 

broadcast transmission of digital terrestrial television. It 

transmits compressed digital audio, digital video and 

other data in an MPEG transport stream, using the coded 

orthogonal frequency-division multiplexing modulation 

(COFDM). DVB-T was first published in 1997 and first 

broadcast in 1998, in the UK [3]. 

Although Romania started DVB-T broadcasting in 

2005, it was only experimental. In 2012, the Romanian 

authorities decided that DVB-T2 (Digital Video 

Broadcasting – Second Generation Terrestrial) will be 

the standard used for terrestrial broadcasts, as it allows a 

larger number of programs to be broadcast on the same 

multiplex (MUX). On 17 June 2015, the analogue 

terrestrial television was switched off, with the exception 

of the main public TV program (TVR1), which will 

continue to be broadcast strictly in the VHF band until 

the end of 2016 [4]. 

At the end of 2015, free-to-air DVB-T2 broadcasts on 

MUX1, provided by the state-owned Radiocom, were 

available for about 56% of the population [5]. In such a 

context, we initiated a measurement campaign of the RF 

electromagnetic fields originating from DVB-T2 

transmitter antennas, first in the city of Iasi and its rural 

vicinity. To our knowledge, no study has tried to evaluate 

the in-situ DVB-T2 exposure in our country. 

 II. RELATED RESULTS IN THE LITERATURE 

 

A number of studies concerning – at least partially – 

the RF exposure from DVB-T systems were published 

over the past decade, with the migration to DTT in the 

European countries.  

In Germany, extensive exposure measurements were 

performed at more than 300 points in two DVB-T 

starting-areas, Munich and Nuremberg. At 200 locations 

in residential areas, measurements before and after the 

switchover were carried out to determine a possible 

change of exposure situation. Additional measurements 

along defined lines and inside buildings were also 

performed [6, 7]. 

In Belgium, The Netherlands and Sweden, 

measurements of DVB-T signals were carried out in the 

framework of a common survey of the RF 

electromagnetic fields from emerging wireless 

communication technologies. According to this study [8], 

which was published in 2012, the exposure ratios from 

DVB-T (if present) were the highest except GSM. 
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A study from 2013, [9], deals with the 

electromagnetic field exposure from a DVB-T transmitter 

in the urban environment of Zagreb. Measurements of 

electric field were performed at several key locations and 

compared to theoretical calculations of the present field. 

There are also several studies and reports concerning 

the evaluation of the RF exposure from DVB-T, e.g. [10], 

but all of these show that the RF exposure levels are 

generally well below the exposure limits recommended 

by ICNIRP [11]. This is also true in our case. 

 III. MEASUREMENT METHOD 

 

Like its predecessor, DVB-T2 uses the OFDM 

modulation scheme [12], which divides the available 

bandwidth into a large number of closely spaced 

subcarriers and transmits data in parallel streams. The 

signal bandwidth can be either 8 MHz (in the UHF band) 

or 7 MHz (in the VHF band). Currently, the DVB-T2 

transmissions occur in the UHF band, relayed from a 

number of transmitters located at high sites around the 

country. 

In order to measure such emissions, we adopted a 

frequency-selective method based on a SPECTRAN HF-

60105 V4 spectrum analyzer (1 MHz – 9.4 GHz) in 

conjunction with a calibrated BicoLOG 20300 antenna 

(20 MHz – 3 GHz), both from Aaronia AG (Fig. 1). After 

extensive investigations, taking into account the 

characteristics of the DVB-T2 signals with respect to the 

performances of the spectrum analyzer, the following 

settings were established for assessing the DVB-T2 

exposure: RMS (Root Mean Square) detector, resolution 

bandwidth RBW = 5 MHz, video bandwidth VBW = 50 

MHz (FULL), sample time SpTime = 250 ms (sweep time 

ST about 750 ms, as reported by the MCS Spectrum 

Analyzer Software), frequency span of 20 MHz, with the 

center frequency (CF) of the spectrum analyzer equal to 

the CF of the DVB-T2 signal. 

   

Fig. 1. Instrumentation used for the survey  

At each selected location, MAX HOLD 

measurements were taken with the antenna oriented in 

three orthogonal directions, at a distance of 1.5 m above 

the ground or floor, for a sufficiently long time to allow 

the trace to stabilize. During the investigations, a 

minimum distance of 0.5 m was maintained between any 

object and the antenna [13, 14]. 

All readings indicated by the spectrum analyzer 

(power in units of dBm) were recorded and converted to 

E-field strength levels, in units of V/m, by taking into 

account the antenna factor and power losses in the 

connecting coaxial cable [15, 16]. Then, the total E-field 

at each location was calculated with the formula [17]: 

 222

zyxtot EEEE ++= , (1) 

where Ex, Ey and Ez represent the three orthogonal 

readings. 

The specified accuracy of the HF-60105 V4 spectrum 

analyzer is ±1 dB (typically), but higher deviations are 

possible especially when approaching the so-called noise 

floor or the maximum sensitivity of the instrument [18]. 

 IV. RESULTS AND DISCUSSION 

 

DVB-T2 exposure measurements were performed at 

80 locations: 62 – in different areas of the Iasi city, 18 – 

in the surrounding of the “Pietraria” transmitter, a 180 

meters tall guyed mast for FM-/TV-broadcasting at 

Pietraria, a village near Iasi. Fig. 1 shows the position of 

the transmitter and considered measurements locations on 

the map. Most of the measurements were taken outdoor, 

in the period March 2016 – April 2016. 

An overview of the VHF and UHF frequency bands at 

a measurement location is shown in Fig. 3. At the 

moment, only a DVB-T2 signal is present in the UHF 

band, on channel 25 (506 MHz CF). Other two 

multiplexes will be broadcast in the UHF band until the 

end of May 2017, so we expect an increase in total RF 

exposure associated with this technology. 

 

Transmitter 

2 

1 

 

Fig. 2. Indication of the measurement locations on the map 

(yellow marker: E < 0.1 V/m; black marker: E > 0.1 V/m)  
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The highest E-field level recorded during the survey 

was 0.382 V/m, which represents 1.24% of the exposure 

limit (30.93 V/m at the frequency of 506 MHz). It was 

measured in the proximity of the “Pietraria” transmitter, 

at a ground distance of about 150 m (location “1” on the 

map). The highest E-field level measured in the urban 

environment was 0.096 V/m (location “2” on the map), 

which accounts for 0.31% of the limit. 

DVB-T2 
Analogue TV 

LTE 800 

PMR 

Fig. 3. Overview of the VHF and UHF frequency bands 

Fig. 4.a illustrates the general distribution of the 

survey results in terms of E-field strength. The 

overwhelming majority of the results are below 0.1 V/m 

(0.32% of the field strength limit), whereas the average 

and median values are 0.072 V/m (0.23% of the limit) 

and 0.056 V/m (0.18% of the limit) respectively. In 

percentage terms, 61% of the recorded E-field levels are 

below 0.25% of the ICNIRP exposure limit, whereas 13% 

of the readings are in the range from 0.25% to 0.5% of 

the limit (Fig. 4.b). 

At a first glance, the obtained results are comparable 

to those reported for DVB-T in the literature. For 

instance, in [7], the maximal exposure concerning the 

power density is 6.5 mW/m2 (corresponding to 0.24% of 

the ICNIRP reference levels), whereas our maximum 

value is 0.39 mW/m2 (corresponding to 0.015% of the 

ICNIRP limit, 2.53 W/m2). In [8], the maximal and 

average exposure values reported for Analogue TV / 

DVB-T are 1.65 V/m and 0.09 V/m respectively. As we 

can see, these levels are somewhat higher than our 

results, but we measured only a single channel. 
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Fig. 4. Distribution of the recorded data: a) number of 

measurements as a function of E-field strength; b) percent of 

measurements as percent of ICNIRP exposure limit 

Regarding the main factors influencing the DVB-T2 

exposure, this greatly depends on the distance from the 

transmitter and terrain irregularities. The buildings and 

other obstructing structures in the urban environment 

have also a strong influence on the DVB-T2 exposure, 

causing not only a significant reduction in the EMF 

levels, but also a very complex spatial distribution. 

V. CONCLUSIONS AND FUTURE WORK

According to the measurements performed for this 

survey, the E-field levels from DVB-T2 transmitter 

antennas were found to be well bellow the exposure 

limits recommended in the ICNIRP guidelines. The 

highest E-field level was 0.382 V/m, which corresponds 

to only 1.24% of the exposure limit, whereas 74% of the 

measurements were below 0.5% of the limit. 

Future research will be focused on the influence of 

different factors on the DVB-T2 exposure. For instance, 

one limitation of our study was that most of the 

measurements were taken outdoor, at the ground level, so 

further investigations might be necessary to characterize 

the indoor exposure, especially in tall buildings that are in 

the direct line-of-sight of the transmitter. Also, we expect 

an increase in the total DVB-T2 exposure with the release 

of MUX2 and MUX4, until the end of May 2017. 
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Abstract—There is a high demand for monitoring the 
electromagnetic fields (EMFs) generated by communication 
systems and other radiofrequency (RF) technologies, in order to 
assess compliance with existing legislation and prescribed 
reference levels. The broadband EMF monitoring systems 
unquestionably represent one of the major innovations in this 
area, continuously measuring the total EMF from all 
surrounding sources and performing a real-time dissemination of 
the assessment results to the public. In this study, we analyze 
exposure data from 8 broadband EMF monitoring systems 
operating in 7 countries, which totalize over 400 active stations. 
The results of the analysis suggest that the exposure levels to RF-
EMFs are quite similar between countries, and generally well 
below the reference levels defined by the national legislations. 

Keywords—radiofrequency electromagnetic fields; monitoring 
systems; monitoring data; exposure limits 

I.  INTRODUCTION 

The exposure to RF-EMFs is a cause of concern for many 
people [1-6]. One solution to this problem is to control the 
electromagnetic emission levels by continuously taking 
measurements and to properly communicate the results to the 
general public. For years, in various countries around the 
world, broadband EMF monitoring systems have been used 
with satisfactory results, increasing citizens’ confidence in 
governments and reducing their fear and ignorance regarding 
the electromagnetic radiation [7]. 

The EMF monitoring systems are operated either by 
regulatory agencies or independent entities, which make the 
results available on the Internet. Basically, such a system 
consists of a number of remote measurement stations that are 
managed, via the mobile network, from a data control center 
(DCC). Depending on the system, there may be one ore more 
DCCs, deployed on a regional basis. The EMF data collected 
from the monitoring stations is stored in a database in DCC, 
usually allowing end-users to look up and display measured 
EMF values at any location over the desired time period, in a 
simple chart format. The exposure levels are given either in 
terms of electric field strength, E(V/m), or power density, 
S(W/m2), together with the considered reference limits [8-12]. 

The Romanian EMF monitoring system, which is operated 
by the National Authority for Management and Regulation in 

Communications (ANCOM), has been installed in the last part 
of 2015 and comprises 50 broadband monitoring stations 
located in urban areas, in Bucharest and other 35 cities, in the 
vicinity of schools, hospitals, public institutions, crowded areas 
(e.g., marketplaces) and public places that are close to multiple 
EMF sources. Each station (Fig. 1.a) uses a three-axis isotropic 
probe for measuring the electric field strength in four frequency 
bands: 100 kHz – 7 GHz (broadband), 925 MHz – 960 MHz 
(GSM 900), 1805 MHz – 1880 MHz (GSM 1800) and 2110 
MHz – 2170 MHz (UMTS 2100) [13]. End-users can visualize 
the stations’ location on Google Maps, select a specific station 
and see most recent measurements results or results further in 
the past through the ACTA EMF Observatory [14], a powerful 
web application compatible with Narda EMF stations. As 
presented in Fig. 1.b, the displayed results are compared to the 
limit values for the general public exposure to EMFs instituted 
by the Romanian state (the Decree no. 1193/2006 issued by the 
Ministry of Public Health). 

  
                  (a)                                                            (b) 

Fig. 1.  Quadband EMF monitoring station, model Narda AMB-8059, 
operating in the city of Iasi: (a) installation conditions; (b) example of EMF 
monitoring data – electric field strength over 4 months 
[Source: http://www.monitor-emf.ro, ANCOM]. 

Since several EMF monitoring systems are currently in use, 
the aim of our study is twofold. First, it aims to compare the 
EMF monitoring data between different countries. Second, it 
offers a preliminary insight into the EMF exposure levels 
recorded by the Romanian EMF monitoring system, from its 
deployment at the end of the first quarter of 2016. 
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II. MATERIALS AND METHODS 

At the moment, a limited number of broadband EMF 
monitoring systems are operational. In this study, we analyzed 
exposure data provided by 8 EMF monitoring systems from 7 
countries (Romania, Spain – 2, Turkey, Switzerland, Colombia, 
Uruguay and El Salvador), which totalized 417 measurement 
stations. The largest system is the one controlled by the 
Government of Catalonia, Spain, with over 300 active 
monitoring devices installed in 185 municipalities, whereas the 
smallest one is the system operated by the General 
Superintendence of Electricity and Telecommunications 
(SIGET), El Salvador, with a single active station. 

For each station, the exposure data consisted of the 
maximum and average E-field strength over the last week, the 
last month and from the beginning of the year. The end date 
has been set to August 11, 2016. Two systems, in Romania and 
Switzerland, do not provide the average value over the selected 
time period, but only the maximum one, which has been 
graphically determined. The Colombian EMF network displays 
the exposure data in terms of percentage of exposure limit, so 

the E-field strength has been calculated by taking into account 
the specified limit level. 

All E-field data sets have been summarized with the 
highest, lowest and, where appropriate, median value, and then 
compared to the reference levels adopted by each country, 
which in turn are those established by the International 
Commission on Non-Ionizing Radiation Protection (ICNIRP), 
in 1998 [15]. Furthermore, to get a general distribution of the 
maximum and average E-field values from the beginning of the 
year, the total number of results has been plotted as a function 
of E-field strength. Finally, to obtain a preliminary insight into 
the EMF exposure levels recorded in our country, the 
maximum E-field strength for each of 50 stations has been 
plotted for all the three time periods considered above. 

III. RESULTS AND DISCUSSIONS 

A synthetic overview of all EMF monitoring data is given 
in Table I. Emax and Eavg represent the maximum and average 
values of the electric field strength over the considered time 
periods, whereas Elim represents the specified reference level. 

TABLE I.  SYNTHETIC EMF MONITORING DATA ACROSS DIFFERENT COUNTRIES 

Country Institution 
No. of 
active 

stations 

Frequency 
range 

Value of 
interest 

Emax(V/m)  Eavg(V/m)  Elim 

(V/m) From 
Jan. 1 

Last 
month 

Last 
week 

From 
Jan. 1 

Last 
month 

Last 
week 

Romania 

National Authority for 
Management and 
Regulation in 
Communications 
(ANCOM) [13] 

50 
100 kHz – 

7 GHz 

Highest 18.10 13.80 13.00 – – – 

27.5 Median 2.19 1.93 1.67 – – – 

Lowest 0.42 0.32 0.29 – – – 

Turkey 

Information and 
Communication 
Technologies 
Authority (ICTA) [16] 

14 
100 kHz – 

3 GHz 

Highest 9.98 9.83 9.83 6.84 6.49 6.45 

41.25 Median 3.50 2.23 2.21 1.88 1.68 1.71 

Lowest 1.15 1.15 0.86 0.65 0.65 0.67 

Spain 

Government of 
Catalonia [17] 

275 
900 MHz / 
1800 MHz / 
2100 MHz 

Highest 35.94 35.86 16.20 19.35 21.95 11.81 

41 Median 2.14 1.98 1.73 1.29 1.27 1.27 

Lowest 0.17 0.11 0.09 0.05 0.06 0.06 

41 
100 kHz – 

8 GHz  

Highest 24.93 20.67 20.67 20.37 19.04 19.25 

28 Median 3.39 3.07 2.95 2.29 2.14 2.14 

Lowest 0.44 0.29 0.29 0.15 0.17 0.17 

City Hall of Vitoria-
Gasteiz [18] 

5 
900 MHz / 
1800 MHz / 
2100 MHz 

Highest 2.03 1.73 1.69 1.41 1.36 1.36 

41 Median 1.64 1.57 1.24 1.03 1.02 1.02 

Lowest 1.23 1.13 1.12 0.95 0.81 0.80 

Switzerland 
Zentralschweizer 
Umweltdirektionen 
(ZUDK) [19] 

4 
100 kHz – 

3 GHz 

Highest 2.60 2.00 2.00 – – – 
 Median 1.06 1.03 0.96 – – – 

Lowest 0.46 0.40 0.38 – – – 

Colombia 
National Spectrum 
Agency (ANE) [20] 

24 
900 MHz / 

1800 MHz / 
2100 MHz 

Highest 13.59 11.08 11.08 7.73 8.14 8.28 

41 Median 1.52 1.37 1.35 1.06 1.05 1.04 

Lowest 0.82 0.40 0.34 0.15 0.07 0.07 

Uruguay 
Communication 
Services Regulatory 
Agency (URSEC) [21] 

3 
100 kHz – 

8 GHz 

Highest 3.78 3.71 3.00 2.17 2.61 2.61 

28 Median 2.76 2.76 2.76 1.86 1.89 1.97 

Lowest 2.40 2.40 2.40 1.61 1.85 1.96 

El Salvador 

General 
Superintendence of 
Electricity and 
Telecommunications 
(SIGET) [22] 

1 
100 kHz – 

8 GHz 
– 4.96 4.43 3.99 3.30 3.14 3.00 28 
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None of the 417 monitoring stations have registered E-field 
levels higher than Elim. The highest (global) maximum E-field 
level from the beginning of the year, 35.94 V/m (87.66% of the 
prescribed exposure limit, 41 V/m), has been recorded by a 
monitoring station covering the “current mobile phone 
frequency bands” (900 MHz, 1800 MHz and 2100 MHz), in 
Alt Camp, Catalonia (Spain); the average E-field level for the 
same station is three times lower, 11.94 V/m (29.12% of the 
exposure limit). Note that a maximum E-field level more than 
two times higher than the ICNIRP limit has been indicated by a 
monitoring station in Istanbul, Turkey, but the displayed E-
field data have encountered errors. Consequently, they have 
been excluded from analysis. 

The highest average E-field level from the beginning of the 
year, 20.37 V/m (72.75% of the prescribed exposure limit, 28 
V/m), has been recorded by a monitoring station covering the 
frequency range 100 kHz – 8 GHz, also in Catalonia, but in 
Segrià. The maximum E-field strength indicated by this station 
is closer to the average value, namely 24.93 V/m (89.04% of 
the mentioned exposure limit). 

The medians for both Emax and Eavg are quite low compared 
to the highest values of these quantities, not exceeding 3.5 V/m 
and 2.3 V/m respectively (from the beginning of the year). 
Except a few stations, no significant differences in these two 
quantities, and especially in Eavg, have been observed over the 
considered time periods.  

Fig. 2.a illustrates the general distribution of the maximum 
E-field levels for a number of 414 stations. A percentage of 
81.4% (N = 337) of them recorded values below 5 V/m, 
whereas 55.07% (N = 228) of them recorded values below 2.5 
V/m. As for the average E-field levels, from a total of 360 
monitoring stations providing such data, 94.44% (N = 340) of 
them recorded values below 5 V/m, whereas 79.17% (N = 
285) of them recorded values below 2.5 V/m (Fig. 2.b). Once 
again, this simple statistics corresponds to the time period 
from Jan. 1, 2016 to Aug. 11, 2016.  
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Fig. 2.  Distribution of the EMF monitoring data from Jan. 1, 2016 to Aug. 
11, 2016: (a) maximum E-field levels, Emax; (b) average E-field levels, Eavg. 

Fig. 3 presents the maximum E-field strengths recorded by 
the 50 stations installed in our country, over the last week, the 
last month and the entire operation period, over 4 months. The 
overwhelming majority of the stations (N = 42) recorded 
maximum E-field strengths below 5 V/m, whereas 58% (N = 
29) of them recorded values below 2.5 V/m. The highest E-
field level, 18.1 V/m (65.82% of the specified exposure limit, 
27.5 V/m), has been recorded by a monitoring station installed 
on a rooftop with different types of antennas, in the capital 
Bucharest. Unfortunately, the system operated by ANCOM 
does not provide information about the average E-field level 
over the selected time period, but in this case we estimate an 
average value of about 14 V/m (50.91% of the admitted limit). 

IV. CONCLUSIONS AND FUTURE WORK 

According to the accessed monitoring data, the exposure 
levels to radiofrequency electromagnetic fields are quite similar 
between countries, and generally well below the limits defined 
by the ICNIRP guidelines. The highest (global) maximum E-
field level from the beginning of the year is 35.94 V/m, which 
corresponds to 87.66% of the prescribed limit, 41 V/m, 
whereas the highest average E-field level for the same period is 
20.37 V/m, which accounts for 72.75% of the prescribed limit, 
28 V/m. Both values have been registered in Spain, Catalonia, 
which has the largest EMF monitoring network in the world, 
with over 300 active stations. 

Future research will be focused on the analysis of EMF 
monitoring data from more stations (some systems could not be 
accessed due to various reasons), as well as on extending the 
evaluation period, in order to better assess the temporal 
evolution of the EMF exposure. Special attention will also be 
paid to the analysis of EMF data provided by the system 
installed in our country, during its first year of operation. 

420
Authorized licensed use limited to: Gheorghe Asachi Technical University of Ia¿i. Downloaded on August 26,2025 at 08:27:03 UTC from IEEE Xplore.  Restrictions apply. 



0

2

4

6

8

10

12

14

16

18

20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

Station No.

M
ax

im
um

 E
-F

ie
ld

 S
tr

en
gt

h 
(V

/m
)

Entire operation period (over 4 months)

Last month
Last week

 

Fig. 3.  Maximum E-field strengths recorded in our country. 
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Abstract - This study reports preliminary results of a survey of 
the RF electromagnetic fields originating from Long-Term 
Evolution (LTE) base station antennas. Both indoor and outdoor 
measurements of LTE1800 and LTE2600 signals were conducted 
in a large urban area, around a number of LTE transmitters. 
The measured E-field exposure levels, extrapolated for maximum 
traffic load, were found to be well below the exposure limits 
recommended by the International Commission on Non-Ionizing 
Radiation Protection (ICNIRP) for the general public. The 
results are in line with those of a few studies carried out recently 
in European countries. 

Keywords - electromagnetic field; LTE base stations; indoor 
and outdoor measurements; frequency-selective method 

I.  INTRODUCTION 
Long-Term Evolution, or LTE, commonly marketed as 

4G/LTE, is a new wireless communication standard of high-
speed data for mobile devices, developed by the 3rd Generation 
Partnership Project (3GPP). It is an upgrade to the 
UMTS/WCDMA (3G) communication systems, featuring an 
enhanced radio interface and all-IP networking technology. 
LTE is currently adopted by more and more commercial 
operators around the world, being expected to become the first 
truly global standard for mobile phones. 

Since LTE is a relatively new technology, the scientific 
literature related to the assessment of the RF electromagnetic 
fields from LTE systems is still limited. A few systematic 
studies were conducted starting with 2010, when the RF 
exposure from the world’s first commercial LTE2600 network 
in Stockholm, Sweden, was determined at 30 randomly 
selected locations by Joseph et al. [1]. In [2], Joseph et al. also 
investigated the RF exposure from a trial network consisting of 
7 LTE2600 base stations, at 40 locations in an urban 
environment of Reading, UK, whereas, in [3], Bornkessel and 
Schubert discuss results of a comprehensive measurement 
campaign conducted around 7 LTE800 and LTE2600 base 
stations, at 77 locations, in 5 German cities. A different 
approach was adopted by Colombi et al., in [4], who 
determined downlink output power distributions for more than 
5000 base stations in a 4G/LTE network by extracting data 
using the operations support system (OSS) of the network, the 
results being then verified with in-situ power density 
measurements for one LTE cell in Stockholm [6]. All these 

studies revealed that the emissions caused by LTE are well 
below the ICNIRP reference levels [5], which were adopted by 
the majority of EU member states. 

In Romania, the first 4G/LTE network was launched in 
November 2012. Other two networks became operational in 
December 2012 and April 2013 respectively, while another two 
networks are planned for 2014 [6]. In such a context, 
considering the current coverage of LTE in all major Romanian 
county seats is nearly 100%, we decided to conduct a survey of 
the RF exposure levels originating from LTE base stations 
installed in the city of Iasi. To our knowledge, until now, no 
study has addressed the LTE exposure in our country. 

II. LTE SIGNAL STRUCTURE VS. EMISSIONS 
MEASUREMENT 

The downlink physical layer of LTE is based on OFDMA, 
a multi-carrier scheme that allocates radio resources to multiple 
users. OFDMA takes advantage of the well-known Orthogonal 
Frequency Division Multiplexing (OFDM) modulation 
technique, which breaks the available bandwidth into many 
narrower subcarriers and transmits the data in parallel streams. 
For LTE, the basic subcarrier spacing is Δf = 15 kHz, but the 
total number of available subcarriers will depend on the overall 
transmission bandwidth of the system [7, 8].  

In the time domain, the LTE transmissions are organized 
into radio frames of 10 ms length. Such a frame is divided into 
ten subframes, each being 1 ms long. A subframe is further 
divided into two slots, each of 0.5 ms duration. Finally, each 
slot consists of either 7 or 6 ODFM symbols, depending on 
whether a normal or an extended cyclic prefix (CP) is used. 
The OFDM symbol length can vary from 71.4 μs (normal CP) 
to 88.3 μs (extended CP).  

A Resource Element is the smallest defined time-frequency 
unit for the LTE downlink transmission and represents one 
symbol (over time) by one subcarrier (in frequency). Resource 
Elements are grouped into Resource Blocks consisting of 12 
consecutive 15 kHz subcarriers (totaling 180 kHz) in the 
frequency domain and one slot (i.e. 7 symbols for normal CP 
and 6 symbols for extended CP) in the time domain. The 
relationship between a slot, symbols and Resource Blocks is 
illustrated in Fig. 1.  
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Figure 1.  The relationship between a slot, symbols and Resource Blocks. 
[Source: LTE Resource Guide – Anritsu] 

A Resource Block is the smallest unit that can be scheduled 
in the frequency domain. The transmission bandwidth is the 
number of active Resource Blocks in a transmission. As the 
bandwidth increases, the number of Resource Blocks also 
increases. The transmission bandwidth configuration, BWconfig, 
is the maximum number of Resource Blocks for a particular 
channel bandwidth, BWchannel. The maximum occupied 
bandwidth is the number of Resource Blocks, NRB, multiplied 
by 180 kHz. The relationship between LTE channel bandwidth, 
transmission bandwidth configuration and maximum occupied 
bandwidth is illustrated in Table I. 

TABLE I.  THE RELATIONSHIP BETWEEN LTE CHANNEL BANDWIDTH, 
TRANSMISSION BANDWIDTH CONFIGURATION AND MAXIMUM OCCUPIED 

BANDWIDTH 

Channel 
bandwidth 

(MHz) 

Maximum number of 
Resource Blocks / 

Transmission 
bandwidth 

configuration 

Maximum occupied 
bandwidth 

(MHz) 

1.4 6 1.08 

3 15 2.7 

5 25 4.5 

10 50 9.0 

15 75 13.5 

20 100 18.0 

 
Any LTE frame carries physical channels and physical 

signals. The channels carry information received from higher 
layers, such as data and system information, while the signals 
relate to physical layer functions, such as synchronization. The 
frame structure is the same for the uplink and downlink, but the 
physical signals and physical channels are different. Fig. 2, 

which represents a diagram of a downlink frame using FDD 
(Frequency Division Duplexing) and normal CP, shows the 
relative location of the various signals and channels. In LTE 
systems using TDD (Time Division Duplexing) or extended 
CP, the frames would be slightly different. 

 

Figure 2.  LTE downlink channels and signals.  
[Source: LTE Resource Guide – Anritsu] 

The P-SS (Primary Synchronization Signal), S-SS 
(Secondary Synchronization Signal), PBCH (Physical 
Broadcast Channel) and RS (Reference Signal, not shown in 
Fig. 2) are of particular interest in the context of emissions 
measurement, because they are always transmitted (at a defined 
power level) in the downlink, regardless of whether data traffic 
is present or whether user devices are connected. Therefore, 
they are adequate for measurement and consequent 
extrapolation to the emission level resulting from the downlink 
under maximum data traffic [8]. 

III. MEASUREMENT METHOD 
In this study, we adopted a frequency-selective technique 

focused on the P-SS and S-SS signals, which are transmitted in 
one OFDM symbol each, twice per frame, on 62 subcarriers 
around the central (DC) subcarrier. The measurement of these 
signals requires a spectrum analyzer with a resolution 
bandwidth of at least 0.93 MHz (a standard resolution 
bandwidth is 1 MHz), a RMS detector (due to the high crest 
factor) and a Max Hold function. In addition, because of the 
signal’s timing structure, the sweep time of the spectrum 
analyzer must be chosen so that the measuring time per pixel 
does not exceed 70 μs (the minimum length of one OFDM 
symbol is 71.4 μs). However, rather than measuring in the 
frequency domain, measurements will be performed in the time 
domain (i.e. “Zero Span” mode). Detailed motivations for these 
settings are given in [8-10]. 

Measurements were carried out with an E4407B spectrum 
analyzer (9 kHz – 26.5 GHz), from Agilent Technologies, in 
conjunction with a HyperLOG 60100 log-periodic antenna 
(680 MHz – 10 GHz), from Aaronia. At each selected location, 
after setting the spectrum analyzer on the center frequency of 
the LTE signal to be measured, the worst-case exposure was 
determined by using the sweeping method, which involved 
slowly moving the hand-held measuring antenna (while 
varying the polarization and tilt) trough the space volume of an 
upright cylinder of 1 m diameter [11], up to about 2 m above 
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the ground or floor, until a maximum signal level was 
observed. During the investigations, a distance of at least 0.5 
m was maintained between walls, floor, ceiling, furniture and 
metallic objects, and the antenna.  

The entire measurement approach is summarized in Table 
II. Note that, in order to extrapolate for maximum traffic load 
(to extrapolate from the field level corresponding to the P-SS 
and S-SS signals measured across 1 MHz to the theoretical 
field level in the case when all the subcarriers across the full 
signal bandwidth are transmitted and carrying data), the full 
bandwidth of the LTE signal should be checked in the 
frequency domain, with respect to the values given in Table I. 
The maximum possible field level, Emax, is then calculated by 
applying a correction factor, KRBW, which compensates for the 
limited resolution bandwidth of the spectrum analyzer with 
respect to the full signal bandwidth. The correction factor is to 
be derived as follows [8]: 

NsignalRBW BBK /= ,                            (1) 

where Bsignal is the measured signal bandwidth and BN is the 
noise bandwidth of the analyzer’s filter. In the case of a 
Gaussian filter, dBN BB 31.1≈ , with RBWB dB =3 . 

TABLE II.  MEASUREMENT APPROACH USED FOR SURVEY 

Equipment E4407B spectrum analyzer and calibrated 
HyperLOG 60100 antenna 

Measurement 
mode Time domain (“Zero Span” mode) 

Trace mode Max Hold 
Resolution 
bandwidth 1 MHz 

Video  
bandwidth 3 MHz 

Detector RMS 

Sweep time 401 (pixels) x 70 μs = 28 ms 
Duration of each 
measurement Until trace stabilizes 

Extrapolation for 
maximum traffic 
load 

Measure the LTE full signal bandwidth in the 
frequency domain and determine a correction 
factor. 
Calculate the field strength level for maximum 
traffic by applying the correction factor,  
Emax = Emeasured x KRBW (V/m). 

 
A frequency domain representation of a LTE downlink 

signal centered on 1815 MHz, with a signal bandwidth of 18 
MHz, is shown in Fig. 3, a. Its correspondent time domain 
(“Zero Span”) representation is shown in Fig. 3, b, the highest 
level indicated by marker being 0.167 V/m. By applying the 
extrapolation factor calculated with Equation (1), KRBW = 4.05, 
a maximum value of 0.676 V/m is obtained. 

IV. RESULTS 
A total of 111 measurements were conducted at 38 

locations (10 - indoor, 28 - outdoor), starting from about 20 m 
away from the closest LTE base station. The individual LTE 
signals measured at each site were adjusted to maximum 

theoretical levels and compared to the ICNIRP reference limits 
for the general public, as presented in Table III. 

 
a) 

 
b) 

Figure 3.  LTE downlink signal: a) frequency domain measurement;  
b) time domain measurement 

The highest E-field level recorded during the entire survey 
was 3.467 V/m, at the frequency of 2640 MHz. This value, 
which accounts for 5.5% of the exposure limit, was measured 
in front of an LTE antenna mounted on the wall of an 8-floor 
building, at a distance of 43.5 m from the building. The highest 
detected indoor level was 2.272 V/m, also at the frequency of 
2640 MHz. This value, which accounts for 3.61% of the 
exposure limit, was measured in a classroom located at the 4th 
floor of a university building, in front of an LTE transmitter 
installed on the roof of a tower block in the neighborhood 
(about 105 m ground distance).  

TABLE III.  EXAMPLE OF MEASUREMENT RESULTS FOR LTE EXPOSURE 

Center 
frequency 

(MHz) 

Emeasured 
(V/m) 

Extrap. 
factor 

Emax  
(V/m) 

ICNIRP 
limit 

(V/m) 

1815 0.1671 4.05 0.6760 58.6 

1865 0.0179 4.05 0.0726 59.4 

2640 0.0133 4.05 0.0538 61.0 

547
Authorized licensed use limited to: Gheorghe Asachi Technical University of Ia¿i. Downloaded on August 26,2025 at 08:35:05 UTC from IEEE Xplore.  Restrictions apply. 



The lowest E-field level recorded during the survey was 
0.008 V/m, at the frequency of 1865 MHz. This value, which 
represents only 0.01% of the exposure limit, was measured at 
two adjacent outdoor locations, being contributed by a distant 
LTE transmitter, with no visual contact. 

An overview of all extrapolated LTE field levels is given in 
Fig. 4, a and b. The median corresponding to these individual 
readings is 0.2001 V/m, which agrees perfectly with the 
median reported in [3]. The maximum extrapolated E-field 
level reported in [3] was found to be 7.49 V/m (12.27% of the 
ICNIRP exposure limit), which is more than 2 times higher 
than our maximum level. In [2], the maximum extrapolated 
value for LTE exposure was found to be 1.9 V/m. 
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Figure 4.  Overview of the recorded data: a) maximum possible LTE 
exposure levels within specific sub-bands; b) number of measurements as 

percent of ICNIRP exposure limit 

Statistically speaking, 83.8% of the recorded E-field values 
are below 1% of the ICNIRP exposure limit, whereas 11.7% of 
the individual readings fall between 1% and 2% of the limit. In 

terms of power density, 93.7% of the individual readings are 
below 0.02% of the ICNIRP reference level, which for 
LTE1800 and LTE2600 varies from 9 W/m2 to 10 W/m2. 
However, we should keep in mind that the total LTE exposure 
at each considered location is a summation of the LTE signals 
from different sub-bands. 

V. CONCLUSIONS 
Even if projected to a theoretical maximum, the exposure 

levels from LTE1800 and LTE2600 base station antennas were 
found to be well bellow the exposure limits recommended in 
the ICNIRP guidelines. According to the measurements 
performed for this preliminary survey, the maximal 
extrapolated E-field values varied from 0.008 V/m to about 3.5 
V/m, which is less than 5.5% of the exposure limit. Future 
research will be focused on investigations at more locations, as 
well as on the influence of different factors on LTE exposure. 
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