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Abstract—This paper aims at validating a code for the evalua-
tion of lightning-induced overvoltages developed in the PSCAD-
EMTDC environment using experimental results obtained on an
experimental facility deployed at the University of São Paulo,
Brazil that emulates the return stroke channel with a helical an-
tenna. For this reason, suitable expressions for the helix electro-
magnetic fields are presented and conditions under which they can
be approximated with the ones produced by the classical lightning
channel model (i.e., a vertical antenna) are derived. Moreover, the
analysis of the deviations between measurements and calculations
is used as a tool to propose a channel vertical coordinate dependent
function for the speed that guarantees the best fitting. The valida-
tion is done considering different line configurations, from a single
line to a complex layout with one main feeder and many laterals
and in the presence of non-linear elements, such as surge arresters.

Index Terms—Lightning electromagnetic pulse, lightning in-
duced effects and protection, lightning location, lightning mea-
surement and modeling.

I. INTRODUCTION

L IGHTNING strikes are one of the major causes of overvolt-
ages and faults in transmission and distribution systems.

As well known, lightning overvoltages are mainly divided into
two categories: those due to a direct strike and those induced by
nearby lightning (indirect strikes) [1].

Direct strikes to line conductors occur when they intercept a
descending lightning leader through a connecting upward dis-
charge within an interception radius commonly called attrac-
tive radius (e.g., [2]). Indirect strikes occur when descending
lightning leaders are not intercepted by the line conductors and
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lightning strikes the ground or adjacent structures nearby the
line.

Literature is rich of methods for evaluating overvoltages due
to direct and indirect lightning events (see, e.g., [3]–[5]). Among
them, the most commonly used model in lightning electromag-
netic field coupling has been proposed by Agrawal et al. [6].

From [6] onward, many studies have utilized this formulation
in order to evaluate lightning-induced overvoltages, such as the
ones presented in [7]–[12], where analytical methods, based on
an approach consisting of the evaluations of lightning-induced
overvoltages into a mixed time-domain/frequency domain sys-
tems, are described. Other methods based on numerical solutions
are proposed in [9], [13], and [14]. Among them it is worth citing
LIOV (see e.g., [15]–[18]), which has been extensively validated
using experimental data (e.g., [19] and [20]).

Recently, an advanced coupling code that can be interfaced
with the PSCAD-EMTDC platform has been developed [21],
[22]. Its main advantages are the possibility of connecting the
coupled network to any lumped circuit present in PSCAD li-
brary, the automatic distinction between direct and indirect
strikes, and the possibility to account for the power network
pre-contingency conditions in an accurate way. The code has
been validated in [21] comparing its results with analytical so-
lutions available for very simple configurations and with the
published results provided by LIOV. Moreover, as its imple-
mentation (detailed in [21]) allows to reduce the computational
effort necessary to compute the overvoltages caused in a power
system by a lightning strike, it has been used to evaluate in an
accurate and fast way the lightning performance of a typical
distribution system (see [23] and [24] for details).

However, an extensive validation of the code performances in
different and complex configurations by means of a comparison
with experimental data was still missing.

So, this paper presents a thorough comparative analysis be-
tween the code results and experimental measurements ob-
tained, thanks to the reduced-scale model test facility built at
the University of São Paulo, Brazil [19].

As will be detailed later on in the paper, the experimental
setup simulates the lightning channel with a copper conductor
wounded on an insulating rod to control the propagation ve-
locity of the current along the channel model. This means that
the electromagnetic field source is a helical antenna that is, in
principle, different from the classical modeling of the return
stroke channel consisting of a straight vertical antenna. For
this reason, before proceeding with the code validation, the
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evaluation of the electromagnetic fields generated by a current
propagating along a helix antenna is presented and conditions
under which such fields can be approximated with the ones
generated by a vertical straight wire are derived. Note that no
measurements are available on the current distribution along the
channel (only the channel-base current was recorded), and only
the mean value of the propagation speed was evaluated [19]. The
comparison between measured overvoltages and simulations is
used here to infer height-dependent attenuation functions for the
current and the velocity, an information that was not possible to
obtain from the measurements.

The rest of the paper is organized as follows: Section II briefly
recalls the main features of the experimental setup [19], while in
Section III, expressions for the electromagnetic fields generated
by a helical antenna are derived and the equivalence with the
fields produced by a vertical antenna is discussed. Section IV
presents all the test configurations and the results of the com-
parative analysis, followed by conclusive remarks reported in
Section V. The Appendix presents a physical justification for the
proposed height dependence of the current propagation speed
along the radiating channel.

II. EXPERIMENTAL SET UP

The reduced-scale model test facility adopted for the code val-
idation is thoroughly described in [19]. Here, the main features
are briefly recalled. The scale factor is 1:50 for length and time,
while 1:360 was chosen for the electromagnetic fields. This
way, the scale factors of all the other quantities are uniquely
determined [19].

The return stroke channel was simulated by means of a copper
conductor wounded on an insulating rod in such a way that the
propagation velocity of the current along the channel model was
about 11% of that of light in free space. Moreover, in [19], it
was assumed that the current propagates along the channel with
no attenuation. The diameters of the insulating rod and of the
copper conductor were 25.4 mm and 0.7 mm, respectively, with
approximately 323 turns per meter. The length of the stroke
channel model was 12 m.

The surge impedance of the channel model (Z0) and the
(mean) propagation velocity along it were estimated experi-
mentally by the analysis of reflected voltages resulting from
the application of a step signal at one end, leaving the other one
open. The value obtained for Z0 was 2.2 kΩ, and thus, in order to
avoid reflections, a non-inductive resistor of the same value was
connected between the top of the channel model and the mesh
of conductors that provided the return path for the current. The
return conductors were separated by a distance of about 1 m and,
therefore, for the relevant frequencies of the current spectrum,
they could reasonably be assumed to represent a conducting sur-
face surrounding the system, so that the electromagnetic field in
the region under analysis was established by the current injected
into the model.

The ground was simulated by interconnected aluminum plates
covering an area of approximately 28 × 9 m2. The generation
and measuring systems were placed below the ground plane.
Additional information about the scale system, including details
of the line, transformers, and surge arresters models, as well as
the derivation of the scale factors corresponding to the various
quantities, can be found in [19].

A schematic diagram and a general view of the experimental
set up are presented in Figs. 1 and 2, respectively.

Fig. 1. Schematic diagram of the experimental set up (adapted from [19]).

Fig. 2. General view of the scale system. Adapted from [25].

III. ELECTROMAGNETIC FIELDS GENERATED BY A

HELIX ANTENNA

The problem of the electromagnetic fields generated by a heli-
cal antenna has been faced among others in [26]. However, to the
best of the authors’ knowledge, the problem of the propagation
of the current along the antenna has never been considered. For
this reason, in this section, the electromagnetic fields generated
by a current propagating along a helical antenna are calculated.

As well known, in the frequency domain and assuming for
all variables time harmonic dependence of the kind ejωt , the
electromagnetic fields produced by a current I can be calculated
first evaluating the vector potential A as the solution of

ΔȦ + k2Ȧ = −μ0 İ (1)

where k is the wavenumber. For a current flowing along a curve
γ, one has [26]

Ȧ =
μ0

4π

∫
γ

h(P ′)İ(P ′)d� (2)

with

h(P ′) =
ejk

√
r 2 +r ′2 −2rr ′cos(φ−φ ′)+(z−z ′)2

√
r2 + r′2 − 2rr′cos(φ − φ′) + (z − z′)2

(3)

where the generic source point P ′ = (r′, φ′, z′) belongs to γ and
the measurement point is Q = (r, φ, z).

In the present analysis, for sake of comparison, we will as-
sume a current distribution along the helical antenna, which is
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similar to that used in [19]

i(P ′, t) = i

(
0, t − Lγ (0, P ′)

vh

)
· u

(
t − Lγ (0, P ′)

vh

)
· F (P ′)

(4)
where vh is the propagation speed (eventually dependent on P′),
Lγ (0, P ′) is the arc length on γ between the channel base and
P ′, i(0, t) is the time-domain waveform of the channel base
current, F is the attenuation function, and u(t) is the Heaviside’s
unit step function. So, after some straightforward mathematical
manipulations, in the frequency domain, one has

İ = İ(0, ω)F (P ′)exp
(

jω
Lγ (0, P ′)

vh

)
et,P ′ (5)

et,P ′being the unitary tangent vector at γ in P ′.
The geometry described in Section II can be modeled accord-

ing to the method of images with two helical antennas (γ+ and
γ−), whose parameterization is as follows: γ = γ+ ∪ γ−with
parameter s ∈ [0,H] and

γ+ :

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

x = acos
(

2π

p
s

)

y = asin
(

2π

p
s

)

z = s

γ− :

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

x = acos
(

2π

p
s

)

y = asin
(

2π

p
s

)

z = −s

(6)

where a is the helix radius, p = H/N , H is the channel height,
and N the number of turns. According to (6), one has

Lγ (0, P ′) =
∫ z ′

s=0
‖γ̇(s)‖ ds = z′L (7)

being for the sake of simplicity

L =

√(
2πa

p

)2

+ 1. (8)

Moreover if P ′ ∈ γ+ , then

et,P ′ =
1
L

(
2πa

p
eφ ′ + ez

)
(9)

while when P ′ ∈ γ−

et,P ′ =
1
L

(
2πa

p
eφ ′ − ez

)
. (10)

eφ ′(ez ) being the azimuthal (vertical) unitary vector in point P′.
Inserting (9) and (10) into (5), (5) into (2), and exploiting the
well-known relationships between vector potential and electro-
magnetic fields [26], one has

Er =
j

4πε0ω

∫
γ

[
İφcos(φ − φ′)

[
1
r
hrφ − 1

r2 hφ

]

+ İφsin(φ − φ′)
[
hrr + k2h

]
+ İz hrz

]
d� (11)

Eφ =
j

4πε0ω

∫
γ

[
İφsin(φ − φ′)

(
1
r
hφr − 1

r2 hφ

)

+ İφcos(φ − φ′)
(

1
r2 hφφ +

1
r
hr + k2h

)

+ İz

(
1
r
hφz

)]
d� (12)

Ez =
j

4πε0ω

∫
γ

[
1
r
hzφ İφcos (φ − φ′)

+
∂2h

∂z∂r
İφsin(φ − φ′) +

(
hzz + k2h

)
İz

]
d� (13)

having indicated with subscript x the partial derivative of the
function with respect to variable x. In all the above-mentioned
expressions

İφ =
2πa

Lp
İ (P ′, ω) (14)

and

İz =

⎧⎪⎪⎨
⎪⎪⎩

1
L

İ (P ′, ω) if P ′ ∈ γ+

− 1
L

İ (P ′, ω) if P ′ ∈ γ−

. (15)

Assuming that r � r′ = a, r′ can be considered null in (3)
so that the expression of h can be approximated as

h(P ′) ≈ h̃(P ′) =
ejk

√
r 2 +(z−z ′)2

√
r2 + (z − z′)2

. (16)

Hence, (11)–(13) become

Er =
j

4πε0ω

∫
γ

[
İφsin(φ − φ′)

[
h̃rr + k2 h̃

]
+ İz h̃rz

]
d�

(17)

Eφ =
j

4πε0ω

∫
γ

[
İφcos(φ − φ′)

[
1
r
h̃r + k2 h̃

]]
d� (18)

Ez =
j

4πε0ω

∫
γ

[
İφsin(φ − φ′)h̃rz + İz

[
h̃zz + k2 h̃

]]
d�.

(19)

It is easy to show that if

İ (P ′, ω)
∣∣∣
P ′∈γ+

+ İ (P ′, ω)
∣∣∣
P ′∈γ−

= 0 (20)

both the radial and the azimuthal components of the electric
field are zero at the ground level, which means that, according
to (6), the image antenna has to carry the same current as the
source one.

Hence, (17)–(19) become

Er =
j

4πε0ω

∫ H

s=0
İ (s, ω)

{[(
h̃rz

)
|z ′=s

+
(
h̃rz

)
|z ′=−s

]

+
2πa

p
sin

(
φ − 2πs

p

)[(
h̃rr + k2 h̃

)
|z ′=s

+

−
(
h̃rr + k2 h̃

)
|z ′=−s

]}
ds (21)
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Fig. 3. Radial, azimuthal, and vertical electric field magnitude and phase spectra for vertical and helix antenna at (x, y, z) = (0, 70, 10).

Eφ =
j

4πε0ω

∫ H

s=0

{
2πa

p
İ (s, ω) cos

(
φ − 2πs

p

)
·

·
[(

1
r
h̃r + k2 h̃

)
|z ′=s

−
(

1
r
h̃r + k2 h̃

)
|z ′=−s

]
ds

(22)

Ez =
j

4πε0ω

∫ H

s=0
İ (s, ω)

{
2πa

p
sin

(
φ − 2πs

p

)

·
[(

h̃rz

)
|z ′=s

−
(
h̃rz

)
|z ′=−s

]

+
[(

h̃zz + k2 h̃
)
|z ′=s

+
(
h̃zz + k2 h̃

)
|z ′=−s

]}
ds

(23)

having highlighted the dependence of the current on the two
curves parameter s.

Expressions (21)–(23) represent the electromagnetic fields
generated by a current flowing into a helical antenna over a
perfectly conducting ground.

It is easy to understand that, setting a = 0 and v = vhL−1 =
vh [( 2πa

p )2 + 1]−1/2 (v being the propagation speed along the
vertical channel), one gets the expressions for the electric field
produced by the classical lightning channel model [2].

In Figs. 3 and 4, the magnitude and the phase spectra of
the three components of the electric field are plotted in order
to compare the fields generated by the helix [exact formulas
(21)–(23), with a = 63.5 cm, namely the radius in the full-scale
model] with those produced by the vertical antenna [formulas
(21)–(23) with a = 0]. The fields are plotted at z = 10 m, in
points (0,70) (see Fig. 3) and (350,70) (see Fig. 4) assuming
that the lightning strikes in point (0,0). Moreover, İ(0, ω) = 1
is assumed for calculations. The exam of the figures suggests

that it is possible to approximate the helix with a straight vertical
antenna. Please note that the azimuthal component of the electric
field is identically zero in the case of a vertical channel and so
it has not been plotted.

A possible explanation of the similar behavior between the
fields produced by the two different antennas can be given ex-
amining again (21)–(23): if H is an integer multiple of p, for any
element taking current I at point (a,φ,s), there is another element
taking current –I at point (a,φ + π, s + p/2). If both a and p
are small with respect to the distance between the source and
observation points, these two elements produce fields that can-
cel with each other. From a mathematical point of view, this is
confirmed by the presence of terms of the kind sin(φ − 2πs/p)
and cos(φ − 2πs/p) to be integrated in ds over a multiple of
their period.

IV. COMPARISON BETWEEN CALCULATIONS AND

MEASUREMENTS

Three test cases characterized by an increasing level of com-
plexity are presented as follows.

1) Test case A considers a very simple line topology in order
to test the effective implementation of the finite difference
time domain (FDTD) method that discretizes the Agrawal
et al. equations and the imposition of the boundary con-
ditions (see [27] for details).

2) Test case B introduces the presence of discontinuities
along the lines as well as the variation of grounding re-
sistance values, shield wire height, and other parameters
(see [28] for details).

3) Test case C, finally, validates the modeling of surge ar-
resters with their non-linear characteristics and accounts
for a much more complex network topology [19], with
one main feeder and many laterals.
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Fig. 4. Radial, azimuthal, and vertical electric field magnitude and phase spectra for vertical and helix antenna at (x, y, z) = (350, 70, 10).

Fig. 5. Case A line configuration. Top view.

A. Single-Phase Straight Distribution Line

This section aims at validating the coupling code for the
test case A, represented in Fig. 5, where the stroke location is
evidenced.

Such system consists of a reference line, always matched at
both ends, and a test line whose boundary conditions can vary.
The test line is placed symmetrically to the reference line with
respect to the lightning channel model [27].

Five different tests, each involving different values for the
current peak and front time and characterized by different types
of line terminations, have been considered (see Table I for de-
tails). In all the cases, the channel-base current waveform is
described in the coupling code by means of a saturated ramp,
whose parameters appear in columns 2 and 3 of Table I. The
measured and the saturated ramp current waveforms are pre-
sented in Figs. 6 and 7 for cases A1 and A2, respectively (for
cases A3, A4, and A5, the experimental waveforms for the cur-
rent are not available).

First of all, calculations are performed assuming the transmis-
sion line (TL) model [29] for the return stroke and a constant
propagation speed equal to 0.11 c.

Figs. 8 and 9 show, for cases A1 and A2, the time-domain
waveforms of the voltages induced at the reference line center,
which is the point of the reference line closest to the lightning
strike point.

TABLE I
DETAILS FOR CASES A

Fig. 6. Channel base current A1.
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Fig. 7. Channel base current A2.

Fig. 8. Measured and calculated induced voltages (case A1).

A very good agreement can be observed, except for some
deviations in the waveform tails. As it has been shown that
for the calculation of the fields, the helix can be equivalently
represented by a vertical antenna, two possible causes of these
differences can be identified as unitary height dependent atten-
uation function (TL model) and the assumption of a constant
speed equal to its mean value. In particular, as far as the speed is
concerned, simulations and previous works [30], [31] confirmed
the intuitive insight that higher speed implies a faster decay to
zero of the overvoltage waveform.

The considerations provided in the Appendix show that the
vertical speed of the current pulse along the helical antenna
increases as a function of height, while the current peak remains
quasi-constant.

For this reason, after some empirical adjustments, the follow-
ing expression is proposed for the propagation speed along the
channel that guarantees the best fitting between measurements
and calculations:

v (z′) =

⎧⎨
⎩

v0 |z′| < z0
vH − v0

H − z0
(|z′| − z0) + v0 |z′| ≥ z0

(24)

Fig. 9. Measured and calculated induced voltages (case A2).

Fig. 10. Measured and calculated induced voltages (case A1).

with v0 = 0.3 · 108 ms−1 , vH = 0.6 · 108 ms−1 , and z0 =
200 m, whose mean value is 0.136 c (slightly higher than the
measured value).

Henceforth, from here onward each validation case will be
presented assuming (24) for the propagation speed.

In particular, in Figs. 10 and 11, cases A1–A2 are presented
again and their matching with the experimental data undoubt-
edly improve.

The assumption proposed in (24) is applied also to cases A3–
A5 and the results shown in Figs. 12–14 confirm the adequacy
of the proposed methodology.

Please note that in Figs. 12–14 “R” and “T” indicate the test
line and reference line, respectively.

B. Discontinuities

The aim of this section is to validate the code for test line con-
figurations involving discontinuities [28], due to the presence of
the shield wire groundings. The line configuration is depicted
in Figs. 15 and 16.

Two test setups (named B1 and B2) have been considered for
validating the code, where various positions for the grounding
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Fig. 11. Measured and calculated induced voltages (case A2).

Fig. 12. Measured and calculated induced voltages (case A3).

TABLE II
DETAILS FOR CASES B

points (xg ) and different ground resistance values (Rg ) [28]
have been considered (see Table II for details).

The channel-base current waveform shown in Fig. 17 needs
an analytical expression to be inserted in the code. For this
reason, the experimental data were fitted with a saturated ramp
together with a damped sinusoidal wave, which is also shown
in Fig. 17.

Figs. 18 and 19 show the comparison between measured and
computed phase-to-ground induced voltages on the point clos-
est to the stroke location for cases B1 and B2, respectively,
highlighting in all the cases a very good agreement in the rising
transient and in the peak estimation, as well as in the voltage
tails.

Fig. 13. Measured and calculated induced voltages (case A4).

Fig. 14. Measured and calculated induced voltages (case A5).

Fig. 15. Case B1 configuration.

Fig. 16. Cases B frontal view [28].
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Fig. 17. Input current waveform. Continuous line: measured waveform.
Dashed line: analytical representation using a saturated ramp and a damped
sinusoid.

Fig. 18. Measured and calculated induced voltages—Case B1.

TABLE III
CASES C—STROKE CURRENT DETAILS

C. Presence of Surge Arresters and Multi-Lateral
Configuration

In this section, all the tests were performed on a four-
conductor line (three phases and neutral) with geometry shown
in Fig. 20 and in Fig. 21, where r.s.m. stands for return stroke
model, each triangle represents a medium voltage/low voltage
transformer, and each circle represents a set of surge arresters
(one per phase, see [19] for details).

Two cases are presented, whose details in terms of stroke
current waveform (assumed to be triangular) are described
in Table III. The measurement point is situated at node M2
(see Fig. 21).

The first case, C1, is characterized by the topology presented
in Fig. 21, where the surge arresters are placed in parallel with
the transformer at the measuring node M2. In the configuration

Fig. 19. Measured and calculated induced voltages—Case B2.

Fig. 20. Considered line geometry for cases C.

Fig. 21. Network configuration C1. Neutral conductor grounded at all trans-
formers, surge arresters, and in the middle of all laterals. Arrester located at
point M2.

C2, the surge arresters were moved from that point and placed
in parallel with the transformer at 150 m from M2.

Figs. 22 and 23 present the induced voltages at the measure-
ment point in the two cases previously described and highlight
a good agreement between the two approaches.

The observed discrepancies could be attributed to several
reasons. From the calculation standpoint, it should be observed
that, for computational reasons, all the lengths of the involved
lines and the positions of all the discontinuities have to be in
correspondence with the sampling points of the FDTD method.
In these simulations, the distance between two subsequent sam-
pling points is 10 m, which means that, for example, the length
of the main feeder has been approximated to 1420 m, rather than
1422 m, and the discontinuities occurring on the laterals have
been moved to 70 and 230 m, rather than 75 m and 225 m.
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Fig. 22. Measured and calculated induced voltages (case C1).

Fig. 23. Measured and calculated induced voltages (case C2).

Moreover, the implementation of the Agrawal et al. model
used in the coupling code follows its main hypothesis that as-
sumes that all the multi-conductor transmission lines are par-
allel. This way, the main feeder and each lateral have to be
considered as uncoupled systems. In other words, the mutual
coupling between the feeder and the laterals was neglected.

From the reduced scale system aspect, as pointed out in [19],
possible reasons for such discrepancies are as follows.

1) Measuring errors: the overall uncertainty of the measuring
system used in the tests was less than 5%.

2) Slight deviations of the stroke current from the waveforms
considered in the calculations.

3) High-frequency oscillations associated with noise or
switching of the current generation system (both of ran-
dom nature).

4) Imperfect representation of the current and speed distri-
bution along the lightning channel model.

V. CONCLUSION

The paper presented the results of some comparisons between
the simulations performed with a coupling code implemented
in the PSCAD-EMTDC environment and measurements carried
out in a reduced-scale model, highlighting a very good agree-
ment in the evaluation of the overvoltages induced by a lightning
strike on a distribution system. The comparisons show good per-
formances of the coupling code both in simple cases, such as a

straight feeder, and in more complex topologies, including the
presence of discontinuities, nonlinear elements such as surge
arresters and line laterals.

Moreover, the fact that the reduced scale model emulates
the return stroke channel with an helical antenna has allowed
to derive suitable expressions for the resulting electromagnetic
fields and conditions under which they can be approximated with
the ones produced by a vertical one. Moreover, the analysis of
the deviations between measurements and calculations allowed
to get useful information on the individual effect on the resulting
overvoltages of, first, the propagation speed of the current along
the helix and, second, its height dependent attenuation function,
and to select the best representation for them to obtain the best
fitting.

APPENDIX

In order to physically justify the assumption of a propagation
speed increasing with height and a unitary height dependent
attenuation function, the experimental setup described in Sec-
tion II has been simulated using the Numerical Electromagnetics
Code (NEC-2) [32], which is based on the method of moments
in the frequency domain.

The simulations were setup as follows. For a given frequency,
a voltage source equal to 1 + j0 V is placed on the first segment
of the helix (i.e., at z′ = 0) and then the current I(z′, ω) along
the antenna is monitored.

Recalling (5) one has

I(z′, ω) = I(0, ω)P (z′) exp
(

jω
z′

v

)
. (A1)

Dividing the current at height z′ by the one of the first segment
yields

K(z′, ω) =
I(z′, ω)
I(0, ω)

= P (z′) exp
(

jω
z′

v

)
. (A2)

The amplitude of K, as a result of NEC-2 simulations, gives
information on the attenuation function, while its phase angle
allows to evaluate the dependence of the speed in the vertical
direction as

P (z′) = |K(z′, ω)|

v =
z′

ω
angle (K(z′, ω)) . (A3)

Figs. 24 and 25 show the behavior of the attenuation function
P(z′) and the propagation speed as a function of the height for

Fig. 24. Attenuation function P(z′).
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Fig. 25. Propagation speed as a function of height.

a fixed frequency of 5 MHz. The results clarify that, with the
proposed antenna structure, the return stroke model that best
represents the simulation results is characterized by a constant
attenuation function (i.e., in the TL model) and a propagation
speed increasing with the height. It is also worth noting that
similar behavior is obtained for other frequencies in the range
0.5–50 MHz.
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