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ABSTRACT )
T X W(jw, r.)
Beyond and direct line—of-sight ground wave

propagation measurements were made over two different k beipg the propagation constant, €, is the permitti-

propagation paths 49 km and 55-4 km in length. Data vity of free space and w is the angular frequency. The
were collected during the St-Privat d'Allier experimen-— quantities r,, r;, r,, T and 6 are shown on figure 1.
tal compaign in 1983 in France. Results presented here . : B o .
include a comparison between measured and predicted W(jw,r )is the attenuation function defined by(5)[3},

pulses. The predictions are based on the paper AMRI et .

al (IJ.IMeasured pulses demonstrated the usefulness of Wi . -3 %_ k12 %, X, G il2

the method developped in: this late paper in providing Ju,x,) = 1-e (Q}Q f» (x(x —x)) W(jw,x)
.. © °

amplitude and wave-form predictions. “)
. ar . _
I 2y JJk(r +r -r )
INTRODUCTION (6+(]+kr2)3n)e 1772 "eldx

The propagation of electromagnetic pulses
over an irregular and/or inhomogeneous earth by ground z
wave is of considerable irnterest. The introduction of
sensitive solid state devices into the industrial plants
makes these devices more susceptible to the electroma-
gnetic pulses and, there fore may require additional
protection.

In this context, it has become evident thgt
more knowledge regarding the propagation of the elec-
tromagnetic pulses 1s required. Such knowledgé can be
acquired théoretically by the method developped by the
authors in the preceding publication fl(. Here, we will
compare some of our experimental results obtained in
1983 at the lightning triggering station at St-Privat
d'Allier (France) with that obtained theoretically.

THEORY OF PULSE PROPAGATION

We know that the transient field E(t,r,) at
a time t and a distance r_, on the surface of the earth
is related to the continuo us time-harmonic  solution
E(ju, r,), assuming a linear amplitude response of the
medium of propagation, by the Fourier transform—integral
theorem (6?(2 :

+° ! . - FigUre 1=
E(tyr ) == [ e BE(ju, r,) M(ju)de m : :
’To 2w 4 > To . : .
. . ‘ Where x and x_ are projections of rI‘and r, on the
where M(jw) is the Laplace transform of the moment m(t) z = 0 plane and & is defined by : Ce
of the source
+oo . t S .
N -Jw ‘ : B -1/ o : 3
MGw) = [ om) e de (2) 5= (v j -2y )
we,, :
and E(jw,r,) is the ground wave transfer function of X . .
the propagation medium, i. e, the solution for the field X and o are'r?Spectlvelyvthe dielectric constant and
described by Maxwell's equations for continuous time the conductivity.of the earth.
harmonic wave (1) (2} (3},

In equation (4);‘6 agcounté:fof;thé'impérféct

kr s 2 o ; o
E(ju,r ) = 1 eI {( ~2k cos 6 + 3kar §1n 8 ) conductivity of the earth and the function Brz/an ac-—
° hwe r, wro wt, counts for its irregular topography.
(3)
2cos 6 1 9 . 9 1 , The moment m(t) of the source can be correctly
( or + wrZ (k“ar sin“@)+ 6;?‘(‘3ar51r@®ﬂg modeled and the corresponding field E(t,r ) may be
o o
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accordingly predicted [1). If we possess a recording

of the signal E(t,dl) at :a distance dy from the sour-
ce, by means of the transfer function of the medium
E(jw,dl) we can determine the spectrum S(jw),

F(ju,d;)

E(Gu,d,) ©

S(jw)

which is the spectrum of the-source.

F(jw,dl) is defi~
ned by : e

F(o,dp) = [ e Bt a et )

The signal E(t,d,) at a distance d2 from the source can
be predicted by %

o0 .
B(t,d,) = 3= [ 5(jw) BGu,d,)e "
emd 2 s

where E(jw,d,) is the transfer function of the medium
between the source and the observer at distance d,.
The quantities E(jw,d;) and F(jw,d,) are defined %y'
the equation (3).

The inverse Fourier transform (8) can be approximated
by the following discrete transform {9

N-1 : F(jnw,,d, ) .
1 . °?727 jnw pT
E(pT. ,d,)) = = X E(inw ,d)) g e ° I 9
172 T 7=0 2 E(ano’dl)
where :
T, = T/N w, = 2m/T p =0,1,2, ... N-1

This discrete transform (9) can be evaluated in a com~
putationally efficient manner using the fast Fourier
transform algorithm'(8] ‘

EXPERIMENT SET

The artificial triggered lightning discharges
are made by launching rockets towards the storm cloud.
The rocket unrolls behind it a metallic wire comnected
to ground (10). The layout of a rocket launching plat-—
form is located in Saint-Privat d‘'Allier (France). The
measurement of vertical electric field was carried out
at two stations at distances respectively of 49 kilo-
meters (Bousseloeuf-station)and 55.4 kilometers (Laurie-
station) from the launching site. Bousseloeuf-station
was installed beyond line-of-sight, i.e, with the
receiving antenna below the radio horizon in the so-
called diffraction region.. Laurie—Station was installed
on Hertzian tower, thus om high point within optical
range of the launching site. Both stations were equip-
ped with .a recording system which
chain composed of ':

- two modified commercial rotating head recor-—

ders (video-recorders) -having a 2 Megahertz pass—band. .
: - an electric pick-up '

- an electronic clock for comparison of signals

The electric field pick~ups are composed of a
dipole antenna followed by a ‘capacitive divider and by
a wide band amplifier (300 Hz-10MHz) with a symmetrical
idput”(&).'ﬁndef'these conditions, rise time (10% -
90%7) was estimated with a precision greater than 0.2
microseconds. B
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comprised a measuring -

PROPAGATION PATH DESGRIPTION .

Measurements 0f received signals were made for
two different :propagation:paths. The profile of the .
first path which corresponds to the terrain between the
firing area and Bousseloeuf-station is shown on figure

2 and ‘that which corresponds to the second path, i.e,

to the:profile .of the terrain between -the firing area
and ‘Laurie-station is shown on figure 3..
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Propagation path profile corresponding to the
terrain between the firing area and Bousseloeuf-
station
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Both profiles are composed.of a three sections. In

the first path the lengths of. the three sections

are trespectively 14.15 km, 2.7 km and 32.2 km. In the
second path the lengths of the three sections are
respectively of '14.15 km, 2.7 km and 38.55 km. The con-
ductivity and the permittivity of the first and the
third sections of both profiles are.the.same and are
equal respectively to ¢ = 0.005 mho/m and x = 13.

The second section of both profiles is caracterised by
¢ = 0.002 who/m and x = 5.

MEASUREMENTS

The summer 1983 was poor in thunderstorms.
Only-one triggered lightning (number 8301) was rich in
return stroke. The wave shapes of vertical electric fieds
recorded .at Bousseloeuf-station and -Laurie-station are
shown respectively on figures 4 and 5. These - pulses
correspond to the most significant results in the trig-
gered lightning number 8301.

Field in V/M

Time in microseconds

- Figure 4 -

Vértical electric field due to the first return
stroke {(firing 8301), measured at Bousseloeuf-station
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- Figure 5 -

Vertical electric field due to the first return
stroke (firing 8301) measured at Laurie-station

RESULTS OF THE CALCULATION

In figures 6 and 7 calculations are given of
the amplitude and phase of the attenuation function W
versus frequency for the first path (fig.2)

Amplitude

Frequency in KHz

f Figure 6 -

Amplitude of the ground-wave
attenuation function W (jw,49%km) as a function of
frequency (o, = o, = 0.005 ; Ky =Ky = 13; ¢, = 0.002;
k,=5) for the first path. 2



3.0 1.8

2.5 i fa

2.0 1.2

g §
_31'5 ~ 1.0

hwl B

3 b5
£4 1.0 M os.m

g g
Mels 3.8

e &
0 o p
@ .o o Fha e
G £ '

*CS— CZT.. //

~1.0 [. °.2 “//

-1.5 i I [ : : n I [ . 0.2 : . ; . { . . .

c. SC. 1089, 150. 2006. 250. 300. 35C. 403. 450. <. S¢. 188. 183, 203. 2H0. 305,  353. 465, 452
Frequency in KHz Frequency in KHz
- Figure 7 - - Figure 9 -

Phase of the ground wave attenuation function

Phase .of the ground wave .attetthtion. functions: for " .,
& ) W(jw,55.4) as function of frequency

the first.profile with. (¢,.= 0, = 0.005.; x, = k, =13;
1 3 1 3

0, = 0.002 et Ky = 5)

Starting from the recording at Bousseloeuf-station

(fig.4), the formula (9), which has been translated

into a computer code, gives the predicted vertieal

electric field at Laurie—station. Both measured and

predicted vertical electric fields are shown on figure

10 in which a good agreement can be seen between mea-—

sured and predicted values.

////,—«‘\\\\\\\ 4. -

tof. e e measured pulse
n 3.

c.al. \\\\\ L predicted pulse

The amplitude and phase of the attepuation function cor-
responding .to the second path.are shown respectively
on figures 8 and 9.
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Laurie-station
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CONCLUSION

While the transient response was illustrated
explicitly for one of the return stroke models and an

irregular earth in the preceding paper (ﬁ

, the present

analysis extend the results in the case where the ori-
ginal pulse is an observed one. The comparison between
measured and predicted pulses demonstrates the useful-
ness of our method in providing amplitude and wave
form predictions.
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