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TD analysis is related to the assessment of transmitted E-
field in the ground due to GPR dipole antenna by
means of BEM.

TD approach is based on the space-time integral
equation of the Hallen type.

The influence of the earth-air interface is taken into
account ile the simplified space-time
reflection/transmission coefficient arising from the
‘Modified Image Theory (MIT).
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EM Field Coupling to Overhead Wires

e The integral equation for the transient current along the wire is
obtained by enforcing the condition for the tangential field aft

the wire surface:
: -
ElZnC+ E;C — O

where E,"¢is the incident electric field and the scattered
electric field E ncis expressed in terms of potentials:

where charge and current densities, respectively, are related
withd#e ‘continuity equation:

. dp
Vi =-_Fs
= s ot
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Combining previous equations leads to the integral equation for
the transient current along the wire in free space:

I(z',t- R/c)

4R dz

Integrating the Pocklington equation yields the Hallen integral
equation:

L

'. J‘I(Z “1-R/c)
47TR
="
-lfz., 1-R/c) is the unknown current to be determined,
. = cis the velocity of light,
3Z@-,-Ls-*the wave impedance of a free space
-Fo(1)::E, (1) are related with the reflections from wire ends

L-z7
C

lz—2'
C

dz’=Fo(t-§)+FL(t- )dz'
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Performing certain mathematical manipulations one obtains the Hallen
integral equation for wire above a lossy half-space:

I(x t—R /c—7)
AR

(o
+—[E=| x\t- '

dx'dt =

¢ C
‘N.,&a .
Whé\e the influence of the interface is faken into account via the
space- ’nme reflection coefficient:

The ’rime-éomoin Hallen equation is solved via the Galerkin-Bubnov
indirect boundary element approach.
o ~
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EM Field Coupling to Overhead eres
The antenna model: TD analysis of multiple wires
*The PEC wires of length L and radius a,at different heights h

above a dielectric half-space, illuminated by an incident E-field,
are of interest.

d Straight thin wires at various heights above a dielectric half - space
Training School Split, 8 November 2016




EM Field Coupling to Overhead Wires

Transient response of M parallel wires above a real ground is governed by
the set of the coupled space-time Hallen integral equations:

X=Xy,

)+ F (-2 ")y
C C

Unknown time signals F,, (f) and F,(f) related to the multiple reflections of
ﬂ}f_‘-§ien’r currents at the wires free ends are given by:

-,

b T (x' =) I(x\t—-=2——7)

M 1 L,
_ C " C U P
K, =) I yrr Z I !rw Ol dwds

s=1

1L "
_LJ.E;)CC(xv’t_|x_x|)dx'
27, 4 c
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EM Field Coupling to Overhead ere '

For the case of a dielectric half-space the set of Hallen integral equations simplifies into:

I(x t— R,

I - () ————C—dx'=

S=L0
L,

— — 1 x—x'
F, (t-2—20y 4 F (=22 "%y _[Ee’“‘(x ] |)dx'
c 2Z, C

Space dependent reflection coefficient is: g =ty V& —sin* 0" 9‘;=Arctg—

0.4 1+ B £.cosf' ' 24z

W normal incidence the total E - field is given by:

' ES(x\,z,)=EN(x,t=T)+E (x',t-T)
I -the ’rime'r‘equired for the wave to travel from the highest wire to the height z of the
observed v-th yire.

- The reflected field: 5
=N, E;f,f(x',t—T)=iTH_O-E_,’:,C(x',t—T——Z)
s . -
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Numerical solution

The set of Hallen integral equations is handled via the TD scheme of the
Galerkin-Bubnov Indirect Boundary Element Method (GB-IBEM).

- local approximation for the current on a wire:  I{E3R) :{f}T {1}

ARplying the BEM discretisatfion leads to a local system of linear equations for

df‘.iéﬁ‘v’rh observed wire: p
8§ 3 [ [ ULy avadn}| o -] [ 224 (Y avadn)| ]

s=1| Al AL ¢ Al; Al;

j [ Bz, x"){f}j dx' dx

OAl Al;

X=X,

+jFo(t— ’){f},dx+IFL(I—XL"_X){f},dx

Lj=1,22N-- mdex of the elements (s-th source and the v-th observed wire, respectively N - total
numberPf se&menfs M - actual number of wires.
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EM Field Coupling to Overhead Wires

the matrix equo’rion:

r, (49)

[4.]= I [ — 2 U hArY deax; [4,]= [ [ 20 {rY, 7], dxd

Al; Al Al; Al

[8.]= [ [{r} ArY dxdx [C, ]=

0 Al; Al Al; Al

[c;]= H Ly Ay avax [D= | [{r}ArY axd

*©)
42T12 0 Al; Al

—— {3 {r} dxud

47 R“”

[£,.1= | [ oo {r L AP Y dvax [EL]= | |+ Lot (Y dxdx

TR

Al; AL
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TD antenna model

* The weighted residual approach in the time domain:

0 | A ]{I} —{g}a}h_o k=12, .., N,

*the recurrence formula for the fransient current at j-th space node and k-th
fime node:

all previous discrete instants
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TD antenna model: Inclusion of ground conductivity

Geometry observed — scattering on a thin wire above lossy ground:

Training School Split, 8 November 2016
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TD antenna model: Inclusion of ground conductivity

- The space-time reflection coefficient can be written, as follows:

r(@0,7)=r'@,7)+r"(0,7)

r'(0,t) = Ko(t)

r'(0,t) = 4P =N (=) nK" I ()
1_IB [ n=1
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TD antenna model: Inclusion of ground conductivity

- Inclusion of r’( &,1) into the model leads to the following matrix equation:

Jox =LA - -{4} = [BIE} o

Training School Split, 8 November 2016
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EM Field Coupling to Overhead eres

TD antenna model: Inclusion of ground conductivity

- Additional vectors are expressed as follows:

{A}= I H (Y ArY Have {1} de

0 Al

t_RfZ_(ZnH)L_f

IC C J. I{f}J{f}IT H.dx'dx{I(7)}dt

Al Al

o Fo_QniDL_x_

C C C
4R,

Training School Split, 8 November 2016




i{_ . Department of Elec’rorics

I (- j'j' University of Split,
= Spiit, Croatia

EM Field Coupling to Overhead eres

TD antenna model: Inclusion of ground conductivity

- Assembly into global matrix system yields:

|:A ]{I} ,_B = {g} previous time + { g} previous time
@

instants instants

g}= {1}\ e +[BHE), 1o
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TD antenna model: Inclusion of ground conductivity

- After time sampling, recurrent formula for the unknown current:

AN

5 ; _5 g J previous time g Jj previous time
k instants instants

ajj

where:

)

\ |

- current for the j-th space node and k-th time node

- N2 number of space elements

a;.,' - member of matrix [A] for i-th source space node and j-th
~_ Observation space node, where /]

- .member of vectorsiig} { } for j j-th observation space node

Tralplng_ School Split, 8 November 2016
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Time domain analysis: Formulation

- The far field formula for the field in the air, reflected from the ground:

J
0

LY,

A '
— [ r(0,7) [ 55 Tn‘c n’r)

0
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Time domain analysis: Formulation

- the space-time far field formula for the field transmitted into the

ground:
1 R

A(x',t—R /v—-1)e '
ot

t L
Ef(r,t):%jjl“ﬁ‘f”(ﬁ,f)
—o0 )
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Computiational example: Transient response at the center of the line

The excitation: EMP
normal incidence
E,=1.1V/m, a=7.92*104s", b=4*10%"

1,6E-03
1,4E-03
1,2E-03
1,0E-03 -4
8,0E-04

L)

<L 6,0E-04
—
4,0E-04
2 0E-04
0,0E+00
-2 0E-04

-4,0E-04
0,0E+00 20E-07 4,0E-07 6,0(E-(;7 8,0E-07 1,0E-06 1,2E-06
t(s

Trans;ie/:n‘ ' current at the center of the line above dielectric half-space (L=20m,h=1m, & =10)
Training School Split, 8 November 2016
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Computiational example: Transient response at the center of the line

=t
[T}
T

MEC Sommerfeld

Transient current induced at the center of the wire above a lossy ground
(L=1m, € =10, 0=10mS/m)

'l e
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Configuration:
- [=1m
a=2 mm

=10

Incident electric field:

- 0.1 S/m

. | , - 1S/m
E"“({t)=E,(e“ —e ; f N

% 10 S/m

I[A] x 1E-4

Transient current at the wire centerfor various conductivities

| e
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TD antenna model: Inclusion of ground conductivity
- Notes

U GB-IBEM expanded to numerically model ground
conductivity

O Time dependent part of the reflection coefficient is
modeled via additional vectors
- 1 Convolutions integrals highly computationally inefficient
@ Further modifications regarding computational efficiency

- necessary

"

| e
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Computational examples

- two-wire array

The excitation is a fime-dependent Gaussian pulse voltage
source.

) The parameters of the Gaussian pulse are: V,=1V, g=2*10%s"!" and
W H=2ns, the entire length of the wires is L=1 m, while the radius of all
‘wires is a=2mm.

Theﬁcfi’rroy is located above half-space (g, =10).

Training School Split, 8 November 2016
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free space

free space
h=0.25m

h=0.25m

h=0.5m
h=0.5m

h=1m
h=1m

0.2 0.4 06 0.8 1

0.2 0.4 0.6 0.8 1 . . J i(s)
1(s) (Times 10E-8)
(Times 10E-8)

Current at the centre of the wire A (active wire) versus time with Current at the centre of wired B (passive wire) versus time with height
height & over interface as parameter (L=1m, a=2mm, € =9, h=0.25m) h over interface as parameter (L=1m, a=2mm, € =9, h=0.25m).

0.2 0.4 0.6 0.8 1 a 9 4 0.2 0.4 06 0.8 1
1(s) RS
(Times 10E-8) (Times 10E-8)

Currerit at the centre of wire A (active wire) versus time with Current at the centre of wire B (passive wire) versus time with distance d
distance d between the wires as a parameter between the wires as a parameter (L=1m, a=2mm, € =9, d=0.5m)
(L=1m, a=2mm, & =9, d=0.5m)
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15 =
t(e) :
(Tirmes 10E-8) t{s)
(Times 10E-8)

Transient current induced at the center of the active wire

1.5
tfs)

(Tirmes 10E-8) (Timas 10E-8)

The H-field (W, ) E-field ( Wq) and total energy (W
energy measures as afunction of time for the active wire energy measures as a function of time for the passive wire

The H-field (W, ) E-field ( W and total energy (W)

101)
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Computational example: Transient response of a two -wire array above a PEC ground -
comparison between IFFT-NEC2, GB-IBEM and TL

Excitation: EMP
EO_’IWm a=4"10’s" , b=6"10°%s""

d ~ Transient current /nduced at the center of wire 2

Soft COM 2016 Split, 22 -24 September 2016




@ Department of Electronics
o  University of Split,
' Split, Croatia

Computational example: Transient response of a two -wire array above a PEC ground -
comparison between IFFT-NEC2, GB-IBEM and TL

[=10m, g=2cm,
h=1m}R;=2m, d=1m

l.:lunlﬂmrnllmllillll_m
za S WO S 2 VA 0 WY
Excitation: EMP [/ I R R VR A T A

VR VR
Eo=TV/m;a=4*107s" , b=6*108s"" )

d ~ Transient current induced at the center of wire 2

Soft COM 2016 Split, 22 -24 September 2016
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Computational example: Transient response of a three -wire array above a PEC ground -
comparison between IFFT-NEC2, GB-IBEM and TL

R R S
HiRe=;
— =—-—___-1

SR R
ERREN
ii!

' '
4]

NI -mwm
i W SV Y Y Al
NIV RN VAN 1A W
W LR UY A N E N
RN RN NEE NI YR
-'llf-lﬂm.lﬂ"‘lm

vl VT

ﬁi-‘_
Tt

L=10mga=2cm,

h,=hs=1m, h,=2m, d=1m
Excitation: EMP
EO:TV@JQ=4*1 0’s', b=6*108s""

TS
i !ll!
‘IE

10 i
g |

G |

i} I

-5 i
-5 |
104
0

b

—u— [FFT-RECZ TD GH-IBEM

- . Transient current induced at the center of wire 2
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EM Field Coupling to Overhead ere

Computational example: Transient response of a two-wire array above a PEC ground -
comparison between IFFT-NEC2, GB-IBEM and TL

[=10m, g=2cm,
h=1m}R;=2m, d=1m

Excitation: EMP
E=TV/m;a=4"10"s"" , b=6*10%s"

- S~ Transient current induced at the center of wire 2
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Computational example: Transient response of a three -wire array above a PEC ground -
comparison between IFFT-NEC2, GB-IBEM and TL

1[4 x 1E-3
L O O S R~ L.
.

Yy,
iy,

H=Ho )
/// 7 ///////W t[=]% 1ET

hy
7
/////////////////////////////////{/:/{r/{{//////// [—=— FFT-HECZ TD GB-IHEM

H=Hq

<
11 om, a=2cm,

h1=h3=J [I], h2=2m, d=1m
E =10

Excitation: EMP
E=TV/m;a=4"10"s"" , b=6*10%s"

| [A] = 1E-3
Gl dn kb o W oe o
L

t[=]x 1E-7
[—=— FFT-MECE TD GEHDEM

- . Transient current induced at the center of wire 2
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Computational example: Two wire array: PEC and dielectric half space comparisons

SoftCOM 2016

ll'-l'll-llll-l!l’.ll\'m-‘.“
L by L WV LY U SN

Transient current induced at the center
of wire 2 — PEC ground

Transient current induced at the center
of wire 2 — dielectric half-space
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The results obtained via
different approaches agree for
early time instants in both
cases.

At later times TL fails to
ensure valid results due to
limitations of the model itself
(radiation effects).

Split, 22 -24 September 2016
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Computational example: Two wire array: PEC and dielectric half space comparisons

%ﬁl’i\!ﬂm The behaviour of 3—yV|res

Il.llﬁimnlrmlmllnm above PEC ground is
similar to a two-wire
array.

Transient current induced at the center
of wire 2 — PEC ground

For dielectric half-space
NEC 2 produces non-
physical solution
(magnitude increase) at
later times.

Transient current induced at the center
of wire 2 — dielectric half-space

Soft COM 2016 Split, 22 -24 September 2016
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Computational example: Transient response of GPR dipole antenna

The excitation: Gaussian pulse

helght unlformly d|str|buted followmg [0 275m;0. 725m]
- Mean+3(’-

05

<
=
c
@
[
(=
3
3]
=
=
®
o
=

—Mean value (determ.)
—<I>, stoch. 3 pts
—=<I>, stoch. 5 pts
—=<I>, stoch. 7 pts

Time, s

Stochastic case #2: wire height uniformly distributed
between 0.275 and 0.725 m
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EM Field Coupling to Overhead Wires

Computational example: Transient response of GPR dipole antenna
at the center of the line

The excitation: Gaussian pulse

@ GPR dipole antenna
1

reflected
wiave

Electric field {my/m)

air (gg, o)

lossy ground
(£, W, G)

transmitted
wave

1
15
Time (ns)

GPR dipole ahtenna above a lossy half-space  Transmitted electric field in the dielectric half-space (¢,=10)

r

R R _1R
LI(xt==) P L I(x\t————7) - . P
! . ol(x,t—R /v—-7)e *
—= C _ dx —__[o_([r(é’,z') 471'R€ dx'dt E;r (r,t) — ,ujoz. J' J.l-w?rﬂT (9’ 7) (x . % )e :
— ()

dx'dt

- |x—x'| X L—x
=—|E (x\t——)dx'+ F,(t—=)+ F,(t -
220£x( ) JE= )+ F(-=—)

C
'l e
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There is scarcely a subject that cannot be
mathematically treated and the effect
calculated beforehand, or the results

determined beforehand from the available

theoretical and practical data.
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We made models in science, but we also
made them in everyday life.
STEPHEN HAWKING
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