TWINS I

Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture
University of Split, Croatia




TWINS | = Thin Wire Numerical Solver

Suzana = Sustav za analizu antena  (Croatian)

- Used for educational purpose and scientific research

What is solved?
- Governing equations for a current distribution along the wire radiating above a half space

Frequency domain solver (FD) Time domain solver (TD)

Numerical method?
- Galerkin-Bubnov scheme of Indirect Boundary Element Method (GB-IBEM)

Programming language:
- C++
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TD vs. FD techniques

Time domain (TD) techniques:

Frequency domain (FD) techniques:

= Applied for more sources, but at a single

Applied for a large frequency spectrum,
but for single source

frequency

= Formulation is substantially less demanding
= |n general, regulatory standards are

More complex formulation requiring more
computational effort

Deeper physical insight

Training School on GPR tor civil engineering and cultural
heritage management

specified in FD form; convenient for
analyzing EMC properties
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TWINS | - Time Domain (TD)
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TWINS I

- Frequency Domain (FD)

- Presented on final GPR conference in Warsaw h

What is solved?

Integral formulas for the electric field transmitted into

the subsurface.
NEW!

The subsurface is non-homogenous.

4] Field transmitted into ground: frequency domain integral equation approach =

Antenna parameters

length 1 radius (mm) 6.74 height {cm)
Ground parameters
() Layer 1 () Layer2
permittivity 10 8 10
conductivity {mS/m) o 0 0
thickness (m) 025 0.3
Run the simulation
Method: O Mm (®) RCA

) Save
Results are saved in:

Fo:
TD:

(®) Layer 3

Run the simulation

Frequency domain (FD)

(®) Single frequency () Single point

Coordinates (m) START END No. points
x axis 05 0= 1
z axis 0 2 50
Frequency (MHz) 100 150 15
Time Domain (TD)
() Inverse Fast Fourier Transform (IFFT) to TD
time delay (ns) 1.43 time frame (ns) 40
halwidth (ns) 0.657 ® (m) 0.5
z (m) 0.5
Show Gauss pulse

Save freguency domain field

() xz grid, multiple F

............................................................................

Transmitted

o
T (x\z) wave

4
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0
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Figure 4
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RETDEL- 2|08 nD
IE,. | [VIm]

106

10.5

104

Rome, Italy,
May 14-18,

2018




Talk Layout
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THEORETICAL
BACKGROUND

Model geomeiry
INSTALLATION PROCEDURE
USER GUIDE:

Antenna parameters

Ground parameters

Frequency domain (FD)

Time domain (TD)

Run the simulation
EXAMPLES

REFERENCES

Rome, Italy,
May 14-18,
2018




Model geomeftry

A
| i L Ground penetrating radar dipole antenna
N P above a lossy half space.
- Q .,
Py 0/
”: | "%%/ The half space is modeled as a three
: .9 layered medium.
_1_:. _________________________________ :"‘ ____________________ >
: : I
$ :
: L dy
: €,0; '
| ! °
i .o i d, T (x,2) \ Transmitted wave
v
Training School on GPR for civil engineering and cultural R;;\:‘fa 2_01"8"
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Pocklington’s integro-differential equation:

L
exc _ ; i 2 / / ’
ES*¢ =j w4nf_£1(x )g(x,x")dx
2
I(x’) ... the unknown current

g(x.x’) ... Green’s function

go(x.X’) ... for free space

gi(x.x’) ... fromimage theory

Training School on GPR for civil engineering and cultural
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L
1 0 (zdl(x'
jz ( )g(x,x’)dx’

JAdtwey 0x _% ox'

gx,x") = go(x,x") — Rrpy gi(x,x")

e_jkORO
x,x') =
go( ) Ry
e_jRORi
(x,x") =
gi(x,x") R

Wire above a lossy half-space:

Z
A
h
4 €0- Ho
X
| O, & Uo
QY
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Electric field integral relations:

j 01(96)09(36 Y, Z, x)

Ex ]4nweo 0x

£ - 1 Lor(x)og(x,y, z, x)
Y jAnwey ),  0x' dy

£ 1 j al(x)ag(xy,zx)
2 jAnwey ),  0x 0z

g(x,x’) = TTM gO(xlx,)

Training School on GPR for civil engineering and cultural
heritage management

L
yzj I(x")g(x,x")dx’
0

Numerical procedure:

Galerkin Bubnov scheme of
Indirect Boundary Element Method
(GB-IBEM)
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Reflection/transmission coefficients for three layered media configuration:

Training School on GPR for civil engineering and cultural
heritage management

Air + Layer1 + Layer2 11

The plane wave approximation with oblique
incidence at interfaces.

The continuity conditions for the tangential
components of electric and magnetic fields at two
interfaces (01 and 12) and the Snell’s law for wave
propagation yield the following equations

1 Po1 + 1 cosV,d{ +
Elf =—FEf +—/Ef Ef = —el1 " ifiEy
To1 To1 T12
_ Po1 1 ~_ P12 _y cosO,d; o+
Eqg =—E{ +—Ej Ef =—e ™Ak
TOl TOl T12

Egy. Ef, Ey & E{ ...the magnitude of electric field at the
layer interfaces for the wave propagating in the negative
and positive direction of z axis, respectively

Rome, Italy,
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Fresnel’s reflection/transmission coefficient approximation at
interfaces

Z
A

) 4

+d
bl

_ ZncosUy — Zy cosUy,
Pmn = Z, cos9y, + Z,, cos Y,y

B 27, cosY,,
fmn = Z,, cos 9, + Z,, cos Uy,

m=01 n=1,2

AT €0 &2
i ! O3 Impedance of medium complex propagation constant
i : i Ho
Jwpo 5 -
! : : Zy = \/ . Vi = Vjouo(ox + jweger) k =0,1,2
Ok +JWEYErK
Training School on GPR for civil engineering and cultural R]\?\r:;i Z_G:g'
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13

Eg Ef Ef EF
| = Mot |- g-| = Pr2Maz [ — ... Matrix form for equations that solve for field values at
0 1 1 2

layer’s interfaces

M, =——| TP 010 =12 : :
mn =T, g m=4uLn=14 ... matching matrix
e¥1 cos ¥1d, 0 ) .
P, = [ 0 - cosﬁldll ... propagation matrix

The layers k = 3, ... are readily included by adding the propagation and matching matrices :

Rome, Italy,
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By setting Ef = 1V /m, all the other magnitudes E;%, and E,,are easily determined.

Electric field can be calculated using the following expressions:

Ey = E{f (cos 9, &, + sin9, &,)e Yolxsindo=zcosdo) 1 F=(cosd, &, — sindd, &,)e Yolx sindo+z cosdo)
E, = E{ (cos9, &, + sin¥, 8,)e V1(xsind1-zcosd1) 4 E-(cos9, &, — sind; &,)e V1 (¥ sinI1+zcosdy)

E, = ES(cos¥, &, + sin ¥, &,)e v2(x sin 92—z cos &)

The reflection and fransmission coefficients Ry and Ty, appearing in the Green'’s function
are calculated as the ratfio between the field value at the ground surface and the field
value obtained from the equations above at the given observation point.

Training School on GPR for civil engineering and cultural
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Alternative simplified approach to calculate tranmission / reflection coeffiicients:

- Modified image theory based approach
- convenient for TD computations

- a comparison with the plane wave approximation in FD needed for benchmark

The MIT approach assumes the normal incidence of

a propagating EM wave, therefore the incidence
angles are zero: 9,, = 0°.

The expressions for the reflection and tfransmission
coefficients for the two adjacent media indexed
with m and n are given as:

" En+ZD

2
TMIT _ 2Zm
2R+ ZD)

- . . . m = 0'1 n = 1'2 Rome, Italy,
Training School on GPR for civil engineering and cultural Mav 14-18
heritage management Y 201é



Installation procedure

» Run transmitted_E_field_pkg.exe.

» This action installs MATLAB Compiler Runtime (MCR) version 8.1. and

extracts the following files:
- transmitted_E_field.exe
- MCRInstaller.exe

- readme.txt file

= Eutracting MATLAB Compiler Buntime R2013a for
E@ inztallation. nstallation will start once all files are
entracted,

ﬂuﬂlrﬂ: v vd Fourekatlor com o 10 RS A grs

WinZip Self-Extractor - MCRInstaller.exe

Abot

Training School on GPR for civil engineering and cultural
heritage management

] CA\Users\Anna\Desktop\DANAS\transmitted_E_field_pkg.exe - =

WUnZipSFY 6.88 of 28 April 2809, by Info-ZIP. Modified by The MathWorks. Inc.
Send bug reports to support@mathworks.com.

inflating: _install.bhat

inflating: MCRInstaller.exe

inflating: readme.txt

inflating: transmitted E field.exe

sslserssfAnnasDesktopsDANAS >ECHO OFF
Deploying project transmitted E_field
Running MCRInstaller

Rome, ltaly,
May 14-18,
2018



4 Installation Complete -

Installation is complete.

MATLAB

R2013a

). MathWorks'

Mew folder = =

Panes Views Current  Show/ Options

- M view ™  hide - -
Layout
T . v Mewfolder v O Search Me... 0
. Favorites " E]transmitted_E_field_pkg
B Desktop T MCRInstaller
& Downloads __, readme
Recent places i transmitted_F_field

& OneDrive for Bus

18 This PC v

diterns 1 item selected 1.41 KB 4= =l

Training School on GPR for civil engineering and cultural R’;’\g\e,] 2_01%
heritage management Y 201é



User guide

Training School on GPR for civil engineering and cultural
heritage management

ANTENNA PARAMETERS
GROUND PARAMETERS
FREQUENCY DOMAIN (FD)
TIME DOMAIN (TD)

RUN THE SIMULATION

Rome, Italy,
May 14-18,
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Graphical user interface

‘I Antenna parameters

°
length {m) radius (mm) height (cm)

Frequency domain (FD) 3
[ )

(®) Single frequency () Single point () xz grid, multiple F

Ground parameters

2. @Lﬂ}rem DLayerZ

l::l Layer 3

permittivity | 10 | | 10

conductivity (mS/m) | | | o

thickness {cm) | 25 | | 30

Coordinates (m) START END No. points

X axis -0.5 15

Z axis 0 2

Frequency (MHz) 10

Run the simulation

Time Domain (TD)

{_) Inverse Fast Fourier Transform (IFFT) to TD 4
®

(@ MT () RCA

Run the simulation

Results are saved in:

time delay (ns) 1.43 time frame (ns)

halwidth (ns) x (m)
2(m)

|:| Save frequency domain field

Show Gauss pulse

Training School on GPR for civil engineering and cultural
heritage management
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Antenna parameters

Antenna parameters

length (m] radius (mm) height {cm)

Y

L

(0.h)

Training School on GPR for civil engineering and cultural
heritage management

(Lh)

20

Ground parameters

Ground parameters

@ Layer 1 CI Layer 2 CI Layer 3
permittivity R e |10
conductivity (mS/m) | o | | o | | i}
thickness {cm} | 25 | | 30 | |

Rome, Italy,
May 14-18,
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Frequency domain (FD)

Frequency domain (FD)

(@) Single frequency () Single point () xz grid, multiple F
Coordinates (m) START END Mo. points
% axis -0.5 1.5 50
z axis 0 i 50
Fregquency [MHz) 10 150 15

Figures generated:
- Evs. x(z) if only one z (x) point is defined
- contours if xz grid is defined

)| Figure 1
File
Sde |09 L0
E, | (/)
0 ——
0.2
0.4
0.6
-0.8
E

05 0 05
% (m)

- oIl

Frequency domain (FD)

() single frequency (@) Single point () xz grid, multiple F
Coordinates (m) START END Mo. points
X axis 0.5 1.5 50
z axis 025 2 50
Frequency [MHz) 10 100 50

Figure generated:
- Evs. frequency

Training School on GPR for civil engineering and cultural

heritage management

<) Figure 1
e e e e e e e e e e e e - - — - —m - ———————— - — - 1
. File
! ) \ Y
)| Figure 4 - E' | Sde | % ‘W@@ 0 Ed
1
File :
Sde | RR09E|0EH ! 0.8 . . . . ' ' ; '
1
1
0.025 ! 07
|
1
002 . 06
|
| 0.5
0.015} | _
3 | E
= ! 2 04
Yoomt . w
| 0.3
1
1
0.005 | '
! 0.2
1
1
1
¢ 16 18 2 ' 0-1
z (m) 1
: [] 1 1 1 1 1 1 RU.L le ILL_I
: 10 20 30 40 50 60 70 “o80or 'd90'Y¢ 100
' frequency (MHz) May 14-18,
2018




Frequency domain (FD)

Frequency domain (FD)

() Single frequency () Single point (@) xz grid, multiple F Figu re generated:
Coordinates (m) START END No. points - None

x axis s 1# >0 - The results are saved in .txt file

Z axis 0 2 50
Frequency (MHz) 10 100 50

Freq. (MHz) X(m) z(m) Real(E,) Imag(E,) Real(E,) Imag(E,)

E Example_No_1 - Notepad - O
Eile Edit Format View Help
lageages . eeaang -8. 588088 g. 080888 -g.881853 -8.882397 g.88a729 g.08a83c ~
lageages . eeaang -8.459184 g. 080888 -g.8ee117a -B.882655 B.08a862 g.881814
lageages . eeaang -8.418367 g. 080888 -g.881386 -8.882949 g.881829 B.88123¢
laaaa0ea . oaaaaa -8.377551 g . 080688 -8.881466 -8.883287 g.081248 B.e8151¢
laaaa0ea . oaaaaa -8.336735 g . 080688 -g.881658 -g.883871 8.081518 B.081833
laaaa0ea . oaaaaa -B.295918 g . 080688 -8.081368 -g.884184 B.081855 B.082354
laaaa0ea . oaaaaa -8.255162 g . 080688 -8.0820839 -8.884532 B.082381 B.08296E
laaaa0ea . oaaaaa -8.214286 g . 080688 -8.882327 -8.8085839 B.082876 B.e83761

Rome, Italy,
May 14-18,
2018
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Time domain (TD)

Time Domain (TD)

(@ Inverse Fast Fourier Transform (IFFT) to TD

time delay (ns) 2

halwidth (ns) 0.657

Show Gauss pulse

time frame (ns) 4l
x(m) 0.5
z (m) 0.5

|:| Save frequency domain field

Eile

E_ (mv/mj

Cde | AR E |0

Figure 6

300

600 -

400 -

200 -

-200

1 1 1 1 1
0 5 10 15 20 25 30
time (ns)

The excitation is given as a Gaussian waveform
where the parameters t , and t, represent the

half width and time delay of a pulse

Figure generated upon the calculation:

- E vs. time for tangential component of electric

field

Training School on GPR for civil engineering and cultural

heritage management
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1. E vs. Xz

Examples 2.Evs. z

3. E vs. freq

4. E vs. time

A . . . . Rome, Italy,
Training School on GPR for civil engineering and cultural May 14-18,

heritage management 2018



1. E vs. xz

£y Field transmitted into ground: frequency domain integral equation approach

_oEE

Antenna parameters

length radius (mm) height {cm) (@) Single frequency (") Single point (7 »z grid, multiple F

Ground parameters

Frequency domain (FD)

Coordinates (m) START END Mo. points
X axis -0.5 1.5 50
Zaxis ] 2 a0

Frequency [MHz) I | 150 | | 15 |

D Layer 1 D Layer 2
permittivity | 10 | | 8 | | 10 |
conductivity (m5,/m) | o | | ] | i}

C o0 || 03 | | |

thickness (m)

Run the simulation

Time Domain (TD)

() Inverse Fast Fourier Transform (IFFT) to TD

Method: (& W () RCA

Run the simulation

B Save
Results are saved in:

FO): |

time frame (ns)

halwidth (ns) x {m)
z(m)

Save freguency domain field

time delay (ns) 1.43

Show Gauss pulse

Training School on GPR for civil engineering and cultural
heritage management

4 Single frequency. > =

Frequency = 10.00 MHz

Rome, Italy,
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1. E vs. xz

f=10 MHz
] Figure 1 = = - Figure 2
File Edit View [Inset Tools Desktop Window Help o File Edit View |nset Tools Desktop Window Help
NEEL | bAATDEL- |G| 0B e NEEL AT DEL S |DE e
. o o IE_| [Vim]
3 =10 |'| 14 =10 14 =10 . 055
I \ 105
i | 127 1 1 127
25 I'. / \ / 1045
1 1
| |
| 1 i
\ LN . L 04
2r | II |I I| |I
'II II' 'I I' 'I 1 0.35
— ! Iy | | E |
=3 / I". <os II|' = 08 | 0
=151 | | = f [ = f
7 I|' \ = | = -
< | | | 2osf ( '|| c 06} H 025
I|I I'u ||| I| ||| 0.2
i |' '| |'
/ 'II 0.4 'I| |I' 0.4 'I| 0.15
l \ | | |
\ | | | 0.1
0.5 Il," ' 0.2 ?' o2 ?'
' 0.05
1] ! 0 ! 0 !
0 05 1 0 05 1 0 05 1
x [m] x [m] x [m]
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1. E vs. xz

4 Figure 3

File Edit View [Inset Tools Desktop Window  Help

NEEdS | KRR RL- 2 |[0R| e
|E_| [V/m]

0.5 0 0.5 1 15
x [m]

f =10 MHz

_oEE

|

] Figure 4
File Edit View Desktop

NEEdS | LARODEL- (0| m D
|E ool V/m]

Inzert  Tools Window  Help

Training School on GPR for civil engineering and cultural
heritage management
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1. E vs. xz

f =300 MHz
4] Figure 5 - = - Figure 6
File Edit View |Inset Tools Desktop Window Help o File Edit View |nsert Tools Desktop Window Help
NEES k| RAUDEL- |G| 0E|n DO NEES L |RIUDEL- | S |[0E| O
4 § y IE_| [Vim]
3 =10 : 8 =10 : 8 x 10 :
104
7 \ T ir \
257 /\ V] \ \ {0235
1 | -
II I|II I|I 'E‘ I|I - ,E - I|I
| |
| i
27T || I| |I | | II | I| =
|| II II || 5 |I I|I 1 5t |I I|I
< || | I| |I < II| II < II| |I 0.25
I - | = |
=15F] [ ] 1 =4 |' . { =4l | |
2 | | | || = |' '| @ |' '| 0.2
e | I| H | I = II \ E f I|
T V13T 018
-l I| | ||_||| |- || I| II II
|| ' || 27 |II II|I | 27 |II II|I 0.1
os _ IJ If .
1r] ".H' T 0.05
1] ' 0 ' 0 '
0 0.5 1 0 0.5 1 0 0.5 1
x [m] x [m] x [m]
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1. E vs. xz
f =300 MHz

4] Figure 7 - = £y Figure 8
File Edit View [Insert Tools Desktop Window Help N File Edit View |nset Tools Desktop Window Help N
NEEHS | LRARODR LA |0 =D NEHS | MAROVDEL- S (0B n T
IE, | [v/m] IE, | [V/m]
M, o o g

i -IE T 1'6

114 114

i 12 T 12

.5 1] 0.5 1 15
x [m]
Training School on GPR for civil engineering and cultural RI\?\r:;i 2_01"8"
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1. E vs. xz

* f L » ThisPC » Desktop » test

Organize « MNew folder

0 Favorites Marme

B Desktop
&l Recent places
#& OneDrive - Shortcut

£ OneDrive

18 This PC
m Desktop

| Documents
1 Downloads
o Music

=| Pictures

8l Videos

i Local Disk (C:)
—w Local Disk (D:)

f! Metwork

Date modified Type Size

No items match your search,

= 4 . r ThisPC » Desktop » test

50 Favorites Name

E

W

¢ Search test 2

Date modified Type

B Desktop .| E_vs_xz_CURRENT

14.5.2018. 10:39 Text Document

“Zl Recent places .| E_vs_z_FIELD

14.5.2018. 10:39 Text Document

#@ OneDrive - Shorteul

Run the simulation

File name: | E_l.fs_)a{

Save as type: |AII Files

C M ® RCA Run the simulation

Results are saved in:

CAUzersiansus 00MDeskiopMestE_vs_xz

4 Hide Folders

Training School on GPR for civil engineering and cultural
heritage management
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1. E vs. Xz Freq. (MHz) x(m) Real(l) Imag(l)

E| E_vs_xz_CURRENT - Notepad - B

File Edit Format Wiew Help

BBBBBBBBB.BBBBBB A . 880000 8 .000000 8.000008 A

jegooooee . eeeoon 8.816393 g.e8ee11 -8.888578

jeeeee0ee . eeeeee B.832787 @.e886821 -8.0808814

joooooooe . eeooee 8.849150 B.88ea35 -8.881896

jeggoooee . eseoon g.865574 g .e8ea5e -8.881337

300000060 . 080060 B.881967 8 .0806869 -8.881562

j@egooooe . eeoooe B.898361 g.e80e9e -g.881764
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