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Electromagnetic waves

Electromagnetic (EM) waves are produced by the motion of electrically charged

particles. These waves radiate from the electrically charged particles, travelling through
free space as well as through air and other media.

We normally encounter a lot of EM fields in our lives
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Electromagnetic waves
G

Electromagnetic (EM) waves are produced by the motion of electrically charged
particles. These waves radiate from the electrically charged particles, travelling through
free space as well as through air and other media.
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For geophysical purposes we deal with radio and radar frequency bandwidths:

Wave frequency f: 107-3-10° Hz
Wavelength A: 20-0.05 m

Giorgio De Donno - 3



Electromagnetic vs. seismic waves
G

electric field
magnetic field

direction of propagation (x)

Electromagnetic Waves
Microwaves / Radio Waves
Velocity in air = 3x108 m/s, but
slower for lithotypes (0.02 — 0.2
m/ns — 2-20 cm/ns)

— depends on electromagnetic

properties
Frequency =~ 10-3000 MHz
— depends on antenna type

Wavelength = 0.05-20 m

;enu DDDD }
——

UNDISTURBED MEDIUM

DIRECTION OF WAVE PROPAGATION

o ﬁ T / ’ ,’ I

Seismic Waves
Body and surface waves

P-wave velocity in air = 330
m/s, but higher for lithotypes
(400-5000 m/s)

— depends on elastic
properties

Frequency = 10-500 Hz
— depends on source type
Wavelength =~ 0.5-500 m
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Ground Penetrating Radar (GPR)

The most part of the EM fields radiate in air, but for geophysical
purposes we generally needs to investigate the subsurface.

The idea is to establish an EM field throughout the Earth using
wavelengths that are reasonably applicable for detection of hidden

anomalies (few cm - few m)

[ Ground Penetrating Radar or georadar (GPR)]

GIR

antenna T -

Giorgio De Donno - 5



Electromagnetic waves - Propagation

G
Why the EM field can be se as a wave

propagation phenomenon?

Let’s start from Maxwell’s and Constitutive equations...

Maxwell’s equations

y

Constitutive equations

electric field
magnetic field

direction of propagation (x)

( 9B E: electric field
. , H: magnetic field
VXE=~— E Faraday’s Law D: electric displacement
oD ] =0E B: magnetic induction
{VXH = J+— Ampéere-Maxwell’s Law 5P D = €E = gy, E J current density .
ot _ _ Py volumetric charge density
V-D = ) B = .UH - .uo.urH o: electrical conductivity
= Pv Gauss.s Laws ) e: electrical permittivity
. V:-B=0 (electric/magnetic) u: magnetic permeability
( oH
(6=0 VXE=—py—=-
ion i py =0 JE
1. Propagation in free space $ £ = g, VxH= £ =
\H = Ho V-E=0
We apply the curl to the Ampere-Maxwell’s Law: . V-H=0
0 ; d’H
VX(VXH)—E()E(VXE)— Soﬂoatz
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Electromagnetic waves - Propagation
G

YA electric Ifielld
1. Propagation in free space magneti field
\Y VXH 0°H
X X = — —_—
( ) oMo 9t2
Gauss’s Law az H a 2 H az H 1 direction of propagation (x)
2 — 2 — — 2
V(Vﬁ) ~VAH = —gpo =5 > VH = eopo o5 = =5 = eouov H

Similar equation can be achieved for E starting from the Faraday’s Law...
Therefore, for an EM-wave travelling along the x-direction we have:

0%E(x, t 1
(2 ) = V2E(x,t) 52f 1
ot Eolo D vaZf $ vfreespace = |— =¢
0°H(x,t) 1 dt? EM Eolo
= V?H(x, t)
dat? €oMo

c: speed of light = 3 - 10%m/s
¢ =0.3m/ns=30cm/ns

Solution for a plane EM-wave propagating along the x-direction:

— i(wtxkx)
flx, t) = Ael@ttkx) { flyg g B f]oii(wﬁkx) NO INTRINSIC ATTENUATION
z\A — 11ip o

(as per the elastic media)
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Electromagnetic waves - Propagation
Gl

2. Propagation through the air:

electric field
magnetic field

( : 1 1 C
0 =0 vl = — = 3 |
pv = O .uogogr gr \/g_r direction of propagation (x)
e = Eo&r
LU= U 1]]51\1;Ieespace — ¢
AT~ o NO INTRINSIC ATTENUATION
EM ~

3. Propagation in the ground (hp. u = u, non-magnetic materials):

attenuate EM waves

(o> 0 o strong attenuation
~ o Inthis case the behaviour of the EM |2 > 1 EM field diffusive
V&2 e, field can be diffusive or oscilatory High losses
1= 1o as a function of the ratio 9/, _
FOR BOTH CASES 2«1 E.\‘Z‘?r ?;tenu-ﬁ tlton
THERE WILL BE [ Conductive media ] WE wa I(:)Sscsl;eas ory

INTRINSIC ATTENUATION
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Electromagnetic waves - Attenuation

GEEEEEE— e strong attenuation
As for seismic waves, EM waves lose energy due to: /1 T\ """ poor attenuatr
« geometrical spreading: (see lecture 1.1) N “
- intrinsic attenuation: energy loss due to ‘\:\ ,:’ ‘\ TAY ~
heating (ohmic losses) —"‘3\—;'-r=‘t‘-=ﬁ i
v \‘ lll ‘\ ,’ X

3. Propagation in the ground (¢ > 0), along the x-axis

E,(x,t) = Ege V¥t (@tEkx)

(x, 1) Vv ai(wttk) [ y: attenuation coefficient [dB/m] ]
H,(x,t) = Hye Y¥ellwtt

T d C
ng"”” = N [m/s] or [m/ns]or [cm/ns]
o
If | —<1
WE
o

Low-losses ygrovnd = f ¥ = 1690 [dB/m]
assumption €oér Ver

Giorgio De Donno - 9



Electromagnetic waves - Attenuation
G

* Intrinsic attenuation: energy loss due to heating (ohmic losses)

Differently from the assumption of elastic media in seismic methods, the EM
wave attenuation (intrinsic) cannot be neglected for a signal propagating in the
subsurface:

3. Propagation in the ground (o > 0), along the x-axis

velocit attenuation
@) y_ ) _
102 |- -
: Water
E relaxation = 102 -
@ 100 | // %* conductivity [mS/m]
= 4ot v=c/ J:urs S o0 G
= [\l ke = o :
S g2 eV ‘eg\oﬂ :GPFf platea:u E e ‘eg\on 100 : :
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Low-loss assumption
GEE

0}

When the low-loss assumption is valid? e K1

Ex.1 clay investigated with GPR at f=300 MHz=3-108 Hz — ® =1.88:10% Hz, with:

o= 0.2 S/m corresponding to p =5 Om
g=16 o 0.2

e = gog,~ 1.41-1077° =D | we = 188-10°- 1411010

= 0.75

Ex.2 sand investigated with GPR at f=300 MHz=3-108 Hz — ®» =1.88:10° Hz, with:
o= 0.005 S/m corresponding to p = 200 Om

e=4 o 0.005 0076
g =gy~ 3.5-107 |—> we  1.88-109-3.5-10-11
Ex.3 ice investigated with GPR at =300 MHz=3-108 Hz — ®» =1.88-10% Hz, with:

o= 1-10* S/m corresponding to p = 10’000 Om -

g= 3.2 o _ 1-10" B

&= gpg,~2.8-107 =D |we = 188-10° 281011 - 20019
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Velocity and attenuation
GEE

If the low-loss assumption is valid, the values of velocity and attenuation
does not depend on frequency

¢ 1690 —
Vgy = velocit YEM = attenuation
Velocity is inversely proportional Attenuation is directly proportional
to dielectric constant to conductivity and inversely to

dielectric constant

3-108 0.2
Ex.1 clay 6=0.2 S/m¢= 16 ~ ~ 75 ~ 1690 — = 84.5 dB/m
y r v \/E Cm/ns 14 ‘\/1_6 /
3.108 0.005
Ex.2 sand 6= 0.005 S/me=4 |, ~ = ~ 15 cm/ns Y = 1690W =~ 4,22 dB/m
Ex.3i 1104 S/ 3.2 310 167 / 1690 10" 0.09 dB/
=1 - = V= = ./ cm/ns = = 0. m
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DOI - skin depth
G

Skin depth ¢6: depth where the amplitude decays to 1/e(=37%) of its original value
(100%). It is a first-approximation index of depth of investigation (DOI):

Skin depth =

1
4

Ex.1clay c=0.2S/m¢g=16

Ex.2 sand 6= 0.005 S/m¢=4

Ex.3ice 6=1-10% S/m ¢= 3.2

=

=

=

& _ .
5 ~ 5_31\/710—3 for non metallic
o materials
16
§ = 5.310—\/;10‘3 ~ 0.1 m

Ja
~ " 1073 &~
5~5.310.00510 2m

5%5.311.10

-3
— 1073~ 95m
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Scattering and resolution
GEE

- scattering: lithotypes can
contain small heterogeneities
(grains, mineral boundaries,
pore edges, cracks, etc.) or
there are antropogenic features g
(pipes, wells, buried bodies etc.) : : : — @

wave fronts

-
” -~
\\
77 N
’ - \
\
[
|
/o
- /
”
~
-
-

4 A
In such cases some EM energy is scattered according to Huygens’

principles. This phenomenon depends on the ratio of the
heterogeneity size to the wavelength (it must be comparable).

For the GPR method scattering is “good”
recordable signal, as for SONAR methods, because
the wavelength 1 is comparable to the dimension d of
the target (inclusion) to be detected

A~Ad
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Resolution
G

Resolution

Ad>/1— %
_1—4—]%

f=300 MHz = 3-108 Hz
Ex.1clayc=0.2S/meg=16

Ex.2 sand 6= 0.005 S/m ¢=4

Ex.3ice 6=1-10*S/mg= 3.2

f =3000 MHz = 3 GHz = 3-10° Hz
Ex.1clayc=0.2S/meg=16

Ex.2 sand 6= 0.005 S/m ¢= 4

Ex.3 ice 6=1-10% S/m ¢= 3.2

g4 444 9

For low-loss media

C
Ad =
4fc\/Er

Ad > 3-107 ! 0.06 6
= = — = U. m= cim
4.3.108-4/16 16

Ar>=-—=0.12m= 12 cm

~ 0.12m = 14 cm

T 4.3-109-V16 160
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EM waves at interfaces
G

Incident

When an EM-wave impacts Fiold Reflected
. . , Field

on an interface, there will be

reflected and transmitted

(refracted) rays according to

the Snell’s Law, as for

seismic waves.

ryTransmitted
Field

Sin Hi V1

Snell’s Law v — velocity of EM wave

sinf, v,

Q. Is there also for EM-waves the critical angle?
A. Yes, potentially we have two critical angles...
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EM signal

When the EM signal is received at a certain distance from the transmission point, |
have basically 5 main contributions on the recorded signal:

v Direct wave in air and in ground
v Reflected wave
v Refracted wave at air-soil and soil-soil discontinuities

Direct wave in air .
. Receiver c
Refracted wave air-soil a

Direct wave in ground

Layer 1

Layer 2 Refracted wave soil-sall

Which contribution does arrive first?

Giorgio De Donno - 17



EM signal

Why here the wave travelling in air is important?

1. For seismic: v,;,. ~ 330m/s < v .. (not always, think about S-
waves...)

For EM: v, =~ 3x10° m/s > v, ., (It always arrives first!)
2. For seismic if you bury the geophones, you should blunt this effect.

round

Direct wave in air
Refracted wave air-soil

Receiver &,

Direct wave in ground

Layer 1

Layer 2 Refracted wave soil-soil £y
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EM signal

Q. Why in this case | have the wave critically refracted to the free surface?

A. Because, the dielectric constant of the air is around 1 while for ground is
higher. Therefore, the EM wave velocity through the air (approx. the
speed of light) will always be higher than the EM wave velocity through
the ground and there will be a critical refraction on the free surface, which
does not occur in seismic.

Direct wave in air
Refracted wave air-soil

Receiver &,

Direct wave in ground

Layer 1

Layer 2 Refracted wave soil-soil £y
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Time-distance plot - Direct wave in air and in ground
GEE

Distance (x)

The direct wave is seen as a
straight line on the xt plot.

The EM wave velocity through the
air is higher than through the
ground.

air

Time ()

Direct wave in air Receiver &4

S ———————]

N A4

Layer 1

Layer 2




Time-distance plot - Direct wave in air and in ground

GEE

Distance (x)
The direct wave is seen as a S | ’
straight line on the xt plot. £ air
The EM wave velocity through the "
air is higher than through the round
ground.

Direct wave in air Receiver &4

a Elrect wave in grouna

Layer 1

Layer 2 &




Time-distance plot — Reflected wave

G
Distance (x)

Reflection is never a first arrival =
and appears as a hyperbola onthe 2 air
x-t plot. =
It is asymptotic with the direct wave round
in the ground.
The t-intercept (x=0) gives the
thickness of the shallow layer.
Direct wave in air Receiver &4
Direct wave In ground
h
&1
Layer 2 | &5




Time-distance plot — Refracted wave ground-ground

Distance (x)

v

GEE——
It is a linear path on x-t diagram. —
It travels both in the upper and in the lower ;
layer. £
It arrives only after the critical distance =
x.>S and it is the first arrival only after the
cross over distance.

Direct wave'

Critical distance: x5S

N air

Direct wave in ground Rec

|
Critical !
distance Cross ove

distance

. E
eiver a

Layer 2 Refracted wave ground-ground




Time-distance plot — Refracted wave air-ground
o

It is a linear path on the time-distance plot.

It travels partly in the upper layer and partly
in air. £
It arrives only after the critical distance AS -
and it is the first arrival only after the cross-
over distance AS, both smaller than those
related to the soil-soil refraction (SS).
. . Vl . . _ Vl . . . . .
sini.q = V—Z Sinl;, = W<sm e 2 lez <lca Y ar 5 v, >V,
Direct wavetin air

eceiver &4

Layer 2 Refracted wave soil-soll &y




GPR application
G
For GPR survey we often deal only

with direct and reflected wave, We are here
beacuse: Distance (x)

1. Source and receiver are not
much spaced apart for technical -

reasons and we are below x,

2. Often we have not critical <
refraction (EM wave velocity does @
not have a codified trend with E
depth as for seismic)
Receiver g
X AS x S8 | a




GPR application

G
For GPR survey we often deal only
with direct and reflected wave, Distance (x)

beacuse: ?
1. Source and receiver are not

much spaced apart for technical
reasons and we are below x,

2. Often we have not critical
refraction (EM wave velocity does
not have a codified trend with
depth as for seismic)

Time ()

Receiver &,

Layer 1

Layer 2 &s




GPR - zero-offset configuration
e P Distance (x)

>

Q. If the offset is close to zero?

A. 1 will have a trace for each position vy
with a spatial sampling Ax

Time (t)

Vy

Layer 1

Layer 2 V,2V,
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GPR - zero-offset configuration
e Py P; P,... Py Distance (x)

>

Q. If the offset is close to zero?

A. 1 will have a trace for each position vy
with a spatial sampling Ax

Time (t)

Vy

Layer 1

Layer 2 V,#V,
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GPR - zero-offset configuration

Q. If the offset is close to zero?

A. | will have a trace for each position
with a spatial sampling Ax

%1

Time (t)

Py Distance (x)

| ,

[ Radargram }

Layer 1

Vy

Layer 2

V2¢V1
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Scattering

o 0 (start)
Q. How does the scattering object is i
visible on a time-distance plot?
A. By the so-called diffraction hyperbola!

Distance (x)

v

Hp. Source and receiver almost in the
same position (GPR antenna).

t1 T ©
L, =
.................... o
£
GPR E =
antenna | B€ceiver
Travel time (from and to)
scatterer
2 \/ (L% +d?)
ti =
1 v
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Scattering
o 0 (start)

Q. How does the scattering object is 1

visible on a time-distance plot?

A. By the so-called diffraction hyperbola!

Distance (x)

v

Hp. Source and receiver almost in the RS °
same position (GPR antenna). t
4 o
1
L, e
EreenBenend o
£
GPR| . =
antenna | Receiver
Travel time (from and to)
scatterer
2 \/ (L,* + d?)
tz == " < tl Lz < Ll
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Scattering
GEE

Q. How does the scattering object is 1
visible on a time-distance plot?
A. By the so-called diffraction hyperbola! ty T o
Hp. Source and receiver almost in the b+ °
same position (GPR antenna). t
o
]
°
£
GPR Pecei =
antenna eceiver
Travel time (from and to)
scatterer

_2(02+d?)  2d
B v B v

t <t,
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Scattering 0 (start
o (start) Distance (x)

Q. How does the scattering object is N B

visible on a time-distance plot?

A. By the so-called diffraction hyperbola! ty T o

v

Hp. Source and receiver almost in the L=t L o o
same position (GPR antenna).

GPR
antenna
Travel time (from and to)
scatterer
2 J (L, + d?)
t4 = " - tz L4_ - L2
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Scattering

e 0 (start) -
_ o ., , , Distance (x)
Q. How does the scattering object is S B B B >
visible on a time-distance plot?
A. By the so-called diffraction hyperbola! t=t. + L~ diffraction
_ ’ M. hyperbola
Hp. Source and receiver almost in the E2:t4 T ¢ * P
same position (GPR antenna). = / \
Ot 4+ @ v
e 1
: L, 3
GPR Recei
antenna eceiver
Travel time (from and to)
scatterer
ZJ(L52+-d2)
t5 == " == t3 L5 = L3
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GPR - zero-offset configuration

PO Pl P|2 P3 P4 PN Distance (X)
S CREAEL diffraction
tscaTT = v - \ hbarbors
o
g ) \ [ Radargram }
L -
X
|
P, Ax P, Ax P, Ax |P; AX P, b
o . d
R > R R
Plas mi d
), ~
[RORET o
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