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Abstract: This paper discuss the potential of a curved electric difmieadiusR =r = h) as a source of electromagnetic waves. We
will present the solution of Maxwell equations in one dimensfor the antenna. Green functions are employed to sokédividal
and poloidal modes of the antenna, Simulations are caruédoo a frequency range of 0.01 to 10Hz. Results have shoantkie
antenna is able to detect resistive layers under the sea bed.
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1 Introduction Marine magnetotelluric MT method has been used in
the study of the resistivity of seafloor. Among the studies
are those conducted i3]j and [6]. They proposed the use

To detect hydrocarbon beneath the sea bed there mar§f HED controlled-source sounding to study seafloor
techniques,one of them is the Control sourcedeology and expanded the concept of marine CSEM to
electromagnetic (CSEM). This method employ madedescribe a deep-sea experiment. Recent applications of
electric and magnetic field to excite the earth beneath thénagnetometric resistivity to the marine environment are
sea floor 9], [5], [12] and [16]. In this method, a 9givenin [8], [18], [4],[13], [14], [1] and [2].
horizontal electric dipole (HED) ) is used to transmit Of late, there has been a growing interest in
ultra low frequency ( 0.1 - 5Hz) electromagnetic waves preliminary analysis of MCSEM receiver data through
which is being located approximately 30 - 40m above thenumerical modeling. This has a motive to design optimal
seabed to detect resistivity contrasts in the subsurface. SBL survey variables and to obtain insights about the
Control Source Electromagnetic (CSEM) theory target responses. This work prospects has increased with
makes use of the known theory of propagation within many applications of the marine CSEM metho®([[
medium of varying resistivity contrast. An EM field is [10, [19], [17] and [11]).
prompted into a conductive subsurface and propagated This paper presents a study on the behavior of the
downwards and deep. Spatial distribution of resistivity electromagnetic waves of a curved antenna whose height
from the many layers causes the wave behavior andh) equals the radius (r) as a potential antenna in CSEM.
characteristics to be slightly or majorly altered to depictIn this paper we will introduce the solution of Maxwell
the matter making the subsurface. Marine environmenequation one dimension for this antenna.. This antenna is
consists of or are made up of highly conductive sedimentdocated 30 m above the sea bed together with an array of
filed up with salt water. On the other hand some stationery EM receivers for recording the EM waves (see
sediments are filled up with more resistive matter such ag-igure(1)). The solution of Maxwell equation will be in
hydrocarbons and gases. Volcanic rocks and carbonatdsequency domain. The Green Functions are used to find
also represent some of resistive bodies that comprise ththe solution for the poloidal and toroidal modes (that
subsurface. Resistive constituents of the inhomogeneousiodes are unique using Helmholtz representation
subsurface reflect and propagates back to the seaflodgheorem) for the antenna. Numerical solution for the
some signal which is recorded by receivers equipped withElectric field (magnitude and phase) is obtained using
electric and magnetic sensors. MATLAB software. The effect of frequency and water
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depth on our function (Electric field) for HC detection We now define the coordinate system (Cartesian
will be observed. coordinate system), the origin point of this coordinate is

on sea surface and the upward is in the positive direction

of Z, and leto be variation in the direction o only. (See

figure 1). The Maxwell equations will be solved in terms

sea surfac of poloidal and toroidal magnetic (PM and TM) modes

based on a Helmholtz representation of a vector field. In
horizontal planes, The PM mode is marked by electric
currents, and the electric field in direction Bfis zero.
But the TM mode is associated with electric currents
flowing in planes containing the vertical, and has no
vertical magnetic field component.

reservoir

V=0p+0Ox (¢2)+0x0Ox (x2 3)

By using Maxwell equation and above equation, the
magnetic field can be written as:

under burdel

Fig. 1: A design of a basic marine CSEM (SBL) survey model. B=0x (M2)+0x0x (¥2) (4)
the height of antenna & = 30 meters and the height of receivers
are zero and the height of water is H. the direction of upward i Where the 1 represented to TM mode and’
the direction of z . represented to TE mode. The source current derdity
may be written (toroidal, consoidal and vertical parts) at
the form:
=%+ 0, T+0x(Y2) (5)

WhereT andY are the scalar functions arjdl is the
2 GOVERNING EQUATION vertical component of current sourceandY are satisfy

. e , ) the Poisson equations:
Consider the diffusion of the fields of a point curved

electric dipole in a one dimension layered structure. DﬁT = Dh-jﬂ
Given the Maxwell equations: (6)
02Y = —(Op x j9).2
DE= 2 " "
Where[? is the surface Laplaciar]y is the surface
OxE — _ 9B gradient andl,, x surface curl operators.
ot 1) The electric field can be written as the form:
0B = 0
E= i(m x Ox (M2) — 1('°2+D T)—iwd x (¥2)
OxB=pu(j+e&%) = Lo 5 Uz h
)
where E is the electric field, B is the magnetic field, | oW
is the current densitygjis the conduction current, Q is the B=2xOpM+ 0, <_) — Dﬁt,uz (8)
charge densityg is the electric permittivity,lp is the 0z
magnetic permeabilityy is the conductivity of medium, the scalar functions PM and TM mode satisfy the

w is the angular frequency and t is the time. We considefgjfferential equations:

rate of change the charge is zero in our study.

Furthermore from Ohms lawl® = oE (displacement ?W —iwuoW = uy 9)
current) so the total current is sum of displacement

current and conduction currert£ —iweE + J°). A low

frequency (0.01 to 10 Hz), with resistivity of air and 9
hydrocarbon of (10-1®) and (0.1 to 0.001Q ) Dﬁl‘l+a—<

0z

on . 0 0 (T
. . ) G0z —WHGHZHJZ—HU(?—Z T
respectively are considered. Hence, the displacement 1
current can be negligible when solviniylaxwell's

equation in this environment. Then the last equation of From the equat|or_19 anq10 (d'f“.JS'O” V\{aves) We can
Maxwell's equation becomes. show the TM mode is driven by its vertical component

and consoidal elements only whereas The PM mode is
0 JE associated with the toroidal part of the source current. In
OxB=po(j"+&05-) (2)  addition the equations9(and 10) are parabolic and
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hyperbolic diffusion wave equations. At horizontal the coefficients of interface interaction are:
interfaces The usual boundary conditions must be

satisfied on the horizontal components of the electric and = Bigii1— Bi+10i (17)
magnetic fields. the functions¥, %%, 1 and BiOii1+ Bit10i

1 (on ;

Ho (a—z+uT) must be continues. The PM and TM o — B — Bit1 (18)

© Bi+Bn
The solutions of § and 10) within the ocean at any

point for any source function, By using the Green’s
functions can be written in the form:

modes in equation®(@nd10) are independent due to the
uncoupled of boundary conditions.

3 GREEN FUNCTIONS

0
Since the Cartesian coordinate is used as the direction of Y(z) = IJ/ Gy(z2)Y(Z)dZ (19)
upward in the direction oZ, and let the east and north be -

the direction ofx andy respectively. The water column

covers the region-H < z < 0 and the conductivity is  f/y _,, (0 00\ _ 2 (T
constant with variation of vertical componen—H). Let @)= HJow (G"<Z’i)12(i) Cnl22)03z ( g )) az
€“ pe time dependence. Since all interfaces are planar, . i . (2.0)

so the horizontal Fourier will be convenient to solve the The Solutions for the EM fields are obtained using the

deferential equations9(and 10) , then the Fourier inverse Fourier transforms (11) and calculation of the
transform take the form: ’ horizontal and vertical derivatives.

ke ky) = / fye®axdy (A1) 4 \evw ANTENNA DESIGN

f(xy) = % / f(ke, ky)e 1Y) dkdk, (12)  Consider a curved electric dipole antenna with height (h)
(2m)? /oo equals radius (r ), hence in our cd®e-r = h. The centre
wherek, andk, are wavenumbers for horizontal plad.  of curved antenna is concede to the point (0,0 ,z’) and the
has given the Green'’s functions solutions to the Fourierorientation of it in xz plane and the axesy is orthogonal to
transforms of @ and10) for a constant conductivity ocean the plane as shown in Figuge

in the form:
Gw (Z,Z’) = —
e—ﬁo\z—z’\+REMe750(Z+z’+2H)+RBMeB0(z+i)+RBMREMeﬁO(\z—z'\—2H) 7z ) _
260 (L REVRE Vi 280 view poini
(13)
Gn(z, Z’) = —
e—BO\z—z’\JrR'II_'M e—BO(Z+Z'+2H)+RBMeBO(Z+z’)+RBM RIM ePollz=Z|-2H) g
260(1-R)'R["e 20T nAY
(14) =R
Wheref32 = k? —iwp oy (complex) is the ocean diffusion 2 X
parametergy is the electric conductivity of water layer, { o

k? = k2 + k2 is the magnitude of horizontal wavenumber

andR@ is the interaction coefficient. Fig. 2: Diagram showing the geometry for curved electric dipole

antenna withh = r and radiusR . The dipole source lies in
e xz plane § Axes is orthogonal on the page) at the point

Let the Earth be represented as a stack of N layers o 0,0,Z) with current flowing. the oriented of current in direction

variable with conductivity; an.d thiCk.neSShi termin_ated of anticlockwise. The view point point &p, 6,z) is depicted by
by a half-space that may be insulating, conducting, or Bgllipse

perfect conductor, Chave and Luther (1990) give the

stable recursive expressions for the lower diffusion

interaction coefficient in the form: Assume infinitesimal piece of curved antenna oriented
2B ghie 1 BT at a anticlockwise angled carries the electric current
RI_TM _Xi e PRy (15) density, So the infinitesimal current density can be written

1+ xie 2hahiaR™M in the form:

RiPM B a;+ e_zﬁiHhHlRiP_,_le_

B 1+ aie_25i+1hi+1RlP+Nll (16)

dj% = IRSG(x—Rcosp)d(y)d(z— Z +Rsing)dgd (21)
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wherel is the electric dipole current anfilis the unit
vector in the direction ofp that is equal to { singX —
cosp?), so by integral of equatior2) over semi circle

(¢ =0 — m), so the source current density can be written

as the form:
i%p,2) = —IR3(y)

m
/ 5(x—Rcosp)3(z— 7 + Rsing ) (sing R+ cosp2)d
0
(22)
From equationsq,6) by taking Fourier transform of
them and using equatio22?) we can find:

f:—IkX|R/ e|kXRCOS¢6(Z z’+RSIﬂ¢)S|n¢d¢ (23)
o |ky;R/ dhxReost 57 7 4+ Rsing)singdg  (24)
k? Jo

- _|R/0"e”<xRC°S¢ 3(z—7 +Rsing)cospd (25)

By substituting into equationd9 and20) and taking

E,(p,2) = iwacosh /O "1 (kp)Grdk  (31)

whereJy, J, is the Bessel functions of first kind with
the order 12 respectively, and is the azimuth. where in
our study the inline axis in the direction axis see figure
2.

By using equatior8) we can find the Magnetic field in
cartesian coordinate in the forms:

Bx(p,2) = asmecose/ kb kp)(dzhw hy)dk (32)

0207
By(p,z) =a
b (—k J(kp) o 6 + ko) cosze) hrdk
, (33)
e (kJo(kp)sin29+ %k”)cosze) 91 dk
B.(p,2) :asine/:szl(kp)(%)dk (34)

inverse Fourier transform and using the Poisson’s formula:

/Oznei-ikz cog6-9)qg — 2mJ(kQ) (26)

where Jp(k{) is the first kind of Bessel function with
order 0 and & an arbitrary angel and
(% = p?+R2cog ¢ — 2pRcosp cosh, p? = X2+ y2. We
can find:

qJ(p,Z) NIR jO

Thy (27 — Rsi
/o v(2 kRsm(p)aJ(;(;Z)sinqbdtpdk 27)

andli(p,z) =

“IRfo Jo (—721 il b(k{)cosp+

Wherehy, = Gy — GY, and 3 = %27 — ‘Z,—GZE)T where
the superscript O refers to the Greens function ith 0.
So from equatiofY and using equatior7 and28 we can

write the electric field wave equation in Cartesian

coordinate in the form:
Ex(p,z) = iwa
e ((kJo(kp)S|n2 6+ 282 cos

) 57+
29
(—kJo(kP)c0526+ Jl(,',‘m cosa9) Ul (29)

° dh
Ey(P,Z):iwasinecose/ kb(kp)(d_;+%> dk
0
(30)

5 NUMERICAL SOLUTION

Now we will give the numerical solution of electric field.
The electric field equations in the directions of x and y are
depending on TM and PM mode while electric field in the
direction of z depends on TM only. The receivers read the
data that comes from the source, interaction with sea
surface and interaction with oil, and some parts where
there is interaction with sea surface and oil at the same
time. (Equations 12 and 13). MATLAB software is used
to solve the equations (28, 29 and 30) to determine the
behaviour of electromagnetic fields and Gauss-Kronrod
guadrature method is used for finding the integration.
These equations will be solved based on the geological
model in Figure3.

air T air
seawate oo
overburde| o1
hydrocarboi Ooil
underburde g2=01

Fig. 3: sketch design for our problem
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In our solution, we let the conductivity of air be .
Oair = 107Y's/m, water gy = 4s/m, overburden and e
underburdero; = 0, = 1.5s/m and oil g = 0.001s/m. Al L

the magnetic permeability are equal for all variable
(4m x 10°'NA2)  except for  water is
0.999991x 4711 x 10~ 'NA~2.In our model the hight of
source is 3t and the receivers are butting on sea floor
z = 0. the direction ofx is the inline direction while the
direction of broadside is any direction has an angel
(azimuth) withx axis (inline) see figure2). The curve

Magnitude , dB

antenna has = h = R = 85.9437m and the |ength of its 0 10‘00 2000 3000 4(;00 50‘00 60‘00 7000 so‘oo 9000 10000

Offset, m

arc equal to 276

Fig. 6: magnitude of electric field (Ez) versus offset. the
frequencies are 0.5, 0.25, 0.125Hz and the height of seawate

W — is 500 m and overburden is 1000 m and the thickness of

hydrocarbon layer is 100 m. with 32zmuith

Magnitude, dB
5,

0.125Hz. The simulation results shows that the magnitude
of electric field is high( put the approximate values of the
E-field) even at offsets greater than 5km. The results also
- show that the highest electric field magnitude is at a
1000 frequency of 0.125Hz for all directions ( x,y and z axis)
which implies that the curve antenna is able to operate
well even at low frequency. This result implies the

1 1 1 1 1 T
4000 5000 6000 7000 8000 9000

Offset, m

1 1 1
0 1000 2000 3000

Fig. 4: magnitude of electric field (Ex) versus offset. the potential of the new antenna in CSEM since this method
frequencies are 0.5, 0.25, 0.125Hz and the height of seawatemakes use of low frequency.

is 500 m and overburden is 1000 m and the thickness ofSimulations are also carried out to see the behavior of the
hydrocarbon layer is 100 m. wittf?G\zmuith E-fields when the sea water depth is varied from 200m (

shallow water) to 1500m (deep water). A frequency of
0.125Hz, overburden of 1000 m and hydrocarbon
thickness of 100 m are considered in the simulation.
Results are shown in Figur&sg, 9, 10, 11and12.

—05 H

——200 m
——400 m
107 600 m
——1000 m

1500 m

Magnitude, dB

Magnitude, dB
g,

) 3 '
;

| | | | 9 I I I I I I I I I V\
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Offset, m Offset, m

Fig. 5: magnitude of electric field (Ey) versus offset. the Fig. 7:. Magnitude of electric field (Ex) versus offset (using

frequencies are 0.5, 0.25, 0.125Hz and the height of seawatd0d scale for y axis). the height of seawater is 200, 400, 600,
is 500 m and overburden is 1000 m and the thickness ofl000, 1500 m and overburden is 1000 m and the thickness of
hydrocarbon layer is 100 m. with 8 zmuith hydrocarbon layer is 100 m. and the frequency is 0.125H. with

0° Azmuith

Figures4- 6 shows the magnitude of the electric field

with varying frequencies and azimuth. The frequencies The Electric field values along Ex component is
considered in the simulations are 0.5Hz, 0.25Hz andhigher at the near offset and are large for shallow water
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—200 m 10% ¢
——200 m
——400 m
———600 m
——1000m
1500 m

107

Magnitude, dB

Magnitude, dB

I I I I I I L |
1
10 L L L L L L L L )
0 1000 2000 3000 4000 O;ggom 6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
" Offset, m

Fig. 8: . Magnitude of electric field (Ey) versus offset (using Fig 11:. Magnitude of electric field (Ey) versus offset (using log
log scale for y axis). the height of seawater is 200, 400, 600,5c4le for y axis). the height of seawater is 200, 400, 6000100

1000, 1500 m and overburden is 1000 m and the thickness 0fi500 m and overburden is 1000 m, without hydrocarbon layer
hydrocarbon layer is 100 m. and the frequency is 0.125H. withanq the frequency is 0.125H. with %Bzmuith

45° Azmuith

——200 m
——400m
" 600 m .
10 ——1000m 0

\ 1500 m

Magnitude , dB

Magnitude, dB

I I I I I I I I :
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Offset, m

L L L L L L L L )
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
fiset,

Fig. 9: . Magnitude of electric field (Ez) versus offset (using Fig. 12: Magn!tude of elz_ectric field (E2) Versus offset (using log
log scale for y axis). the height of seawater is 200, 400, GOO,SCale for y axis). the helg.ht of seawatgr is 200, 400, 6000100
1000, 1500 m and overburden is 1000 m and the thickness o200 M and overburden is 1000 m. without hydrocarbon layer.
hydrocarbon layer is 100 m. and the frequency is 0.125H. with@nd the frequency is 0.125H. witf? ézmuith

0° Azmuith

but big for shallow water environment.

——200m

N —d Now we give the behavior of electric field for variation

I e of overburden. The frequency is 0.125Hz, the height of sea

water is 500m and the thickness of hydrocarbonis 100 m.

From the Figures 13, 14 and 15 it is clear that the

magnitude of electric field is big for shallow overburden

and vice versa. The reason is that, the electric field wave

will decay faster when the thickness of the overburden

o W0 mm W0 am o0 w0 o0 mo o0 o increases. These results have shown that the new antenna
is able to detect the different resistive layers just like th
current horizontal antenna.

Fig. 10:. Magnitude of electric field (Ex) versus offset (using log

scale for y axis). the height of seawater is 200, 400, 6000,100

1500 m and overburden is 1000 m,without hydrocarbon laygr an

the frequency is 0.125H. witrPGAzmuith

Magnitude, d&

environment Also, the E-field along the Ey component
decreases as the offset increases. As Ez is the vertical
component, the magnitude of Ez is small for deep water
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W observed that smaller frequencies are better in detecting
the resistive layers. Difference in the Electric field isoals
observed in the presence of hydrocarbon. These
simulations seem to indicate that this antenna has the
potential to be used as a source of EM waves.

Magnitude, d&
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