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Abstract

In this thesis, the problem of deriving the current distribution along a metal
casing surrounded by a conductive earth is studied. The metal casing can
be taken as a long and thin metal wire antenna in this case. The current
distribution is unknown and can be decomposed into tiny current elements
along the wire antenna. The total field from the wire antenna can be achieved
by using the principle of linear superposition of the fields generated by each
of the current element. The solution of the scalar wave equation for a point
source is well known to be the Green’s function. For a tiny vector source of
current element, the solution of the scalar wave equation can be achieved by
a dyadic Green’s function. By taking advantage of the boundary conditons
at the metal surface, an electric field integral equation can be built up which
can be solved by the method of moments.

A real composition of the conductive earth is complicated and usually is
modelled as a planarly layered isotropic medium, where the eletromagnetic
properties of the medium, g and e vary only in one direction, e.g. the z
direction. The advantage of using such a simple model is that the vector wave
equations can be reduced to two scalar wave equations. The electromagnetic
wave represented by these two scalar wave equations are two types of waves,
namely, the transverse electric (TE) waves and the transverse magnetic (TM)
waves, which are decoupled from each other. The electromagentic field at an
arbitrary point in the medium can be accurately derived by combining the
fields propagating directly from the source with the fields reflected by the
interfaces between layers, which has been well developed in the case of plane
waves. However, the electromagnetic field generated from a dipole source
goes out not in the form of plane wave, but spherical waves. In order to
decompose it into a combination of plane waves, the Weyl’s identity (in a
Cartesian coordinate system) and the Sommerfeld identity (in a cylindrical
coordinate system) are applied to the dyadic Green’s function mentioned
above.

The thesis starts with a short review of different electromagnetic technolo-
gies applied in the oil and gas industry today. Then, Chapter 2 considers a
particular model where the wire antenna is assumed to be perpendicular to
the interfaces between the layers. Due to the inherent geometrical symmetry



of this particular model, the source elements along the antenna are treated
as vertical electric dipoles (VEDs). As a result, the wave equations are in
this case reduced to one dimensional wave equations. Chapter 3 develops
the model further by assuming that the wire antenna is at an offset angle
compared to a line normal to each interface. The source elements are in this
case modelled as a combination of both a vertical and a horizontal electric
dipole (HED). The fields will then propagate in both TM and TE mode, and
these are then treated separately.

In a geophysical problem where the medium is highly conductive and the
operating frequency is extremely low, it is usually quite difficult to calculate
the Sommerfeld identity accurately by traditional methods. Hence, the er-
ror in the calculation result of the Sommerfeld identity is shown to have a
significant impact on the derived current distribution. Chapter 4 presents
a new method to evaluate the Sommerfeld identity by using a combination
of numerical and analytical methods. The new method gives much more
accurate results with no extra cost in computational complexity. Chapter
5 introduces how to use the new method to enhance previous analysed case
studies in Chapter 2 and Chapter 3. In this chapter, the results given by the
numerical method are compared to the data achieved from an experiment.
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Introduction

1.1 The fast developing technology for oil and
gas industry

The rapid increase in world oil consumption promotes concern about oil re-
serves and supply capability. Many new methods and technologies have been
developed to improve production efficiency, extend the life of old wells, and
explore for more new reserves. As an example, horizontal well drilling tech-
nology can exploit thin oil-rim reservoirs, avoid problems such as water/gas
coning, and extend the life of the wells by means of multiple drain holes
[1]. According to data from the National Petroleum Council (NPC) of U.S.,
many breakthroughs and thousands of incremental advances in exploration
and production have increased oil recovery levels from less than 10% (of the
initial volume in place) to more than 70% in some cases [2].

Another significant breakthrough in production technologies during re-
cent years is a technology known as smart wells or intelligent well systems.
The smart well system allows real-time information from downhole and flow
control by using permanently installed sensors and valves. With the help
of this real-time information, the operators are able to optimize control to
the drilling and production [3]. As an example, it enables operators to ac-
tively monitor, remotely choke or shut selected zones with poor performance
without costly intervention.

Before the emergence of smart well systems, the only available method
to obtain downhole information was through the use of intervention-based
logging techniques. Interventions can be conducted periodically to measure
a variety of parameters, such as pressure, temperature and flow. Although it
provides valuable information, the operation is very expensive to be done fre-
quently, especially in the sub-sea environment. The lack of timely data often
compromise the ability of the operator to optimize production [4]. Compared
to an intervention based approach, the use of smart well systems has sev-
eral important advantages. (i), it can improve information and knowledge
management, reduce the frequency of intervention and even realize auto-
matic exploration and production. (ii), it can increase net present value by
the recovery of hydrocarbons from reservoirs. (iii), it can reduce capital ex-
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penditures by decreasing the number of wells drilled and that in turn will
reduce the number of surface facilities required. In 2006, some oil and gas
fields in Saudi Arabia were equipped with experimental smart well technol-
ogy and their performance have been compared to conventional vertical and
horizontal wells that were deployed in the same field. It was reported that
48 smart wells could achieve the desired production target of 66 conventional
horizontal wells or 150 vertical wells [5].

Today it is widely recognized that this technology can not only increase
operating efficiency greatly, but also save enormous expenses and risks asso-
ciated with the execution of those processes. This is accomplished by provid-
ing a better understanding of downhole processes and by helping reconcile
short-term production optimization approachs with long-term objectives.

Since the first smart well system was installed in August 1997 at Saga’s
Snorre Tension Leg Platform in the North Sea, over 300 such systems have
been installed globally. These installations range from mature land assets
to deep water off the coast of Brazil. However, the adoption of smart well
systems has not been without challenges. The most challenging problem
is the harsh wellbore environment of high temperature, high pressure and
the limited space. Since the instruments are permanently-installed downhole
and inaccessible once deployed, the value of the system is directly linked to
the life of the system devices. Many early systems were rendered inoperable
due to their low reliability. For example, high temperature electronic devices,
such as the Field-Effect Transistors (FET) and capacitors which are available
on the market today can at most work in a range of 175 — 200°C. The de-
rated performance of these devices at these temperatures make them barely
sufficient for long term downhole operation. New developments in the field
of high temperature devices will enable new technologies for oil and gas
exploration and production in the future [6, 7, §].

Another challenging problem is how to transmit data between downhole
sensors and surface facilities to obtain real-time data and realize optimized
production. Until now, there have been a few different methods developed
in data communication for this purpose. For example, BJ Services Com-
pany has developed a wired communication system by using coaxial cable or
fiber optic cable. Unfortunately, these systems have had limited reliability
because of the strong impact of oil or gas fluid on the components deployed.
Other wireless methods have also been developed, such as pressure pulses
that propagate in the flow of the production fluid, or using an acoustic signal
that can propagate through the earth as well as along the well. According to
a report by Paul Tubel, the acoustic system they tested could communicate
over a length of 500 feet [9, 10].

Another attractive method of realizing wireless communication is to use
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electromagnetic (EM) signals. The main challenge of this method is that
the earth is highly conductive, which causes the EM signal to attenuate
very rapidly with increasing distance. In addition, the transmission power
and the size of antenna are all limited in a downhole environment. These
challenges limit the effective communication distance and the data rate of
the transmitted signals. Compared to the earth, the metal well is much
more conductive and can be taken as the core of a coaxial transmission line,
on which, the EM wave can propagate much easier. This method has been
studied much, especially in the field of measurement while drilling (MWD)
system . However this topic still benefit from further study as most of the
early research has been based on simple models, such as assuming the earth
to be a homogeneous medium. In the following section, a brief review of
this earlier research and applications of EM technologies in the oil and gas
industry is presented.

1.2 The application of EM technology in oil and
gas industry

EM technology has been applied in oil and gas industry in many aspects,
such as logging systems, borehole antennas, MWD and controlled source
electromagnetic (CSEM) surveying, also known as seabed logging (SBL).
The application of EM technology in the oil and gas industry can be traced
back to Conrad Schlumberger, who tried to measure the resistivity of the
earth by using EM technology in a well logging system in 1927 [11]. The
research on high-frequency EM logging technology started in the 1960s [12]
and in the 1980s, a borehole radar operating at 1.1GHz appeared [13, 14, 15].
However, the detection depth was too shallow for such a high frequency and a
system that worked at lower frequency, 25MHz, was proposed by Blenkinsop
and others in 1986 [16, 17]. In the 1990s, multi-frequency electromagnetic
logging with an ultra-broadband antenna was developed [18].

For an electronic system, the load determines how much power can be
delivered. For example, in a radiation system, the source impedance should
be matched to the antenna to minimize reflection signal. In the 1960s, King
and others addressed this issue by looking into the input impedance char-
acteristics of a dipole antenna when immersed in a homogeneous isotropic
conductive medium [19, 20]. In particular, King studied the relationship
between the antenna input admittance and the properties of a conductive
medium reflected through the parameter o/(we,€y), where o is the conduc-
tivity of the medium, w is the operating frequency (in rad/s), €, is the relative



permittivity of the medium, and ¢, is the vacuum permittivity. In Fig.1.1 and
Fig. 1.2, the input conductance and susceptance of an antenna are plotted as
a function of the parameter o/(we,€p) and the antenna electrical length Sh,
where h is the physical antenna length. 8 = 27 /A, and A is the wavelength of
the signal in the surrounding medium. In [19], salt water and a frequency of
114MHz was applied, in which case the medium wavelength was reported to
be A = 29.77cm. From Fig.1.2, it can be observed that the susceptance of the
input admittance becomes negative when the parameter o/(we,€y) becomes
large and Bh > 1. In addition, the susceptance approaches a constant nega-
tive value as Sh increases. Since the parameter o/(we, €y) becomes very large
at low frequencies and in a highly conductive medium, it can be concluded
that the input impedance of an antenna immersed in a conductive medium
usually is inductive at low frequencies.

G IN milli-mhos

Figure 1.1: Driving point conductance vs antenna length [19, Fig.7].

In the beginning of this century, the application of CSEM technique for oil
and gas industry became popular in offshore applications. This application
can be traced back to J.R.Wait who studied the EM fields of a phased line
current over a layered conducting half-space [21, 22]. In using CSEM, a
cable with powerful low frequency current flowing on it is immersed in the
sea. The EM field induced by the wire current propagates in the earth
and is reflected at the interfaces of discontinuous electrical properties. Since
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Figure 1.3: The SBL, this figure is from lecture note for mathematical geo-
physics given by Lasse Amundsen.



hydrocarbons in the subsurface are significantely more resistive than non-
hydrocarbon-bearing layers such as shale or sandstone which contain salt
water, they provide measureable reflections. Hydrocarbons can therefore be
detected by a reflected signal at the seabed in a range of distances from the
source [23, 24, 25, 26].

As mentioned above, the propagation of EM waves along the drill rod
or metal casing has been a topic of discussion in oil and gas industry for
a long time, driven largely by MWD applications. J. R. Wait studied this
problem theoretically with a model where a perfectly conductive metal rod
was surrounded by a homogeneous earth rock of a very low conductivity,
o = 107%S/m, which is shown in Fig.1.5. Using this highly idealized model,
he concluded that the current attenuation along the drill rod would be at
least as great as plane waves in the surrounding medium [27]. He also pointed
out that an optimum frequency could be found for a fixed depth, as shown
in Fig.1.4. However, in real earth situations, the conductivity of the earth
rock is usually much higher than the value he adopted and thus his optimum
frequency could be too low to be observed.

In 1987, DeGauque and Grudzinski studied a more advanced model where
the drill rod was assumed to have a finite conductivity and the surrounding
medium was assumed to be sea water with a much higher conductivity of o =
0.5S/m. Their model is shown in Fig.1.5. In their research, the metal drill
rod was taken as a long thin wire antenna and the current distribution along
it was solved by applying the well known Pocklington’s integral equation.
The influence of the finite conductivity of the drill rod was characterized by
assigning an internal impedance and then accounting for it with boundary
conditions. The Pocklington’s integral equation was discretized and solved
by the method of moments. The authors found that the drill rod internal
impedance played a major role in attenuating the signal and for the operating
frequencies below a few Hertz, the attenuation did not vary much yielding
an optimum frequency for maximum data rate around 3Hz [29].

In 1993, Xia and Chen developed a model where the drill rod could not
only be vertical, but could be in an arbitrary direction in a homogeneous
medium [30]. They built up an electric field integral equation (EFIE) for
this model, which could handle more complicated geometries than Pockling-
ton’s integral equation. Not surprisingly, their results matched those previ-
ously published by DeGauque and Grudzinski. The authors claimed (without
proof) that a layered earth consideration might be estimated by using the
most conductive case for the computation, and they also pointed out that
detections should be carried out near the well head.

More recently (2009), Yang and others studied a model where a metal well
was assumed to be vertically placed in a horizontally stratified earth [31]. At
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Figure 1.5: The models studied by Wait, Degauque and Xia.
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the same time, the author of this thesis also studied a similar model and
submitted a paper to the Applied Computational Electromagnetics Society
(ACES) 2010 conference. Both of these two studies considered the reflections
of the EM field from the interfaces of the layers and accounted for them in the
EFIE developed for the model. To do this, a Sommerfeld identity was applied
to transform the spherical wave due to a point source into a summation of
plane waves, which was in the form of Fourier transform. For the plane
waves, the field in a horizontally layered medium can be evaulated accurately
by summing up the direct propagation from the source and the reflections
at the interfaces between the layers. Yang claimed in his work that the
discretization step didn’t influence the final results. However, the numerical
results given in this thesis show that the discretization step influences the
accuracy of the Sommerfeld integration, so a special mathematical method
has been developed to solve this problem.

layerd | layer3 | /

conductive
rock
layer2 | layer2 |
wire antenna layert | wire antenna layer1 wire antenna
SOUICE source
Homogeneous Layered media, Layered media
medium vertical placed antenna tilted placed antenna

Figure 1.6: The models studied in this thesis.

There are other ways to approach this interesting problem other than the
application of the EFIE method. For example, in 2000, Trofimenkoff and
others developed a method which used an electric circuit network model to
study the current distribution along the metal well casing. They discretized
the metal well and the surrounding medium into small elements which was
then modeled into circuit elements of resistors, inductors and capacitors [32].
The advantage of this method is speed, as the computation is much faster
than using the EFIE method. Their results compare favorably with those
published before by DeGauque and Grudzinski, and those by Xia and Chen.
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Today, with the development of smart well systems, the communication
between surface and downhole instruments becomes an urgent need. Using
an EM signal that propagates along the metal well casing is one of the more
promising solutions. In this case, it is necessary to study the attenuation of
the signal along the surface of the metal casing. This then will provide a
theoretical basis for the assessment of the channel capacity. This problem is
closely related to the studies of the current distribution along the drill rod in
an MWD system. Until now, most of the models applied to solve this problem
have assumed that the earth is a homogeneous medium. However, in the
most recent paper published by Yang, a layered medium was considered and
a metal well was assumed to be placed along a line normal to the interfaces.
In reality, the well can penetrate the layers at an arbitrary angle and how
this will influence the current distribution is an interesting problem that (to
our knowledge) has never been studied. This thesis presents new models
and special mathematical methods to provide a solution to this problem. In
the following, a brief introduction to methods used to solve EM problems is
presented.

1.3 Methods in solving EM problems

Maxwell equations are a set of coupled first-order differential equations, which
are almost always too complicated to be solved exactly in practical problems.
The methods for solving Maxwell equations can be classified into experimen-
tal, analytical and numerical approaches. Experimental methods are very
important and often play a key roll in practical problems. However, they
are often very expensive and almost all experiments can only approximate
the real situation. What’s more, the experiment should be done based on a
theoretical model and the experiment data needs to be studied and compared
to the theoretical analysis for interpretation.

The analytical solutions are always based on highly idealized models and
can only be applied to some very simple problems. The most commonly
used analytical methods are image method and the separation of variables
(33, Ch.2,3]. Under special conditions, asymptotic methods could be ap-
plied and approximate solutions are available, which can also be classified as
analytical methods [34, Ch.2],[35]. With the development of computer tech-
nology, more and more problems can be solved by numerical methods. The
most commonly used numerical methods are the finite difference time domain
method (FDTD) [36], the finite element method (FEM) and the methods of
moments (MOM).

The FDTD algorithm can be traced back to Yee’s paper in 1966 and the
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acronym was given by Taflove in 1980 [37, 38]. Application of FDTD usually
involves three steps: (i), divide the solution region into a grid of nodes.
(ii), the given differential equations can be discretized into finite difference
equations by using Taylor’s theorem, in which case, the derivatives can be
approximated by the following equations:

_ f(wo + Az) — f(xo)
Ax '
f(xo + Az) — 2f(20) + f(x0 — Ax)
(Az)?

(1.3.1a)

f//(xo) ~

. (1.3.1b)

(i), solve the difference equations subject to the prescribed boundary condi-
tions [39, Ch.3]. FDTD usually works in time domain and it can present tran-
sient responses accurately. Similar to FDTD, the integral form of Maxwell
equations can also be discretized into finite difference equations, which was
developed by Weiland independently and is called the finite integration tech-
nique (FIT) [40, 41, 42].

FEM methods are based on the theory of variational method, in which
a functional is first derived and trial functions are then used to find the
solution in order to minimize or maximize the functional. For example, for
the differential equation

oF 0 0F, 0 0F, (1.3.2)

a functional integral equation I(u) can be constructed as

I(u(z,y)) = /dxdyF(x,y,u(x,y),ux,uy>. (1.3.3)

The function u(z,y) which minimize I(u) will also be a valid solution to the
differential equation in (1.3.2). It can be approximated by a series of trial
functions

N
u= Z A Grms (1.3.4)
m=1
for which the Rayleigh-Ritz procedure is applied to find the coefficients,
ol
— =0 =12,--- N 1.3.5
aam 9 m 9~y ) ( )

If the basis functions g, are global over the solution region, it is classified
as a Rayleigh-Ritz method. If they are piecewise for each local region, the
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method is considered a FEM. The FEM is usually more powerful and versatile
compared to the Rayleigh-Ritz method.
MOM is a sub-method of the weighted residual method. For a linear
operation
Lu = f, (1.3.6)

the unknown function can be expanded by a series of trial functions (basis
functions) g, as shown in (1.3.4). For a limited number of basis functions,
the expanded function usually can not provide an exact solution for u, but
only an approximation to it. There will be an error (residual) between them:

R=>"L{u,gm) (gm — [, (1.3.7)

where <> is inner product, f > denotes a vector and < f is its transpose.
Weight funtions w are orthogonal to the residual

(w, R) = 0. (1.3.8)

For different weight functions, there are (at least) five sub methods

Collocation method
Subdomain method
Least square method
Galerkin method

. Method of moments

O W=

Highlighting the differences in these five methods, the collocation method
use Dirac delta function 0 as weight function, which forces the residual to be
zero at specific points. The response to the Dirac delta source is the Green’s
function, as shown in the following equation

LG(r,r') =6(r — ). (1.3.9)

By using convolution theory, the equation can be transformed into the fol-
lowing equation

L{G(r,x'), f(r')) = (0(r = x'), f(x')) = f(r), (1.3.10)
which indicates the unknown function u is equal to
u(r) =< G(r,1'), f(r') > (1.3.11)

The subdomain method can be considered as a modification of the collo-
cation method, which forces the weighted residual to be zero not only at fixed
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points, but over various subsections. The least square method uses the resid-
ual function R as the weight function. In this case, to find the zero points
of (1.3.7), the minimum of the equation by the derivatives with respect to
the unknown parameters is computed. The Galerkin method uses the basis
functions as the weight functions and can be viewed as a modification of the
least square method. By contrast, the last method, the method of moments,
weight functions are chosen from the family of polynomials:

Wi = a". (1.3.12)

If the basis functions for the approximation are the same polynomials, then
the method of moments is identical to the Galerkin method. Sometimes, the
meaning of MOM is equivalent to the meaning of weighted residual method
and the other four sub methods may also be referred to as MOM.

Comparing these three methods, FDTD and FEM are partial differential
equations (PDE) methods while one is in time domain and the other is in
frequency domain. Usually, both of them use volume meshing so that the
number of unknowns increases with the cube of the linear meshing density.
For these two methods, memory and solution time scale proportionally with
the number of unknowns. MOM is an integral equation method which uses
surface mesh. It imposes certain boundary conditions to the structure in its
solution technique and is not good for complex 3D volumes and non-metallic
surfaces. However, for solving surface current problems of 1D and 2D, MOM
is a good choice.

Today, there are dozens of software packages developed for solving EM
problems based on the three methods introduced above. However, most
of them are not appropriate for solving geophysical problems, where the
operating frequencies are usually very low and the earth composition is very
complicated. In addition to that, the model shown in Fig.1.6 is very difficult
to mesh since it is extremely large in one dimension but extremely small in
the other dimension. For this kind of problem, the best method is to build a
special EFIE, which is then solved by the MOM.

1.4 Contributions of the included papers

This thesis consists of four papers, which are numbered with the capital
letters A, B, C and D. In the following, a summary of the included papers is
presented.
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1.4.1 Paper A

Y. Wei, B. Holter, I. Simonsen and L. Norum, “Current Distribution Along
a Long Thin Wire Antenna Vertically Placed in a Horizontally Layered
Medium”, in Proc. Applied Computational Electromagnetic Symposium
Conference, Tampere, Finland, April 2010.

To use the metal well casing to transmit EM signal between downhole and
surface has been an interesting topic in oil and gas industry, especially for
MWD application. Many people have contributed to this topic as introduced
above. However, most of them modelled the earth to be a homogeneous
medium (to the author’s knowledge in 2009). This paper tries to make an
improvement by modelling the earth to be a horizontally layered medium
and each layer can be characterized by its conductivity independently. The
metal well is then treated as a long thin wire antenna and is assumed to
be perpendicular to the interfaces between different layers. Geometrically,
zy-plane is defined to be parallel to the interfaces and the wire antenna is on
z-axis.

The EM field induced by a delta gap source will cause an incident current
in the wire antenna and this incident current will induce a scattered field
again. The electric field at a point r = (z,y,2) in space induced by the
current element /(z')dz'z at point v’ = (0,0, 2’) is equal to

B ik|r—r’|
E(r) = iwu(I+ E) 1(2)dz'2 ‘

2 (1.4.1)

4rlr — 1|
where k is the wavenumber in the vicinity of the source point and V is the
vector differential operator. The electric field at point r induced by the total
wire antenna can be evaluated by doing integration

. B vV A eik\r—r’|
E(r) = zwu/zdz/(l + ?) : I(Z')zm. (1.4.2)
By taking advantage of the boundary condition at the surface of the wire
antenna, an EFIE is built for the unknown current 7(z’). For a model of
homogeneous medium, the EFTE can be transformed into the well known
Pocklington’s integral equation, which can be solved by MOM [43, Ch.8].
When a horizontally layered medium is considered, the scalar Green’s
function in (1.4.2) needs to be expanded into an integration of plane waves
first, which can be done by applying the Sommerfeld identity [34, Eq.2.2.30]

iklr—r’| 00 k ) ,
c —i/ dk -2 Jo(k,p)e=l===1 (1.4.3)
0

rr] k.
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in which k, is the wavenumber in the radial direction and k, = |/k? — k%.
Jo() is the Oth order Bessel function of the first kind.

The propagation of plane waves in a horizontally layered medium can be
evaluated accurately by calculating the reflections at the interfaces between
different layeres. When there are multiple layers, the multi-reflections from
different layeres can be calculated by a recursive equation, which is defined as
the generalized reflection coefficient [34, Ch.2.1]. The propagation element
et*<1>=#'I in (1.4.3) will be changed into the following form

A=) | RG] (1.4.4)

where R is the generalized reflection coefficient.

In the paper, this method is applied for the homogeneous models pub-
lished by others and also compared to a FIT program by using a simple
homogeneous model. These tests show that the method works quite well
for the homogeneous models which are special cases of the layered medium
model. Finally, a horizontally layered medium model is used and the numer-
ical results show that the attenuation of EM field in different layers depends
on the conductivities of the independent layers. The distribution of the cur-
rent can not be estimated by only using the most conductive case as claimed
by Xia and Chen [30].

1.4.2 Paper B

Y. Wei, B. Holter, I. Simonsen and L. Norum, “Current Distribution Along
a Long Thin Wire Antenna Placed in a Horizontally Layered Medium”, in

Proc. Conference on Electromagnetic Field Computation, Houston, U.S.,
May 2010.

In the first paper, the metal well casing is assumed to be vertically placed
in the layered earth. With the development of drilling techniques, such as
horizontal well tochnology, the metal well can penetrate the earth layer at an
arbitrary angle. In this case, a question is how much the tilt angle between
the well and the medium will influence the current distribution. To the
author’s knowledge, a solution to this problem has never been published.

This paper tries to improve the model presented in Paper A by allowing
an arbitrary tilt angle between the wire antenna and the interface surface.
In this case, xy-plane is still assumed to be parallel to the interfaces and
the wire antenna is assumed to lie in zz-plane. The angle between the wire
antenna and z-axis is 6, 0 < 6 < 7/2. The model is not symmetric with
respect to the z-axis and therefore can not be simplified to a 1-D model.
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However, it is symmetric to the xz-plane and therefore can be treated as a
2-D model.

As presented in (1.4.2), an EFIE can be constructed for the unknown
current along the wire antenna. In this case, the current element is /(z’ )dfé
in stead of I(2')dz’'z. Since there is a tilt angle  between the wire antenna
and the z-axis, the current element [(z )dﬁf can be decoupled into a vertical
current element I(2')dl cos 62 and a horizontal current element /(z")d( sin 0z,
which can be treated as a vertical electric dipole (VED) and a horizontal
electric dipole (HED), respectively. The electric field due to the current
element I(z')d¢¢ can be evaluated by the superposition of the fields generated
by the VED and the HED.

According to the geometry used in this paper, the EM field due to a
VED is only in the transverse magnetic (TM) mode in z direction, which can
be decoupled into two components pointing in z direction and x direction,
denoted as Eg{\,ﬂED and E;l\\,/IED respectively. The EM field due to a HED is
also decoupled into components in z and z direction but they are different
in mode. The component in z direction is only in TM mode, denoted as
ENgp- The components in z direction are in both TM and transverse electric
(TE) mode, denoted by E] Mgy, and E}fgn. In this way, the integrand of
the EFIE includes five electric field components which should be calculated
independently.

For a homogeneous medium model, the tilt angle will not influence the
result and so it can be taken as a reference for validation. This method is
then applied to the homogeneous models published and compared to other
method such as FIT. The results presented by this method agrees to the
published results quite well. Then a layered model is applied and the results
show that the stability of calculation depends on the discretization size of
the wire antenna, which is studied in paper C of this thesis.

1.4.3 Paper C

Y. Wei, B. Holter, I. Simonsen and L. Norum, “Calculation of Sommerfeld
Integrals for Conductive Media at Low Frequencies”, IEEE International
Workshop on Electromagnetics, Taipei, Taiwan, 2011.

In Paper A and B, an EFIE is constructed for the unknown current distri-
bution which is then calculated by MOM. Since for a homogeneous case, the
EFIE can be simplified into the well known Pocklington’s integral equation,
which has an analytical equation in the integral, the Pocklington’s integral
equation can be used as a reference to validate the calculation of the EFIE.
In using MOM, the current along the wire antenna is discretized into small
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evenly distributed elements, I(z")d¢. When the size of the elements is small,
the current in each element can be assumed to be a constant. The EFIE is
then transformed into a series of linear equations

G(z,2)I(2') = b(z), (1.4.5)

Theoretically, the smaller the size of the elements, the more accurate the re-
sult will be. However, comparison to the results of the Pocklington’s integral
equation shows that there is a big error when the size is small. This paper
addresses the reason of this error and presents a mathematical method for
solving it.

By carefully comparing the calculations of the two methods, small differ-
ences are found in the two coefficient matrixes, especially the sub-diagonal el-
ements. Numerical tests prove that even though the differences are tiny, they
will introduce a significant difference in the calculation of the EFIE. In other
words, the coefficient matrix is ill conditioned. Further study shows that
the difference comes from the calculation error of the Sommerfeld identity,
which is an integral of an oscillating function. To evaluate such an integral,
traditionally, one can use asymptotic methods or numerical methods. The
asymptotic methods include method of stationary phase and method of steep-
est descent [34, Ch2]. The claimed best numerical method for the integration
of an oscillating function is the Integration-Summation-Extrapolation (ISE)
method [44]. However, for geophysical problems, which often operates in a
highly conductive medium and at very low frequency, all of these methods
present difficulties. The asymptotic method does not work for the near field
and the numerical method is computationally intense with large convergence
ranges.

To overcome these difficulties, a new asymptotic split method is developed
to calculate the Sommerfeld identity for the special geophysical condition.
The concept is that if an asymptotic equation is subtracted from the integral
kernel, the new equation will converge much faster than the original function,
which makes it much easier to be calculated numerically. The integral of the
additional asymptotic equation can be evaluated by a Laplace transform,
which yields an analytical solution. This method reduces the error compared
to previous methods at least 50 times for the example presented in the paper
without increasing computational difficulties for the calculations.

1.4.4 Paper D

Y. Wei, B. Holter, I. Simonsen and L. Norum, “Efficient and Accurate Nu-
merical Evaluation of Sommerfeld Integrals for Conductive Media at Low
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Frequencies”, proc. Geophysics, submitted.

Based on the study in Paper A, B and C, this paper presents a com-
plete dissertation of applying the metal well casing as a medium to transmit
EM signals between downhole and surface. Theoretically, by using Maxwell
equations, the scattered electric field E® related to a current density can be
represented by a Helmholtz equation,

V x V x E®(r,w) — K®E® (r,w) = iwpd (r,w), (1.4.6)

the solution to (1.4.6) can be expressed as
E®) (r,w) = iwu/dr?’G(r,r’)J(r',w), (1.4.7)

where G(r,r’) is the dyadic Green’s function in (1.4.1). For the longitudinal
component of the electric field on the surface of the well casing, E(i)(r, w) +
E® (r,w) = 0, if the metal of the well casing is considered a perfect electric
conductor. With this result, an EFIE for the unknown current I(r) can be
built,

/ [ d2'G(r,v)I(r') = idmewED(r). (1.4.8)
0

For a homogeneous medium, the EFIE can be simplified to the wellknown
Pocklington’s integral equation, which has an analytic equation in the inte-
gral and can be calculated by MOM directly. When the surrouding medium
is a horizontally layered medium, the fields induced from each of the point
sources must first be expanded into an integral of plane waves by the Som-
merfeld identity. The field in the surrounding medium can be evaluated by
carefully considering the transmission and reflection of the plane waves at
interfaces between layers.

It is obvious that the Pocklington’s integral equation is a special case of
the latter and both of them should achieve the same results for a homoge-
neous earth. Therefore, the Pocklington’s integral equation can be used as
a reference to the calculation of the latter. By comparing the calculation
of the two methods, the difficulty in calculating the Sommerfeld identity in
the latter is found and a new asymptotic split method is introduced for low
operating frequencies and highly conductive medium case. This method is
applied to a homogenous model and proved that it can improve the calcula-
tion accuracy greatly without adding extra calculation complexity. It is also
applied to a model where the wire antenna is assumed to be vertically placed
in a horizontally layered medium. The numerical results are compared to
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those achieved by using electric network method and show that they agree
to each other quite well.

The asymptotic split method is applied to models where the wire antenna
is assumed to be arbitrarily placed in a horizontally layered model, as studied
in Paper B. Numerical results for this model are presented in Appendix in
this thesis. In particular, the effects of different tilt angles between the wire
antenna and the z-axis are studied and compared.

In 2010, an experiment was carried out by WINS ! and SINTEF ? to
test signal transmission along a metal well casing. With the permission
authorized by them, the experiment data can be applied to test the numerical
results given by the method presented in this paper. The comparison of the
numerical results to the experiment data shows that they agree to each other
quite well.

1.4.5 Supplement

Just as I was about to finish my thesis, I was informed through a review
process that a mathematical method similar to that introduced in Paper
D had been published by others. In the following, a brief review on the
published papers and a comparison to my work are presented.

In 1986, D. R. Jackson and N. G. Alexopoulos published a paper in
which they introduced a method for the evaluation of the electric field from a
Hertzian dipole in a layered geometry [45]. They started from the calculation
of the Hertzian potential

M- / T OV ()N, (1.4.9)

in which the integrand is equal to

2 1
f) = 5 ()\))\ [ul coshuy(B = 2') + usinhuy (B — 2') | sinhu; 2,
e Uy | Hr
(1.4.10)

where A is denoted as k, and w; is denoted as k. in this thesis. B is the
coordinate of the interface. The author pointed out that the integral was
nonconvergent when the observation point z = z’. To overcome this problem,

'WINS is the abbreviation of a norwegian company, Wireless Instrumentation Systems
AS. This company develops technology and solutions for down-hole energy generation,
instrumentation and wireless communication.

2SINTEF is the largest independent research organisation in Scandinavia, which devel-
ops technology solutions that are brought into practical use.
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the hyperbolic functions could be approximated by [45, (11)]

1
sinh(uja) ~ 56“‘1. (1.4.11)
as A — oco. Then an asymptotic function fo(\) could be composed for the
integrand,

N
an —
fo(A) = Z T A, (1.4.12)
n=1

where N depended on the number of layers. This asymptotic function was
then subtracted and added from the original integrand f(A). The integration
on the added term could be calculated in a closed form and the integration
on the term f(\) — fo(A\) could be evaluated numerically.

Compared to [45], we developed the method in a similar way by adding
and subtracting an asymptotic function to the original integrands. The inte-
gration of the asymptotic function can then be calculated analytically and the
integration of the tail term can be evaluated numerically. When we developed
this method, we were focusing on a special low frequency and high conductive
problem, based on which the asymptotic equation was deduced. Unlike their
work, we started from dyadic Green’s function, not from Hertzian potential
ant when we apply this method, we only use it on the points near the source
point. For the point z = 2/, the field is evaluated directly by Pocklington’s
integral equation.

In 2006, Ergun Simsek, QingHuo Liu and BaoJun Wei published a paper
in which they presented a method to evaluate mulitlayered medium Green’s
functions for general electric and magnetic sources [46]. In their method,
a special subtraction procedure was applied to each term of the Sommer-
feld integrands to make them rapidly decreasing and the contribution of the
subtracted terms are calculated analytically.

I think the main difference between their work and our work is the project
and procedure of finding the method. In our case, we are studying the current
distribution along a metal casing in a multilayered medium and find that
the results are not stable by using ordinary integral method. Then we find
the reason of the big calculation error by comparing the EFIE method to
the Pocklington’s integral method in a homogeneous case. In addition to
this, there is a small difference in finding the asymptotic equation. In this
thesis, the asymptotic equation is found by studying the each term of the
Green’s function at a condition o/w >> ¢ for a homogeneous model. In their
paper, they considered a point source in a layered medium, in particular,
they studied the source point near an interface between different layers and
deduced asymptotic equations for different cases of receiver points.
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In 2006, M. P. Spowart and E. F. Kuester published a paper in which they
introdued a method for the studying of microstrip antennas [47]. Similar to
[45], the integral equation was developed from the Hertzian potential and an
asymptotic equation was added and subtracted from the original integrand
in the following way

N [eS]
I = / FOVA + / FOVdA (1.4.13)
0 N
N [eS) oo
= / JA)A + / (f — fapr)d\ +/ faprd\.  (1.4.14)
0 N N
The integration of the asymptotic equation can be found by

00 N
/ faprd\ = (explicit closed form expression) —|—/ g(N)d\,
N 0

(1.4.15)
and finally the original integral can be evaluated by

N
I %/ (f + g)d\ + (explicit closed form expression) (1.4.16)
0

Compared to [45], the author went one step further by studying the pole
problem and applied steepest-descent path evaluation method for calculating
the integral for the pole.

Compared to their idea, the method introduced in this thesis was devel-
oped in a slightly different way,

I = /Nf(/\)d)\Jr/oof()\)d)\ (1.4.17)
- / (FOV) = Fapr(\)dA + /N T = Fasr(A)dx
v / T Fapr(V)dA (1.4.18)

Since (f(A) — fagr(A)) — 0 when A — oo, the second integral can be ne-
glected and the total integral is approximately equal to

= / (FO) = Fapr(0)dA + / " fasr(Vdn. (1.4.19)

where the first part can be calculated numerically and the second part gives
an explicit closed form. In addition to the difference of development, we
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develop this method for problem of using low frequency and highly conductive
medium, which ensures that there is no difficulty in pole problems.

In 2010, Shaun D. Walker, Deb Chatterjee and Michael S. Kluskens sub-
mitted a paper to Antennas and Propagation Society International Sympo-
sium [48], in which they also mentioned to use analytical method for closed-
form evalution of the Sommerfeld integral tail. They deduce their method for
the z-component electric field from a HED. In 2012, Deb Chatterjee, Sadasiva
M. Rao and Michael S. Kluskens published a paper in 2012 IEEE Interna-
tional Symposium on Antennas and Propagation and USNC-URSI National
Radio Science Meeting [49]. In this paper, they developed a method a lit-
tle difference to that in [48] by keeping the Bessel function intact. In their
method, the Sommerfeld integral is divided into two parts

kp 0
I= /O k2 Ty (kop)WP (K, )dk, + / k2 J1 (k) WP (k) dk,. (1.4.20)

kp

The second term in the equation is the Sommerfeld tail. To calculate it, W?
is replaced by an asymptotic equation but the Bessel function is not replaced
by asymptotic equation, which leads to

asy

Ky
= /0 K20, (ko) WP (k) — W2, (yho)ldk, + G (14.21)
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A Wave Propagation Along a
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Placed in a Horizontally Layered

Medium
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Lars Norum
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Abstract

A theoretical and numerical analysis of the wave propagation along
a long thin wire antenna is presented. The wire is assumed to be placed
vertically in a conductive inhomogeneous medium, represented by a
finite set of horizontal plane layers each of which is characterized by
an individual conductivity. The current distribution along the wire
antenna is obtained as the solution of the electric field integral equa-
tion that is solved by the method of moments. Numerical results are
presented and compared to similar work for homogeneous media.

A.1 introduction

Wave propagation along a wire antenna placed in a conductive medium is an
interesting topic in low frequency communications. In 1979, J. R. Wait and
D. A. Hill [1] calculated the current distribution along a drill rod surrounded
by conducting host rock. They assumed an infinite long perfect conducting
rod located in a homogeneous lossy medium. The source was assumed to
be a toroidal coil emitting a 5KHz electromagnetic wave riding on the rod.
They found that the attenuation would be at least as great as that of plane
waves in the conductive medium surrounding the rod. In 1989, P. DeGauque
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and R. Grudzinski [2] studied the current distribution along a drillstring of
finite conductivity embedded in a homogeneous conductive medium using
Pocklington’s integral equation[3, Ch.8]. The source was assumed to be an
electric delta gap which could be viewed as a simple electric dipole. The
frequency range of the emitted sigmal was 0.1 — 10Hz. They found that the
surface impedance played a major role in attenuating the signal. However,
for frequencies below a few hertz, the attenuation did not vary much and the
optimum frequency for maximum data rate was argued to be about 3Hz.
To the author’s knowledge, an analytical solution of the current distribu-
tion along a long metal wire antenna in a conductive inhomogeneous medium
is not known. To address this issue, a theoretical and numerical analysis of
the wave propagation along a long thin wire antenna is presented. The wire
is assumed to be placed vertically in a conductive inhomogeneous medium,
represented by a finite set of horizontal plane layers (orthogonal to the an-
tenna), each of which is characterized by an individual conductivity. The
current distribution along the wire antenna is obtained as the solution of the
electric field integral equation that is solved by the method of moments.

A.2 Theoretical Approach

A.2.1 The field from a wire current in a homogeneous
medium

A long straight wire antenna of length ¢ and radius a is assumed to be placed

vertically in a homogeneous medium and oriented along the positive z-axis.

The electric field E(r) at an observation point r = (x,y, z) is related to the
current density J(r') on the wire antenna by the integral [4, Eq. (7.1.2)]

B(r) = iwp /v PG ) 3() (A2.1)

The dyadic Green’s function G(r,r’) is defined as [4, Eq. (7.1.19)]

G(r,r') = [I+ VkQV] g(r,v'), (A.2.2)

where T denotes the unit dyad and g(r, ') is the scalar Green’s function. In an

unbounded homogeneous medium g(r,r’) = Z::‘::,‘l and k = wy/pu(e +i(o/w))
(Im(k) > 0) is the complex wave number. In the following, the antenna is
assumed to be very thin compared to its length, i.e. £ > a. Under this
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assumption, the current density along the wire can be approximately written
as:

J(x') = I(z")o(2")d(y')z, (A.2.3)
where I(2') is assumed to be an equivalent line-source current [3, Ch8|. In-

serting (A.2.2) and (A.2.3) into (A.2.1), the z-component of the electric field
directed along the antenna can be written as

iWM 82 eikR

E.(r)= 1k /O L0 1) [k2+822} - (A.2.4)

where R = /p?+ (z — 2)?, and p = /22 + 3%

A.2.2 The field from a wire current in a layered medium

The wire antenna is now assumed to be placed vertically in a conductive
inhomogeneous medium represented by a finite set of horizontal plane layers,
where each layer is characterized by an individual conductivity. In [4, Ch. 2],
a method to obtain a solution for the electromagnetic fields generated by a
point or line source embedded in such a multilayered profile is presented. The
heart of the approach in [4, Ch. 2] is based on the fact that nonplanar waves
generated by finite sources can be expanded into an integral summation of
plane waves. The mathematical identity is known as Weyl’s identity [4, Eq.
(2.2.27)], and it represents a plane-wave expansion of a spherical wave. Once
this is done, the general theory of reflection and transmission of plane waves
can be used to find the electromagnetic fields within any of the layers in
response to a source within one of the layers. In this section, this method is
used to find an expression for the z-component of the electric field generated
by the antenna. Due to limited space available, a detailed explanation of the
method and a presentation of all the involved symbols and expressions are
not included. The interested reader is rather referred to [4, Ch.2] for further
details. Note that in this paper the z-axis points upwards, whereas in [4,
Fig. 2.4.1], it points downwards. As a result, there are some differences in
the subindexes of the expressions in this paper and the similar ones in [4].

Since the antenna is assumed to be placed along the z-axis of a cylin-
drical coordinate system, the electric field component in question is the z-
component which is directed along the antenna. To derive an expression for
this field, the Sommerfeld identity is used as a starting point. The Sommer-
feld identity [4, Eq. (2.2.30)] can be developed from the Weyl’s identity and
is equal to

eikR 00 k .
R / k2 Jo ()™ (A.25)
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which shows that a spherical wave can be expanded into an integral sum-
mation of cylindrical waves in the p direction times a plane wave in the
z-direction over all wave numbers k,. In (A.2.5), Jy(-) denotes a Bessel func-
tion of the first kind and zeroth order, and k., = /k? — k2 (Im(k.) > 0)
denotes the z-component of the wave vector k. In the following, it is as-
sumed that a source at z = z’ is embedded in layer m of a multilayered
profile (see [4, Fig. 2.4.1] or [5, Fig. 1] as a reference). Since the positive
z-axis in this case points upwards, layer m is mathematically constrained to
be within the limits d,,,—1 < 2’ < d,,. According to [4], the z variation an
upgoing and downgoing wave can be expressed as F'(z,z’). The field inside
layer m due to a source in layer m can be divided into two parts, representing
an upgoing wave (F,) and a downgoing wave (F_), which can be expressed
as

F.(z,2)= A} [eikm(z_z/) + Rm,mﬂeikngdm_z_zl)} 2> 7, (A.2.6)

F (z,2)= A, [e*ikmz(%z’) + Ij?m,m,leikmz(”z/”dm*l)} z< 2, (A27)
where Rmym_i'_]_ and }N%m’m_l represent generalized reflection coefficients for
waves emanating from layer m into layer m + 1 and m — 1, respectively, d,,
denotes the z-coordinate of the interface separating medium m and m + 1,
and k,,, is used to indicate the z-component of the wave vector k,, of layer
m. In addition to the adjacent layers m + 1 and m — 1, they also include
the effect of the subsurface reflections caused by the layers above m + 1 and
below m — 1. The amplitudes in (A.2.6) and (A.2.7) are equal to

A = N, [1 n Rm,m,lemmz(’*dm*)] (A.2.8)
A = M, [1 + Rm,mﬂe?i’“mz(dm*’q , (A.2.9)

in which
My = [1 = Ryt Ry g1 €2 (@m=dm-1)] =1, (A.2.10)

In a similar fashion, the field variation in layer m + 1 and m — 1 can be
written as

Fga(z, z/) = A:_n+1 [eik(’”*l)Z(z_dm) + Rm-i—l m+2eik<m+1>z(2dm+1_z_dm)
(A.2.11)
Fra(z,2) = A, {eik(m_l)Z(dm*rZ) + Rmfl,mﬂeik(’"_l)z(Hdmfligdm*ﬂ] )

(A.2.12)
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where

; !
P Tyt Ay (=)
m+1 ~
1-— Rm+1,mRm+l,m+26

T A= et —dno)
Aner = R L (A2.14)
]' - Rm—l’mRm_Lm_2€21k(mfl)z(dnb—lfdm,2)

(A.2.13)

26k (4 1)z (dm+1—dm)

The expressions T, ;p+1 and Ry, 41, as well as 1), ,,—1 and R,,_1 ,, represent
transmission and reflection coefficients between layer m and the adjacent
layers m 4+ 1 and m — 1 only. The field variations within the layers above
m~+ 1 or below m — 1 are obtained through a recursive approach. The above
expressions for F'(z, 2’) may be introduced into (A.2.5), and when combined
with (A.2.4), the z-component of the electric field directed along the antenna
can be expressed as

—WH ‘ ’ ! 2 82 - kﬂ /
E.(a,z) = ke ), dz'I(2") (k" + @) i dk‘pKJo(kpa)F(z,z ). (A.2.15)

A thing to notice is that when z = 0,
3

0? o k *
(k2+(922)/0 dkpﬁjo(kpa)F(zvzl) :/0 dkpkp, Jo(kpa)F(z,2") (A.2.16)

goes to infinity. The reason for this is that when z = 0, it indicates wave
propogating in p direction and k, = 0. In this case, the integrand in (A.2.4)
has the following closed form solution [4, pp. 118§]

92 kR kR

(k* + @) TR [(1 —ikR)(2R? — 3a®) + (kaR)?. (A.2.17)

The right hand side of (A.2.17) represents the core of Pocklington’s integral
equation [3].

A.2.3 Calculating the current by the method of moments

Equation (A.2.4) is the electric field integral equation with I(z") as the un-
known current distribution and the electric field as the known excitation
function. The current may be determined by the application of boundary
conditions on the surface of the antenna. For a perfect conductor, the elec-
tric field along the antenna is equal to zero FE.(a, z) = 0 at all points except
at the source. The integral in (A.2.4) can then be solved with respect to
I(2') by using the method of moments [6, 3]. The length of the wire antenna
is discretized into N equidistant points z; = (i — 1/2)Az, each of length
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Az = ¢/N. Under the assumption that the unknown current /(z) varies
slowly over the length Az, and therefore can be approximated to be constant
and equal to I(z;), the following set of linear equation is obtained

G(z,2)I(z") = b(z), (A.2.18)

where the vector I(z") represents the current at the points (2,25, , zy)
along the wire antenna. The matrix G(z, 2’) is defined as

g(z1,21)  g(z1,23) -+ g(z1,2y)
/ / . /
G(Z, Z/) _ g(Z.Q'v.Zl) 9(2.2.7"22) 9(227 ZN) , (A219)
9(zn,21) g(zn,25) -+ glan, 2y)

in which the individual matrix elements are equal to

—wplAz [ k3
g(Zi, Zj) = K / dk’p {k2 Z Jo(k‘p/))F(Z, Zj)} . (A220)
0 mhivnz

41 e

Where z; is in layer m. From the boundary conditions, the vector b(z)
is equal to b(z) = [0,0,---,0,1,0,---,0]7. If the wire is not a perfect
conductor, the matrix equation in (A.2.18) changes into [2]

(G(z,2") — ZDI(Z') = b(z), (A.2.21)

where I is an identity matrix, and Z; is the internal impedance of the wire

antenna equal to
kg Jo(iks
7; = hsoliksa) (A.2.22)
2racgJy (iksa)
The symbols o, and k, represent the wavenumber and conductivity of the
antenna respectively.

A.3 Implementation and numerical results

The numerical results in this paper are obtained using MATLAB. To solve
the double integral in (A.2.15), the inner integral with respect to k, needs to
be solved first. However, since 1/k, = 1/,/k* — k2, there is a pole at k, = k
for k, € (0,00). This means that k, should be selected more finely near
the pole. For the integration with respect to z’, both the built-in MATLAB
function quad and a direct integration technique have been used. The quad
function runs faster and is more stable than a direct integration approach.
In Fig. A.1, the result of the direct integration approach is depicted for a
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perfect conductive wire antenna in a homogeneous medium with conductivity
o1 = 4S/m, operating at a frequency of 100Hz. It shows that the results
vary with the number of selected points. In Fig. A.2, similar results are
depicted when using the quad function. It is observed that the quad function
achieves the same result as the direct integration approach but with less
points involved.

Y T
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20 7o T, Rl T 1
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Figure A.1: Current distribution along a perfect conductive wire antenna
of length ¢ = 100m and radius ¢ = 0.1m. The source is located at 0.1/.
The operating frequency f = 100Hz and conductivity of the medium is o =
4S/m. Brute integration method is applied.

To verify that the numerical results in this paper are consistent with
previously reported results in homogeneous media, the results from [2, Fig.
6] and [2, Fig. 4] have been reproduced and are presented in Fig. A.3 and
Fig. A.4, respectively. By inspection, the results obtained in this paper are
in good agreement with the previously published results. However, despite
a similar shape of the curves, the attenuation of the current distribution
in this paper is larger than the those presented in [2, Fig. 4]. As a check,
the results using quad was compared to a similar model evaluated by finite
integral technique (FIT) method. Fig. A.5 shows they are in good agreement
with each other.
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201og (1(2)/1(zs))(dB)
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Figure A.2: Numerical results obtained by using the built-in function quad
to integrate for the same model in figure A.1.
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Figure A.3: A replica of [2, Fig. 6], representing the theoretical current
distribution at different frequencies for a metallic pipe of 40m immersed in
seawater with conductivity o3 = 4S/m. The conductivity of the pipe is
o, = 4.2-10%S/m.
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Figure A.4: A replica of [2, Fig. 4], representing the theoretical current dis-
tribution along a drillstring of 3600m (radius 10cm) through a homogeneous
medium with conductivity o; = 0.5S/m. The conductivity of the drillstring
is oy = 2+ 10°S/m.
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Figure A.5: Comparison with FIT simulation

For the simulations in an inhomogeneous medium, the simple model of
Fig. A.6 is considered. In this model, the wire antenna was assumed to have
a length [ = 1000m, the conductivities of layer 1 and layer 3 are identical
and equal to o7 = 03 = 1S/m, whereas the conductivity of layer 2 is equal to
o9 = 4S/m. The source is located at z; = 0.1¢ and the interfaces d; = 0.7¢
and dy = 0.8/, and the antenna is assumed to be a perfect conductor.

The theoretical current distribution using the quad function is presented
in Fig. A.7. It is observed that attenuation increases both when the frequency
is increased and when the conductivity increases in layer 2. In Fig. A.8,
d; = 0.6l and dy = 0.8, the result at 10Hz is compared to the attenuation of
a TEM wave in a similar environment. It is observed that the current along
the wire antenna attenuates faster than the TEM wave, which proves the
conclusion of J. R. Wait in [1] that a signal along the antenna will attenuate
at least as great as that of plane waves in a conductive medium.

A.4 Conclusion and Outlook

A theoretical approach to obtain the current distribution along a wire an-
tenna placed in an inhomogeneous layered medium is presented. The numer-



Paper A. Wave Propagation Along a Thin Vertical Wire Antenna Placed in a

42 Horizontally Layered Medium
z
g3 = 1 S/m ......................... z =1
(azds/m | | ¢
2=y
o1 =1S/m
Wire
Source III ------------------------- z = zg
p

Figure A.6: Inhomogeneous layered profile used in the simulations

ical results show that the attenuation will vary according to the conductivity
of the environment and at least as fast as a plane wave propagating in a
similar environment.
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Figure A.7: Theoretical current distribution along the wire antenna as a
function of frequency when placed in the inhomogeneous medium profile
depicted in Fig. A.6. The source is located at z;, = 100m and the interfaces
are d; = 700m and dy, = 800m.
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Figure A.8: Comparison of the attenuation of the current distribution along
the antenna and that of a TEM wave at 10Hz. The source is located at
ze = 100m and the interfaces are d; = 600m and ds = 800m.
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Abstract

A method is presented for obtaining the current distribution along
a thin, arbitrarily oriented wire antenna embedded in a conductive
inhomogeneous medium. The inhomogeneous medium is modeled as
a finite set of horizontal layers, where each layer is assumed to be
homogeneous and characterized by an individual conductivity. The
current distribution along the wire antenna is obtained by dividing
the antenna into a set of small current elements, each of which can
be considered as a linear combination of a vertical and horizontal
electric dipole. The electric field generated by each dipole is derived
using the dyadic Green’s function approach. An electric field integral
equation is obtained after imposing the boundary conditions satisfied
on the surface of the wire antenna, and it is solved by the method of
moments in order to obtain the current distribution along the antenna.
Numerical results for the current attenuation along the antenna are
presented and discussed for cases where the embedding conducting
medium is either homogeneous or inhomogeneous.

B.1 Introduction

Wireless downhole communication using electromagnetic (EM) signals at low
frequencies have for a long time been exploited by the oil and gas industry in

47
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measurement-while-drilling (MWD) systems. In such systems, information
is conveyed by EM signals excited as longitudinal currents along the drill-
string. Since the attenuation increases with frequency, low frequency sig-
naling is necessary in order to increase the communication range. As such,
research into the current distribution along an electric conductor embedded
in a conductive medium is an interesting topic, and there are several papers
in the literature which have studied this particular subject.

In 1979, J. R. Wait and D. A. Hill [1] studied the current distribution
along a drill rod surrounded by conducting host rock. They found that the
attenuation would be at least as great as that of plane waves in the conductive
medium surrounding the rod. In 1989, P. DeGauque and R. Grudzinski [2]
derived the current distribution at low frequencies (0.1-10Hz) along a drill-
string of finite conductivity in a conductive medium by using Pocklington’s
integral equation. These authors found that the surface impedance played a
major role in attenuating the signal. However, for frequencies below a few
Hertz, the attenuation did not vary much and the optimum frequency for
maximum data rate was argued to be about 3Hz. In 1993, Xia and Chen [3]
presented a paper on the receivability of EM signals in a MWD system by
studying the propagation of EM waves along a drillstring placed in a con-
ductive homogeneous medium. They examined the attenuation properties of
such a system for various parameters such as the earth’s conductivity, oper-
ating frequency, and the length of the drill string. A subsequently study [4]
treated a downhole to surface communication channel that consisted of a
long vertical cylinder embedded in a homogeneous earth and a line current
technique was used to model the system. Moreover, the results reported in [4]
were found to be in good agreement with those by Xia and Chen [3] obtained
under the assumption of zero metal resistivity as well as those of DeGauque
and Grudzinski [2] that considered an uncoated steel pipe submerged in sea
water (homogeneous medium).

The three studies [4, 2, 3] all have in common that the surrounding
medium of the well is assumed to be homogeneous. In the present study,
however, the medium surrounding the well is allowed to be an inhomoge-
neous medium and the orientation of the drillstring is arbitrary, i.e. it may
have a non-zero tilt-angle with respect to the vertical direction. For such
a rather general geometry, we introduce a simple, yet effective, numerical
method for obtaining the current distribution along the drillstring.
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B.2 Geometry

The geometry that we consider consists of a layered earth, i.e. a horizontal
stack of layers each characterized by their thickness, h,,, and dielectric prop-
erties, €, (w), where w denotes the angular frequency and the subscript refers
to layer m. For low frequencies, that will be considered here, one has to a
good approximation that €,,(w) = io,,(w)/w where the conductivity of layer
m is o, (w). Without loss of generality, we take the interfaces between the
various layers to be parallel to the xy-plane with the z-axis pointing upward
(Fig.B.1). The origin of the coordinate system is chosen to coincide with the
lower point of the antenna. With this coordinate system, the top interface
of layer m is z = z,,,. In such a stratified medium, one can place a long thin
wire antenna of length ¢ and radius a (with ¢ > a) in the xz-plane so that
it makes an arbitrarily tilt angle, 0, with the positive z-axis.

Z

layers

layery

[/ source

Figure B.1: A model of a long wire antenna in a 3-layer media

B.3 Theoretical Approach

To obtain the EM fields generated by the antenna, it is divided into a finite set
of small current moments, where each is assumed to be a linear combination
of a vertical electric dipole (VED) and a horizontal electric dipole (HED).
Each VED is assumed to be parallel to the z-axis, whereas each HED is
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assumed to be parallel to the z-axis:
I(Z)AU = I(Z)(Axx + Azz). (B.3.1)

With the given geometry, the EM wave generated by a VED will not have
a magnetic component in the z-direction, i.e. it is a TM wave. Hence, the
wave from a VED is characterized by the electric field components E\T,%/IDJ
and E\T,]%’r. Similarly, the wave from a HED propagating in z-direction
is also only in TM mode, which can be represented by EE%AD,Z' In the -
direction, however, the electric field from the HED will have both TM and
TE components, which we denote EE%AD@ and EEED,I.

By the dyadic Green’s function [5, Eq. (2.3.1)], the electric field compo-
nents E\T,ngyz, E\T,%’I, E;%/IDVZ and the electric field in Z direction from a HED
source, Eygp ., can be found from

ikR

E(r,r) = ) I()(Ark + Asz) (B.3.2)

i YV
47T<I+ k?

where r = (z,y, z) (with similar definition for '), R = |[r — 1’|, and wavenum-

ber k = w,/ue.

The component Eyjy, , can be derived from the general relation

i oF 0H
E, = k,— —21, B.3.
sz—kE{ ox +”“ay} (B.3.3)
where £, = 0 in TE mode and H, can be obtained from:
kR
H(r,r') =V x I(Z')(Azx + Azz) (B.3.4)

AR’

Finally, we have that E}pp , = Euepe — Efpp..-

The term exp (ikR)/R contained in (B.3.2) can be expanded into an inte-
gral over plane waves by the Weyl identity [5, Eq. (2.2.26)]. This identity can
further be used to derive the so-called Sommerfeld identity [5, Eq. (2.2.30)]
where exp (ikR)/R is represented as an integral with respect to wave num-
bers k, over cylindrical waves in the p direction times a plane wave in the z
direction. The electric field from the antenna can then be expressed as

wulAz [ o
E(r,r’)zmi‘mz/o dk,® - e, (B.3.5)
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where

z—2' k?y
(I)gngﬂ? - |z—2'] k7J1<kpp)
ik3
B = A
2—z' kj
¢ = q)I’_-‘[‘IIE]/ID,Z = o= wJ1(k,p) ) (B.3.6)

Pikn.e = 751 (ko)
O« = B2 o) — 75 71 (ki)

k, = \/k? — k2, and Jy(-) and J;(-) are Bessel functions of the first kind.

However, at the position of the source (z = 2’), exp (ikR)/R can not be
expanded by the Weyl identity [5, Ch. 2.7.3], but analytical solutions called
Pocklington’s integral can be found (Appendix 3.3).

When the electric dipole is placed in a horizontally layered medium, in-
stead of the factor exp (ik,|z — 2’|), the z variation should include reflections
from the interfaces of the layers, which can be represented by F(z,z’), see
[5, Ch.2.4]. Since in our model, the z direction is opposite to that in [5],
the explicit form of the needed equations are given in Appendix 3.11. Put
F(z,7') into (B.3.5) and it will be the analytical solution of the fields from
an electric dipole placed in a layered medium.

The total field from the wire antenna is given in terms of the geometric
integral of the electric field along the wire antenna. At the surface of the
wire antenna, by using the boundary condition for the tangential component
of the electric field, the electric field integral equation (EFIE) is equal to:

BB 1(2yae / dk,®F(z,7) = g, (B.3.7)
ar J, 0
where g is a source term that is non-zero only for points not on the source
that we here will model as a delta gap source. The finite conductivity of the
wire antenna is taken into account wia the impedance Z; = \/u;/€; [2, Eq.
(A-22)] that appears as a diagonal matrix in the equation.

B.4 Numerical results

The numerical simulations for the current distribution that we perform are
based on solving the integral equation in (B.3.7), for a given source type, and
this is done by applying the method of moments [6].

In particular note that for the k,-integration appearing in (B.3.7) care
has to be taken in order to produce accurate results. Since the media are
conductive, there will be no singularity for k, values on the (positive) real
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axis (0 to oo). Still, however, the integrand will vary rapidly in the region
around k, = Re (k), and for this reason, a smaller discretization interval will
be needed in this region.

For the f-integration, a point match method has been applied. The wire
antenna has been divided into equal small elements and there is a finite
number of equally-sized elements within each layer. The mid-points of each
element are selected to be the value points. By this method the EFIE of
(B.3.7) is converted into series of linear equations which can be written in
matrix form as LI = g. The current distribution along the wire antenna is
then obtained as the solution I = L™'g.

The accuracy of the numerical results depends on the length of the ele-
ments, the size of the group of k, and the radius of the wire antenna. Nor-
mally, the smaller the element, the more accurate the result will be. However,
consider the radius of the wire antenna, an element can not be too small,
especially when the antenna is tilted at an angle. In the program, with the
point match method, the optimal size of the element is about 100 times of
the radius. The running speed will also depend on the size of the group of
elements and k,.

To verify that this procedure produce reliable results, several homoge-
neous media geometries are considered and the prediction of the code for
these cases have been compared to previously reported results from the liter-
ature and to those obtained by alternative numerical techniques. In Fig. B.2,
the current attenuation along a wire antenna placed in a conductive homo-
geneous medium with ¢ = 4 S/m is compared to the results obtained by a
Finite Integration Technique (FIT) program. The results are shown to be in
good agreement.

In Fig. B.3, a replica of the results originally presented in [2, Fig. 6] are
presented, but using the method of this paper. The results represent the
theoretical current distribution at different frequencies for a metallic pipe of
40m immersed in seawater with ¢ = 4S/m. By inspection, the reproduced
results are in good agreement with the original results presented.

A simple 3 layer model will now be considered (Fig. B.1) where the con-
ductivities equal o = [1,4,1]S/m (from down up). The length of the an-
tenna is ¢ = 1000m and the radius is r, = 0.05m. The source is located at
zs = 50 X cos fm and the interfaces of the second layer are d; = 500 X cos fm
and dy = 700 x cosf@m. Three tilt angles that will be considered are § =
[0,7/6,7/3] and the source operates at 5Hz and 50Hz. The numerical re-
sults are shown in Fig. B.4. For each case, a homogeneous model was first
simulated in order to compare the results for different tilt angles. The sim-
ulation time in Matlab (in elapsed CPU seconds) for such a model when
k, = 250 and the length of each current element is 10m is 324s (5Sminutes)
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Figure B.2: Current attenuation along a wire antenna in a conductive ho-
mogeneous medium as a function of depth. The result of this paper is com-
pared to the a similar setup in FIT. The conductivity of the wire antenna is
o, = 1-10°S/m and the conductivity of the homogeneous medium is equal to
o = 4S/m, The radius of the wire is 7, = 0.1m and the frequency f = 1Hz.
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Figure B.3: A replica of [2, Fig. 6], representing the theoretical current dis-
tribution at different frequencies for a metallic pipe of 40m immersed in
seawater with conductivity o = 4S/m. The conductivity of the metal pipe is
o, =4.2-10°S/m.



B.5 Conclusion 55

using a desktop computer with a 2.66GHz processor and 2.5GB of memory.

T

Group 1, homogeneous medium, f=5Hz

Group 2, layered media, f=5Hz |
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Figure B.4: Simulation results of a 3 layer model, where the conductivities
of the media are (1,4,1)S/m and the conductivity of the antenna is o5 =
1-10°S/m. The length of each current element is 10m and &, = 250.

It shows that the current will attenuate faster when the medium around
is more conductive. In addition, it is observed that the angle 6 does not
have a big impact on the attenuation. However, at 50Hz, there seems to
be less attenuation at the far end for a highly tilted antenna. To analyze
this behavior, results have been obtained when an antenna is placed in a
homogeneous medium where the attenuation should be independent of the
angle. In Fig. B.5, the results show that for higher frequencies and angles,
a higher population of k, is needed to give a correct result. This approach
is not very efficient and asymptotic method can be applied, especially for
higher frequencies.

B.5 Conclusion

A method for obtaining the current distribution along a thin arbitrarily ori-
ented wire antenna embedded in a conductive inhomogeneous medium is
presented. The simulation results show that the current attenuation along
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Figure B.5: The influence of the frequency and angle to the results

the antenna varies as a function of depth according to the conductivity value
within each layer. Moreover, it is observed that at low frequencies the ori-
entation of the antenna does not significantly influence the attenuation. At
higher frequencies, however, asymptotic methods are needed to improve the
accuracy of the proposed method.
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Abstract

A method for accurately evaluating the Sommerfeld integral for
conductive media at low frequencies that is commonly encountered in
geophysics is presented. The motivation is that when we subtract an
asymptotic function to the integrand, the new integral will converge
much faster than the original Sommerfeld integral, which can be com-
puted numerically while the asymptotic function can be integrated
analytically by a Laplace transform. Numerical results that quantify
the performance of the proposed method are presented.

C.1 Introduction

To quantify the performance of a downhole wireless communication system
based on transmission of low frequency electromagnetic signals along a metal
pipe used in oil and gas production, it is of interest to establish the current
distribution along the pipe as a function of its length. To simplify the ex-
position, we have assumed that the metal pipe is placed in a homogeneous
medium in this paper and the current distribution can then be achieved by
solving the following electric field integral equation (EFIE)

_ o k3 ,
R a1z / dk,~L Jo(kpp)e™17=%1 = E,(2) (C.1.1)
47T o 0 k
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in which 7(2’) is the unknown current distribution along the pipe. Jy() is the
Bessel function of the first kind, k, = /k? — kg, and k is the wave number.
E(z) is the electric field at the surface of the pipe, and z and p are pipe
length and radius coordinate variables. The inside integral of (C.1.1) is a
Sommerfeld integral, which expands the spherical wave into plane waves in
order to study the more complicated cases of layered media [1, Ch2]. The
focus of this paper is the evaluation of the inner integral (with respect to k,)
in a conductive medium at low frequencies that is commonly encountered in
geophysics. It has an oscillatory function in its kernel and basically there
are two kinds of methods in evaluating such an integral: numerical and
asymptotic methods.

The best numerical method for solving an integral containing an oscilla-
tory function is to apply a technique denoted ISE (integration, summation
and extrapolation), which can be found in popular textbooks on numerical in-
tegration, such as [2]. With the ISE approach, the zeros of Jy(k,p) are found
first, then the integral is divided at these zeros and an alternating sequence
is summed. Finally, to accelerate convergence, extrapolation is applied, such
as Euler transformation [3], e-algorithm of Wynn [4] and w-transform of Sidi
[5, 6]. Lucas et.al [7] have compared the efficiency of the different algorithms
and a good review are presented in [8] by Michalski.

Asymptotic methods can be applied when |z — 2/| = oo, [1, 9], and
different methods are applied based on whether ik,|z — Z/| in (C.1.1) is a
real, imaginary or complex function. If it is real and negative, (C.1.1) can be
evaluated by Laplace integral [9, Ch.6.4]. If it is pure imaginary, (C.1.1) can
be evaluated by the method of stationary phase [1, Ch.2.5.1]. If it is complex
and Re(ik,|z — Z'|) < 0, (C.1.1) can be evaluated by the method of steepest
descent [1, Ch.2.5.2].

However, if |z — 2’| becomes small, both the numerical and the asymptotic
methods face difficulties. The numerical approach will converge slowly and a
large integral range is required. The asymptotic approach is only valid in the
far field (when |z — 2’| — 0o ). To overcome these shortcomings, we find that
in conductive media at low frequencies, the Sommerfeld integral will converge
much faster if we subtract an asymptotic equation to the integrand. The new
integral can be calculated numerically while the asymptotic equation can be
integrated analytically by a Laplace transform.



C.2 The Error Analysis on the Calculation of the EFIE 61

C.2 The Error Analysis on the Calculation of the
EFIE

In a homogeneous medium, (C.1.1) can be simplified into the Pocklington’s
integral equation[10, Ch. 8.3.1]:

W
4mk?

whereR = \/p?+ (2 — 2/)2. Both (C.1.1) and (C.2.1) can be evaluated nu-
merically by the method of moments, which can be represented by a set of
linear equations:

/ | dz’](z')€;5 [(1—ikR)(2R? — 3p) + (kpR)?] = E.(z)  (C.2.1)

A(z—2)I(Z) = E(2). (C.2.2)

However, (C.1.1) can not be applied to obtain a solution at the source z = 2/,
where (C.2.1) has to be applied [1, Ch. 2.7.3]. In this paper, Pockling-
ton’s method is used as a reference for the evaluation of (C.1.1) since it can
produce stable numerical results as illustrated in Fig.C.1, where a pipe of
length 1000m and radius 0.1m is assumed to be enclosed in a homogeneous
medium. The conductivities of the pipe and the surrounding are assumed
to be 0, = 1 x 10°S/m and o, = 1S/m respectively. An electric delta gap
source operating at a frequency f = 5Hz is located 100m from the end of the
pipe.

As |z — 2’| becomes smaller, (C.1.1) and (C.2.1) should provide more
accurate results. However, by using the normal quadrature method for the
inside integral, the evaluation of (C.1.1) is not stable as illustrated in Fig.C.2.
A study of the coefficient matrices A(z,2’) in (C.2.2) of the two methods
shows that they have a Toeplitz structure and the biggest difference occurs
in the elements on the first subdiagonal. In our simulation example, a tiny
difference of 4.5 x 1072% is observed but it is enough to generate a significant
error in the final result. In the following, the properties of the integral are
examined and a method to evaluate it accurately is presented.

C.3 Derivation of the Method

In the following, the kernel of the inner integral in (C.1.1) is examined.

3
P (k ") = @J k p)eth=l=—#1 C.3.1
( p727z) k 0( pp)e ) ( e )

z

The real part is small and can be neglected. The imaginary part of this
term increases as |z — 2’| decreases and ultimately, it will oscillate due to the
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Figure C.1: Numerical results of I(z) along the metal pipe relative to the
source I(z.) with different integral step Az . The results are obtained by
using Pocklington’s integral (C.2.1).

presence of the Bessel function Jy() . When |z — 2| = 0, Im(®(k,, z,2"))
will be an ever increasing oscillating function which makes the Sommerfeld
integral unsolvable. This is illustrated in Fig.C.3 and C.4.

In the geophysics, the operating frequency is usually very low, less than
100Hz. The conductivities are usually in the range (0,10)S/m, Under these
conditions, 2 >> ¢ and the wave number can be approximated as k =
(1+44)/6 where § is the skin depth of the medium. Furthermore, k., can be
approximated by k. = /k? — k2 ~ ik, when k, >> 1/6. Moreover, with the
asymptotic expansion of the Bessel function in the large argument limit [1,
Ch.1.2.4], ®(k,, z, 2’) asymptotically equals

. 2 % ™. o
U(k,, 2, 2') = —iy/ W—pk‘p cos(k,p — Z)e kola=='], (C.3.2)
Add and subtract (C.3.2) to the integrand, the Sommerfeld integral equals
/ dk, (k) =, ) :,/ Ay [®(ky, 2, ) — W(ky, 2, ) + Uk, 2, 2]
0 0

::/cwa%@w+/¢%wmaw.@am
0 0
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Figure C.2: Numerical results of I(2’) along the metal pipe relative to the
source I(z.) with different integral step Az . The results compare the eval-
uation of (C.1.1) and (C.2.1).
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Figure C.3: The imaginary part of ®(k,, z, ') as a function of k, for |z —2/| =
5, 2m.
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Figure C.4: The imaginary part of ®(k,, z, 2’) as a function of k, for |z —2'| =
0.01m.
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U(k,, z,2") for Az =0.01m.
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The difference £(k,,, z, ') between (C.3.1) and (C.3.2) is depicted in Fig.C.5,
which shows that it converges much faster than ®(k,, z, 2’). Therefore, it will
be much easier to obtain an accurate integration numerically over €(k,, z, 2’).
As for the second term on the right hand side in (C.3.3), it can be evaluated
analytically by a Laplace transform:

o 3 Ty wew  €E3m 3 €' 3T _s
/0 dk,k} cos(k,p — Z)e kolz=='| — 5y S * + 5 g %2 2 (C3.4)
where s1 = —|z — /| +ip and s, = —|z — 2/| —ip.
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Figure C.6: Numerical results of I(z’) relative to the source with integral
step Az = 2m by using the Laplace transform method.

In Fig.C.6 the new approach is applied to similar data as in Fig.C.2 for
Az = 2m, with the same quadrature method. An examination on the coeffi-
cient matrix shows that the difference of the elements on the first subdiagonal
has decreases from 4.5 x 1072% to 8.5 x 1074%.

C.4 Conclusion

A method for evaluating Sommerfeld integral for conductive media at low
frequency has been presented. The method is valid for £ >> ¢, which is com-
monly encountered in geophysics. The Sommerfeld integral is transformed
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into a sum of two parts, where part one can be calculated numerically and
part two can be evaluated analytically by a Laplace transform. The method
has been presented and applied in a homogeneous medium, but it can also
be applied in inhomogeneous cases.
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Abstract

An efficient method for evaluating Sommerfeld integrals with os-
cillating kernels is presented. The method is based on subtracting
and adding an asymptotic and analytically integrable function to the
oscillating kernel, which transforms the original integral into a sum of
two integrals. For the purpose of numerical calculations, the first in-
tegral, now containing a slowly oscillating kernel, is calculated quickly
and accurately numerically, while the second integral, the strongly os-
cillating kernel, can be treated analytically. In this way the original
Sommerfeld integral can be calculated numerically. In this paper, the
method is outlined and applied to the geophysical problem of finding
the current distribution along a thin metallic conductor immersed in
a conductive medium. To this end, the metallic conductors represent
wells immersed in conductive earth, where the earth is modeled both
as a homogeneous and a horizontally layered medium. As such, the
findings are relevant and applicable for evaluating the feasibility of us-
ing low frequency electromagnetic signals to convey information along
metal casings. The method is targeted and applicable for high loss ma-
terials, traditionally characterized by the material intrinsic impedance
having a phase angle at approximately 45 degrees. Under these con-
ditions, it is demonstrated that the new approach converges at least
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50 times faster and produces more reliable results compared to a tra-
ditional brute force approach.

D.1 Introduction

Propagation of electromagnetic waves through a planarly layered medium is
a topic of interest within the field of optics, geophysics, remote sensing, and
microwaves [1, 2]. In geophysics, the interest of this topic is mainly linked
to the application of measuring physical properties of the subsurface earth,
since the manner in which the formation responds to the field excited by an
electromagnetic source can be used to determine the resistivity and dielectric
constant of a particular rock formation. The application is known as explo-
ration geophysics, also referred to as the applied branch of geophysics. Ex-
ploration geophysics is used by the oil and gas industry to infer or detect the
presence of hydrocarbons, since oil-impregnated rocks have higher resistivity
than water-saturated rocks. The data are typically derived using a dedicated
well logging tool which is lowered vertically into the earth through a borehole.
By inducing an electromagnetic signal and measuring an increase or decrease
in electric potential between two electrodes, resistivity data related to ver-
tical changes in the geological formations can be collected. Electromagnetic
signaling may however also be applied in measurement-while-drilling (MWD)
systems, where it is used as a communication technique to guide the drill-bit
trajectory toward the oil producing strata in the earth formation. The elec-
tromagnetic signals then propagate through the formation adjacent to the
wellbore, but the electric properties of the formation and the mud that en-
circles the wellbore will greatly influence the attenuation of the signal [3]. As
a result, the reliable communication distance achieved in one well may not
be equaled in another well unless the rock formations are almost identical.
From the literature, it can be deduced that communication based on elec-
tromagnetic signaling is quite ineffective in deep wells, since electromagnetic
signals lose their strength rapidly in certain types of rock formations. To be
able to predict the expected amount of attenuation in advance, a mathemat-
ical model which can be used to simulate the propagation of electromagnetic
waves through a particular rock formation is needed. For simplicity and
mathematical tractability, it is often then assumed that the earth is homoge-
neous. However, geologic scenarios are extremely varied, and few actual cases
can be described accurately in terms of simple geometric forms like plane hor-
izontal layers. However, despite this fact, it is quite common to model an
inhomogeneous earth by dividing it into separate plane layers, where each
individual layer is modeled as a homogeneous layer [4]. Such a model may
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then be applied to predict whether or not a particular rock formation may
support a successful deployment of an electromagnetic telemetry system.

In an electromagnetic telemetry system such as MWD, the signal travels
along a metal pipe from the transmitter to the receiver by using the pipe
as a transmission line. However, there is wireless transmission of data as
well, since some of the current will divert from the pipe and leak into the
surroundings. As a result, the signal may either be picked up by a receiver by
detecting the current flow in close proximity to the well, or it can be picked
up by electromagnetic sensors placed a certain distance from the well. The
latter case resembles the act of picking up signals from a Controlled Source
Electromagnetic (CSEM) system [5, 6], which is a relatively new technique
used in exploration geophysics. However, in contrast to a traditional CSEM
system which uses a high powered signal from a towed antenna in the sea to
record a reflected signal, the received signal from a MWD telemetry system
is a direct signal which is in essence guided by a metal pipe as it propagates
from the transmitter to the receiver[7]. In order to predict the communication
range of such a system, an estimate of the current distribution along the
pipe as a function of its geophysical surroundings is needed. As shown in
this paper, this requires, under reasonable assumptions, the evaluation of
the so-called Sommerfeld integrals [8]. For a long time, a reliable numerical
evaluation of Sommerfeld integrals has been a challenge [9]. However, this
paper presents an efficient and accurate numerical evaluation technique which
is needed to obtain reliable results for the current distribution along a metal
pipe in conductive media.

This paper is organized as follows: we start by presenting the geometry
considered in this study. Then we introduce the theoretical formulation of
the problem and sketch the derivation of the two central integral equations —
the Pocklington’s and Sommerfeld’s integral equations — that our numerical
calculations based on. We then present the numerical calculations for the
current distribution along the well casing due to a source located somewhere
along it, assuming either a homogeneous or layered earth model. To this end,
we introduce an algorithm for accurate and efficient numerical evaluation for
the so-called Sommerfeld integrals for conductive media at low frequencies
and apply it to both homogeneous and layered model.

D.2 Geophysical System

The geophysical system that we consider in this study is depicted in Fig-
ure D.1. It consists of a horizontally layered earth model in which a straight
vertical well of length ¢ is located. The metal casing of the well has a circular
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Figure D.1: A sketch of the geometry considered in this work.
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cross section of radius a. The origin of the coordinate system is chosen to
coincide with the top point of the well, and the z-axis, located at the center
of the well, is positive downwards. With this definition, the top (bottom) of
the well is located at z = 0 (z = ¢), and the interface separating medium m
from medium m + 1 is located at depth z = d,,.

An electromagnetic source, of angular frequency w, is located in the well
at depth z; (0 < 2z, < ). Medium in layer m (m > 1) is characterized
by its frequency dependent permittivity and permeability, &,,(w) and p,,(w),
respectively, and the wavenumber k,, is equal to k., = /g flmw.

We will mostly be concerned with low frequency signals, f = w/(27) <
10 Hz, for which the permittivity of the media of interest to a good approxi-
mation can be written as e,,(w) ~ iy, (w)/w [10, Eq.8.5]. For simplicity, we
will assume that the p,,(w) of the media is real and positive. Under these
assumptions, the wavenumber reads

1+1
ko (w) ~ 5

(D.2.1a)

where the skin depth is equal to

Son(w) = ,/Umjmw. (D.2.1b)

D.3 Theory

In the application that we consider in this work, a delta-gap source [11, Ch.8]
is placed somewhere along the length of the well. The source corresponds
to an incident electric field, E® (r,w), that will induce a current density,
J(r,w), in the metal casing of the well. This current density will give rise
to a scattered electric field, E(S)(r,w), in and around the well. Hence, the
well casing acts as a linear wire-antenna. Moreover, if the radius (a) of the
cylindrical casing is tiny compared to its length, a < ¢, the current density
will have an azimuthal symmetry, and we can write it as

J(r,w) = 2;526@ —a). (D.3.1)

The corresponding scattered electric field is related to this current density
via the Helmholtz equation, well-known from electromagnetic theory and
readily derived from Maxwell equations [10, Ch.9]

V x V x E¥(r w) — K2E®(r w) = iwpd (r,w), (D.3.2)
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where the wave number is defined as k = /uw. The general solution to
Eq. (D.3.2) can be expressed as

E®(r w) = iwp /dgr’ G(r,r") - J(r', w). (D.3.3)

In writing Eq. (D.3.3), we have introduced the (electric) dyadic Green’s ten-
sor [2, Ch.6]

/ VV /
G(r,r") = {H + kQ] g(r,r"), (D.3.4a)
with the free-space Green’s function defined as
cik-(r-17)
N oo D.3.4b
olror) = (D.3.4b)

In what follows, our main concern will be the z-component of the electric
field on the surface of the well casing. If the metal of the well casing is
considered a perfect electric conductor, at the casing surface (r = (p =
a,¢,z)), E,gi)(r, W)+ Egs)(r, w) = 0. With this result and the substitution of
Eq. (D.3.1) into Eq. (D.3.3) it follows that the (unknown) current /(z) along
the well satisfies the following integral equation [12, Ch.12]

¢
/ dz' K(z,2)I1(2) = idmewEY (2, a; w), (D.3.5a)
0
where the kernel reads
kR
K(z,2) = [k + 02 S, (D.3.5b)

with R = /(2 — 2/)? 4+ a? and 0, = 0/0z. Furthermore, in writing Eq. (D.3.5b),
it has been assumed that a? < |z — 2/|?, an approximation known in antenna
theory as the thin wire antenna approximation [11, Ch.8]. If the metal of the
well casing is considered as a non perfect electric conductor, then at the cas-
ing surface, the boundary conditon should be E” (r,w)+ EY (r,w)=2Z1(z),
where Z is a parameter of internal impedance of the well [13, A-22].

If the surroundings of the well is a homogeneous medium, then the kernel
can be readily evaluated so that the resulting integral equation reads

/O e dz/ e;: [(1—ikR)(2R? — 3a®) + (kaR)*| I(z')

= idmew B (2, a; w). (D.3.6)
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Equation (D.3.6), known as Pocklington’s integral equation [11, Ch.8], can be
solved numerically by the method of moments [14] to produce reliable results
(see examples below).

However, if the surroundings of the well constitute a plane layered medium,
then the field generated by the current in the antenna is partly reflected by
the surrounding media back to the antenna region, thus affecting the overall
current in the antenna. This effect can only be taken into account by prop-
erly describing how the field is scattered and transmitted by the surrounding
layered media. The scattering and transmission amplitudes between two ad-
jacent media bounded by a planar interface is known for plane waves only.
Hence, to handle the plane layered earth model, a plane wave expansion of
the kernel K(z,2’) is required. This is achieved by taking advantage of the
Sommerfeld identity [8] which reads

eikr - o) kp ]
=1 dk, k—Jo(kpp)e , (D.3.7)
0 z

where Jy(k,p) denotes the Bessel function of the first kind and order zero [15,
Ch.6], k, = /K2 + kfl and k, = /k? — kﬁ (Rek, > 0, Imk, > 0) are radial
and perpendicular wave numbers, respectively. Introducing Eq. (D.3.7) into
Eq. (D.3.5) results in an alternative integral equation for the current

¢
/ dz' S(z, 2)I(2) = 4rew BV (2, a; w), (D.3.8a)
0
where
00 3 ) ,
S(z,2) = / dkpk—pJO(kpa)e‘kzlz_z ! (D.3.8b)
0 z

is a Sommerfeld integral. Equation (D.3.8) has been derived under the as-
sumption that the medium surrounding the well is homogeneous. If the
medium surrounding the well instead is a plane layered medium, the field
reflected from the layers will have to be taken into account. This amounts
to replacing the exponential factor exp (ik.|z — z’|) appearing in Eq. (D.3.8)
with a function, F'(z,2’), that in addition to the original exponential factor
also contains the generalized reflection coefficients for the stack of layers lo-
cated above and below the source. The mathematical form of the function
F(z,2') is given by 3.11.

Since the derivation of Eq. (D.3.8) relies on the Sommerfeld identity, we
will below refer to it, and its generalization to layered media, as the Sommer-
feld’s intergral equations (even if this is a not commonly used nomenclature).
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D.4 Numerical Study

D.4.1 Homogeneous Earth Model

The first case we will study is the situation when the well is placed in a
homogeneous medium. The current along the well that is due to a delta-gap
source located at depth z = z; can then be obtained by solving numerically
either Eq. (D.3.6) or (D.3.8) since these two equations are equivalent under
the conditions considered here.

Numerical solution of the integral equations (D.3.6) and (D.3.8) can be
obtained by the method of moments [14]. This amounts to discretizing the
length of the wire antenna into N elements each of length Az = ¢/N and
centered at depth z, = (n — 1/2)Az (n = 1,...,N). Under the assumption
that the unknown current varies slowly over each of the elements, and there-
fore is well approximated by its value at the center of the element I(z,), one
obtains

N
Z K(z, 20)1(2,) ~ idmew BV (2, a;w), (D.4.1a)
n=1

where

Zn+Az/2
K(z,2z,) = / dz' K(z,2), (D.4.1b)
n—Az/2

and K(z,2') is some integral kernel. Equation (D.4.1) represents a relation
among the N unknown currents /(z,), and to determine them, we will need a
closed set of equations for these currents. To this end, we evaluate Eq. (D.3.5)
at discrete depth z = z,, (m = 1,..., N) with the result that Eq. (D.4.1) is
converted into a linear system of equations for the currents I(z,), that can
be solved efficiently by standard linear algebra packages.

In passing we note that on the assumption that the kernel K(z,z’) also
being a smooth function of 2/, the matrix elements obtained from Eq. (D.4.1b)
can be approximated as

Knn = K(2m, 20) = Az K (2m, 2n). (D.4.2)

On the other hand, if K(z,z) is not a smooth function of 2/, care must be
taken to evaluate more accurately the integral present in Eq. (D.4.1b).

By the method just described, we have solved numerically both the Pock-
lington’s and Sommerfeld’s integral equations, Egs. (D.3.6) and (D.3.8), for
a homogeneous medium. The numerical results for the current along the well
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Figure D.2: Figure 2. The current distribution (relative that of the source
I;) along the well casing, I(z)/Is, obtained by numerically solving either
the Pocklington’s integral Eq. (D.3.6) or Eq. (D.3.8) for various vertical dis-
cretization intervals Az. The length of the well is assumed to be £ = 1000 m,
and its metal casing has radius ¢« = 0.1m and conductivity ¢ = 10°S/m.
The source, operating at frequency f = w/(27) = 5 Hz, is located a distance
100 m from the lower end of the well (z; = 900 m). The medium surrounding
the well is assumed to be homogeneous and characterized by a conductiv-
ity of o9 = 1S/m. The numerical calculation of the integrals appearing
in Egs. (D.3.6) and (D.3.8) are both performed with standard quadrature
schemes.
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are presented in Figure D.2 assuming various values for the discretization in-
terval Az. Figure D.2 demonstrate that the Pocklington’s integral equation
produces stable numerical results in the sense that as Az becomes small, the
current along the well, I(z), converges towards a well defined function that
seems to be independent of Az. On the other hand, basing the simulations
on the Sommerfeld’s integral equation, that for a homogeneous medium is
equivalent to the integral equation of Pocklington, Figure D.2 shows that a
convergent result for the current is not obtained, at least not with the numer-
ical implementation that was described above and used to obtain the results
presented in Figure D.2.

In passing, we note that in a recent study, a similar geometry was con-
sidered by [16]. These authors, basing their numerical study on a similar
integral equation, reported good agreement between their numerical results
for a small current element (i.e. a vertical electric dipole) placed in a homo-
geneous medium and corresponding predictions made from analytic formula
(see Figure 2(a) of [16]), and these numerical results were found to be little
sensitive to the length, £ = Az, of the current element. Using the parame-
ters from [16] we can reproduce their results. Moreover, when a long well is
placed in a homogeneous medium we can also reproduce the results obtained
by Yang et al. and presented in their Figure 4(a), when we used similar
parameters and assumed a casing radius of @ = 0.02m (a parameter we from
their paper could not find the value used). In particular, a discretization
interval of Az = 12.5m was assumed by these authors and us. However, if
the value assumed for Az is decreased when studying this latter geometry,
we find a strong influence in the predicted current distribution along the
casing of the well. The difference between the results obtained when using
Az = 12.5m, that we can reproduce after [16], and those results that we ob-
tain when Az = 2m, say, is of the order 10dB at 2500m. Hence, we note that
for the parameters assumed by [16] we get strong dependence on Az similar
to that presented in our Figure D.2. Therefore, we speculate that also the
study of [16] face the numerical issue addressed in the current study.

So why do we not get convergent results when solving the Sommerfeld’s
integral equation numerically. To see the cause of the problem, let us start by
introducing S(k,; z, 2’) as the integrand of the integral defining S(z, 2’). Fig-
ure D.3 shows that the convergence range of the imaginary part of S(k,; z, )
becomes large as |z — 2’| is small, while the real part of S(k,; z, 2’) is tiny com-
pared to the imaginary part and doesn’t change much with |z — 2’|. When the
integrand function S(k,; z, 2’) converges slowly, it is hard to evaluate the in-
tegral S(z,2’) accurately. In the extreme case, when |z — 2| =0, S(k,; 2, 2')
becomes an ever increasing oscillating function, whose integral can not be
evaluated numerically. In the example presented in Figure D.2; the maxi-
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mum difference appears at the subdiagonal of the coefficient matrix, which
is only 4.5 x 1072% when |z — 2| = 2m, but it is big enough to generate a
significant error in the final result.
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Figure D.3: Im(S(k,;2,2')) and Re(S(k,; z,2")) vs. k, for various choices
of |z — 2/|. The radius is assumed to be ¢ = 0.1 m and the conductivity is
assumed to be 0 = 4S/m. The operating frequency f = 5Hz.

The root of the problem comes from the strongly oscillating integrand
which causes standard numerical integration schemes to fail miserably. Cur-
rently there are essentially two classes of methods used for the numerical
evaluation of Sommerfeld integrals; numerical and asymptotic methods.

One of the best numerical method for evaluating integrals of oscillat-
ing integrands is the integration, summation and extrapolation(ISE) method
(see e.g. Davis and Rabinowitz[17]). To use the ISE method, the zeros
of the Bessel function are found first, then the integral is divided at these
zeros and an alternating sequence is summed. Finally, to accelerate con-
vergence, extrapolation methods are applied such as Euler transformation
[18], e-algorithm of Wynn [19] and W-transform of Sidi [20, 21]. Lucas and
Stone [22] have compared the efficiency of the different algorithms and a good
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review is presented by Michalski [23].

Asymptotic methods can be applied when |z — z/| — oo and different
methods are applied based on whether ik.|z — 2’| is a real, imaginary or
complex function. If it is real and negative, the Sommerfeld integral can
be evaluated as a Laplace integral [24, Ch.6.4]. If it is pure imaginary, the
Sommerfeld integral can be evaluated by the method of stationary phase [2,
Ch.2.5.1]. If it is complex and Re(ik,|z — 2/|) < 0, the Sommerfeld integral
can be evaluated by the method of steepest descent [2, Ch.2.5.2].

However, when (|z — 2/|) becomes small, both the numerical and the
asymptotic methods face difficulties. The numerical approach will converge
slowly so that a large integral range is required. The asymptotic approach,
on the other hand, is only valid in the far field region where |z — 2| —
oo. In conclusion, existing techniques for evaluating Sommerfeld integrals
numerically are not sufficient for geophysical applications.

D.4.2 Asymptotic Splitting Method

We have seen that the main challenge for obtaining a reliable and efficient
evaluation of Sommerfeld integrals (assuming relevant geophysical parame-
ters), is the huge amplitude, oscillating and slowly decaying behavior with
k, of the integrand

3
S(ky: 2, 7' :@J k,a)etk=1=] D.4.3
( pvzvz> L 0( /Ja)e ) ( S )

z

for small values of |z — 2/|.

With the aim of making the integrand more suited for accurate numerical
integration, we will subtract and add to it, a function A(k,; z, 2’) that has
the same asymptotic form as S(k,; z, 2’), but which also can be integrated
analytically. If such a function can be found, one has that

S(z,2") —/ dk, [S(kp;z,2") — A(k,; 2, 2')]
0
+/ dk, A(ky; z,2") (D.4.4)
0

where the second integral is evaluated analytically, while the first is evaluated
numerically. Since, the two integrands S(k,; z, 2') and A(k,; z, 2’) have the
same asymptotic form, the difference between them, is expected to decay
much quicker, so that its integral can be calculated quicker and much more
reliably. To illustrate this technique, we start by noting that the asymptotic
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form of S(k,; z,2'), as given by Eq. (D.4.3), is

2 3 s ’
kp; 2, 2) = —iy) —kj (k _7) elz=2l, D.4.5
Ak, 2, 2") i — kg cos (kpa— 7 )e ( )

where we have used Eq. (D.2.1), k., = /k? — k2 ~ ik, when k, > 1/, and
the asymptotic expansion of the Bessel function Jy(k,a) [2, Eq.(1.2.32)]. The
integral of the function in Eq. (D.4.5) can be evaluated analytically by the
Laplace transform to produce

> 3 /1 T -
/ dk, A(kp; z,2') = —i—¢ [ — [e’lier2 + elis_z} (D.4.6)
0

where s. = —|z — 2/| £ ia.

To investigate how well the asymptotic splitting method works in practice,
we in Figure D .4 present the dependence of the imaginary part of S(k,; z, 2')—
A(ky; z,2') vs. k, for given value of |z — 2/|. By comparing the results of
Figure D.3(c) and D.4, it is observed that the asymptotic separation method
reduces the integrand by about two orders of magnitude, at least for the
parameters considered here.

15
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-1
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Figure D.4: Im(S(k,; z,2") — A(k,; 2,2')) vs. k, for |z — 2/| = 0.01m. The
assumed parameters in these calculations are equal to those of Figure D.3.
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Figure D.5: Numerical results obtained by applying the new method to
Eq. (D.3.8) and compared to that given by Eq. (D.3.6) for the integral step
Az = 2m. The length of the well / = 1000m and the radius a = 0.1m.
The source is located at 100m from the lower end of the well. The conduc-
tivity of the well is assumed to be o, = 1 x 10° S/m and the conductivity
of the surroundings is assumed to be o, = 1S/m. The system operates at
f =5Hz.
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By performing the calculation of the Sommerfeld kernel S(z, z") as out-
lined above, it is hoped that better numerical accuracy can be obtained.
This is indeed the case, as demonstrated in Figure D.5. An examination on
the coefficient matrix shows that the difference of the elements on the first
sub-diagonal decreases from 4.5 x 1072% to 8.5 x 107*%.

D.4.3 Plane Layered Earth Model

It is well known that the subsurface of the earth is not a homogeneous
medium. As a crude approximation, the outer crust of the earth can be
considered to consist of horizontal plane layers. For such model, the Pock-
lington’s integral equation can not any longer be used to model the current
signal propagating along the well. Instead one has to resort to the Sommer-
feld’s integral equation.

For evaluation purposes, we will consider a simple three layered earth
model for which the interfaces are located at d; = 300m and dy = 500 m.
The conductivities of the various media are oy = 15/m, 0o = 45/m, and
o3 = 1S/m, respectively. In this layered model, we assume that a vertical
well of length £ = 1000m and radius ¢ = 0.1m. The conductivity of the
well casing is assumed to be o, = 1 x 10S/m. The electromagnetic source
is located at depth z; = 900 m and the top of the well is located at z = O m.

By the method introduced above, we numerically solved the Sommerfeld’s
integral equation for the model, and Figure D.6 presents the current distri-
bution along the length of the well. In performing these calculations, we had
to substitute, as mentioned previously, the factor exp (ik,|z — 2’|) appearing
in Eq. (D.3.8) with a function, F(z,2’). The explicit mathematical form of
F(z,7') can be found in the Appendix 3.11.

From the simulation results presented in Figure D.6, it is observed that
close to the source, the current distribution along the well follows closely the
corresponding current distribution for a homogeneous 1S/m medium. How-
ever, as for depths corresponding to the high conductive layer (medium 2), a
steeper current gradient is readily observed. Near to the interface of medium
1 and medium 2, a reflection effect can be observed.

In order to be able to compare the quality of the numerical results based
on the Sommerfeld’s integral equation, Figure D.6 also presents results ob-
tained by using the transmission line matrix method [25]. The predictions
obtained by both methods compare favorably, which verifies the quality of
our numerical results. However, the latter method is less general than the
former, and can, for instance, not handle a geometry where the well is not
perpendicular to the interfaces of the layers. When the well is tilted with
respect to the plane layers (with an angle different from 90°), the Sommer-
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Figure D.6: Numerical result of I(z') along the well relative to the source
I(2}) in dB when the integral step |z — 2’| = 2m. The length of the well
is £ = 1000m and the radius is ¢ = 0.1m. The source is located 100 m
from the lower end of the well. The conductivity of the well is assumed
to be 0, = 1 x 10° S/m and the conductivities of the layered media are
assumed to be o, = [1,4,1]S/m. The system operates at f = 5Hz. The
result is compared to the results for a homogeneous medium and the results

computed by the transimission line matrix method.
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feld’s integral equation method is one of the few semi-analytic methods that
can be used to obtain the current distribution along the well.

D.4.4 Experiment

In 2011, an experiment was carried out by Wins and Sintef on testing signal
transmission along a metal well casing. Thanks for the kindness of Wins and
Sintef, the experiment data can be applied to test the numerical results given
by the method presented in this paper.

A sketch of the experiment is presented in Fig.D.7. Two equipments,
named tool 1 and tool 2, was installed in the well and communicated with
each other with single frequency signals. Tool 2 was installed at a depth of
2500m and tool 1 was first installed at 10m and then installed at 1500m.
In order to correct the big calculation error near the end of the well, a 50m
cable was connected to the top of the well.
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Figure D.7: A sketch of the experiment
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To compare the experiment data to the numerical results, the signal re-
ceived by the same tool with different distance to the source are compared.
For tool 1 worked as a receiver, the difference between the signal received
by it at 1500m and 10m are presented in Table.D.1 and the corresponding
numerical results are presented in Fig.D.8. For tool 2 worked as a receiver,
the difference between the signal transmitted by tool 1 when it was at 1500m
and 10m are presented in Table.D.2 and the corresponding numerical results

are presented in Fig.Fig.D.9.

Table D.1: Compare the experiment data received by tool 1 to the numerical

results
0.66 Hz 1 Hz 2 Hz 4 Hz

difference in experiment for
tool 1 at 1500m and 10m 59.09dB 60.55dB 64.14dB 64.9dB
numerical results for
tool 1 at 10m —112.3dB | —113.3dB | —118.4dB | —132.6dB
numerical results for
tool 1 at 1500m —52.11dB | —52.66dB | —55.22dB | —62.19dB
difference in numerical model
between 1500m and 10m 60.19dB 60.64dB 63.18dB 70.4dB
error between numerical model
and experiment 1.1dB 0.09dB —0.96dB | 5.5dB

Table D.2: Compare the experiment data received by tool 2 to the numerical

results
0.66 Hz 1 Hz 2 Hz 4 Hz

difference in experiment for
tool 1 at 1500m and 10m 59.68dB 61.64dB 66.06dB 66.68dB
numerical results for
tool 1 at 10m —110.3dB | —111.5dB | —117.2dB | —132.5dB
numerical results for
tool 1 at 1500m —48.22dB | —48.75dB | —51.26dB | —58.12dB
difference in numerical model
between 1500m and 10m 62.08dB 62.75dB 65.94dB 74.38dB
error between numerical model
and experiment 2.4dB 1.11dB —0.12dB | 7.7dB

Comparing the numerical results to the experiment results in Table.D.1
and Table.D.2, we can see that the results given by the numerical method
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Figure D.9: Numerical results for the source at 10m and 1500m
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Figure D.8: Numerical results for the source at 2500m
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are agree to the experiment results quite well except when f = 4Hz. There
is no exact explanation for this and noise effect for weak signal can be one
of the reason. For the sake of commercial confidence, no more detail of the
experiment could be presented here.

D.5 Conclusion

In geophysics, the earth is often considered as a horizontally layered medium,
where each layer is characterized by a conductivity. When an electric dipole
source is placed over the earth or embedded in it, the electromagnetic wave ra-
diated from it will be reflected and transmitted from the various layer bound-
aries. To calculate the electromagnetic field anywhere in the structure, the
well developed plane wave theory for a horizontally layered medium can be
applied. This amounts to expanding the source in plane waves, an expansion
that introduces the so-called Sommerfeld integrals. However, such integrals
are challenging to evaluate accurately due to the oscillating behavior and/or
slow decay of the the integrand. In this paper, we present an efficient and
accurate numerical method for evaluating such integrals in the low frequency
limit, 4.e. when Im(e(w)) > Re(e(w)) (0/w > Re(e)). The method relies on
adding and subtracting to the Sommerfeld integrand a functional form that
has the same asymptotic form as the Sommerfeld integrand, but which can
be evaluated analytically. The remaining integrand can accurately be inte-
grated numerically since it is better behaved (in the large argument limit).
By adding the two former integrals evaluated analytically and numerically,
an accurate estimate for the original Sommerfeld integral is obtained. Our
method is evaluated by presenting numerical results for the wave propagation
from a source placed in a vertical well surrounded by either a homogeneous
or horizontally layered medium. We find that the current along the well cal-
culated with the method introduced in this paper compares favorably with
what can be obtained by alternative methods. It is found that the proposed
method produces results which are (for similar computational complexity)
50 times more accurate, at least for the examples studied in this paper. The
application of the results presented in this work points towards obtaining
more accurate computation of the strongly attenuated electromagnetic (or
other) field in geophysical systems.
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Appendix

3.1 Maxwell equations and Constitutive relations

In vector notation and SI units, Maxwell’s equations can be written in dif-
ferential representations:

V- D(r,t) = p(r,t), (3.1.1a)
V- B(r,t) =0, (3.1.1b)
V x E(r,t) = —aatB(r,t), (3.1.1¢)
V x H(r,t) = J(r,t) + gtD( t), (3.1.1d)

where D is the electric flux in C/m?, B is the magnetic flux in Wh/m?, E is
the electric field in V/m and H is the magnetic field in A/m. J is the current
density in A/m? and p is the charge density in C/m? [1, P.1].

If we assume the fields are time harmoic, Eq.3.1.1¢c and Eq.3.1.1d can be
simplified as

V x E(r,t) = iwB(r,t), (3.1.2a)
V x H(r,t) = J(r,t) — iwD(r, t), (3.1.2b)
where w is the angular frequency in rad/S.

In the differential equations above, the nabla operator V has different
forms in different coordinates. In Cartesian coordinate,

0 0 0
R S TR i 1.
\Y xaeryaerzaZ (3.1.3)
In cylindrical coordinate,
o -10 0
=p—+0-——+ —2Z. 1.4
V=ig, Tt et (3:-1.4)
In spherical coordinate,
g 10 -~ 1 0
— I . 1.
V=i et a0 (3.15)
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Although Maxwell’s equations are extremely compact, the applications
and solutions of Maxwell’s equations turn out to be extremely comprehen-
sive because in practical problems, the constitutive relations are specific to
materials and substances:

D(r,w) = é(r,w) - E(r,w) + £(r,w) - H(r,w) (3.1.6a)

B(r,w) = {(r,w) - E(r,w) + fi(r,w) - H(r,w) (3.1.6b)
where €, ¢, ¢ and ji are 3 x 3 tensors [1, P.5]. If the medium is assumed to
be isotropic and homogeneous, € and j are constants

D =¢E =¢,¢E (3.1.7a)
B = uH = p.poH (3.1.7b)

where ¢y = 8.85 x 107"2F/m and py = 47 x 107"H/m, the permittivity and
permeability in vacuum. €, and p, are respectively the dielectric constant
and the relative permeability of the medium. If the medium is conductive for
a conductivity o, the permittivity is complex. From Eq.(3.1.2b) and Ohm’s
law J = oE, we could obtain

V x H=1J—iwD = —iw?E, (3.1.8)

where the generalized permittivity € equals

E=ctil, (3.1.9)
w

3.2 Potentials and Lorenz gauge

For the convenience of calculation, vector and scalar potentials are defined
from the Maxwell’s equation. Since V - B = 0, vector magnetic potential A
can be defined by

B = VxA (3.2.1)
Put Eq.(3.2.1) into Eq.(3.1.2a), we can define the scalar potential ® by
0A
E = V- —. 3.2.2
T (3.2.2)

The potentials defined in Eq.(3.2.1) and (3.2.2) are not unique. All the
couples that fulfills the field will be a pair of solution. For example, A" and
@’ defined by the equations

A=A + VA, (3.2.3a)

, . OA
Y= (3.2.3b)
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will have the same fields derived from A and ®. All the sets of (A, ®) which
satisfies the relation

V-A=—pue— (3.2.4)

belong to the Lorenz gauge.

Insert potential (3.2.1) and (3.2.2) into the inhomogeneous Maxwell equa-
tions Eq.(3.1.1a) and (3.1.2b), together with constitutive relations and Lorenz
gauge, we can obtain the following Helmholtz equations:

(V2 + k) d(r) = —@, (3.2.5a)

(V2 + k%) A(r) —,uJe(r/), (3.2.5b)

in which the wavenumber k& = w,/Ji€, r’ represents the source position.These
two equations represent the electromagnetic wave induced by charge source
p(r’) and current source J(r'). In a conductive medium, % is complex and
equals

k=wy\/pé=w \/u(%)—ﬂ\/u(%) . (3.2.6)

If 0/w >> €, the wave number can be approximated by

ke~ %(1”). (3.2.7)
3.3 Electromagnetic fileds induced by a current

element in a homogeneous medium

To solve an inhomogeneous Helmholtz equation such as
(V2 +E*)L(r) = s(r'), (3.3.1)
we need to study the case of a point source first,
(V2+ k)G (r) = =6(r — 1), (3.3.2)

where the solution G(r) to this equation is called the scalar Green’s function.
In frequency domain, it equals
kR

G(r7 I‘/) = m,

(3.3.3)



96

where R = |r — r/|. Then, for a given source s(r'), the Holmheltz equation
(3.3.1) can be solved by applying convolution theory

|

L(r) = / dr'G(r, ) s(r). (3.3.4)

When the source s(r') is a current source, we first devided it into small
elements, each of which can be considered as an electric dipole I (r' )dli . Next,
we study the field induced by each of electric dipole and finally we can find
the total field by summing up the fields from all of the dipoles. The vector
potential A(r) induced by an electric dipole is equal to

pl (v))dlleR R

Alr) = 4R

(3.3.5)

By applying the definition of potential (3.2.2) and Lorenz gauge (3.2.4), we
can get electric field E due to an electric dipole:

vV - VYV eRRI)dil
E(r) = iw [wQ,ue + I] A =iwp [cﬂue + I} TR (3.3.6)
We define .
_ VvV g €
/
= Il - —— 3.
G(r,r) [wz,ue N } AR’ (3:3.7)

as the dyadic Green’s function. In the equations above, I denotes the unit
dyad

[roo
I=[010|. (3.3.8)
00 1

By using the definition of the nabla operator (3.1.3), (3.1.4), (3.1.5), the
tensor VV can be calculated as following. In Cartesian coordiante,

a$ aﬂfl azy aﬂ?Z
VV =10, [0 0 0.]=1] 0 0y Oy |. (3.3.9)
9, Oz Oy O

In cylindrical coordinate,

0, Dpp %8/)9 Op2
VvV = %89 [ap %69 az]: %aep p%aee %aez . (3310)

82 azp %629 azz
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3.4 Decomposition of electromagnetic fields

In spherical coordinate,

_ ar
1 1 1
VvV = %8‘9 [ ar ;80 rsin@a¢ ]
L rsin6 a¢
B 1 1
187"7“ ? 0 T Siln 9 87"(;5
= = Opr 2000 O | - (3.3.11)
1 1
L rsin® ad’r 72 sin 0 8¢9 r2sin? a¢¢

We take an vertical electic dipole (VED) source for an example. Put a
current element at the origin along z-axis of a cylindrical coordinate, which

can be illustrated by IdzZz. The field components induced by this VED can
be calculated by (3.3.6). E, is equal to

wpldz etk
= k ) ———. 3.12
1k (k*+0..) 7 (3.3.12)
By using chain rule of derivative, we get
(3.3.13)

iwpldz e .
L= SR (L= ikR) (2R = 3p) + (koR)?]

which is the integrand of the Pocklington’s integral. £, is equal to

iwpldz | e
By = 3 O p (3.3.14)
; Id ikR
_ “Z“kz“RB pz(—k*R% — 3ikR + 3) (3.3.15)
m

E. and E, from a VED are illustrated in Fig.3.10 and 3.11.
The magnetic field H can be calculated from A by
(3.3.16)

H:1V><A.
I

3.4 Decomposition of electromagnetic fields

In a source free space, wave equations of fields E and H can be achieved from

the Maxwell’s equations:
(V2 +K)E =0, (3.4.1a)
(V2 +EkHH =0, (3.4.1D)
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Figure 3.10: The electric field components |Evgp .| in pz-plane, the field is
valued in dB
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Figure 3.11: The electric field components |Evygp .| in pz-plane, the field is
valued in dB
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which indicate that they will propagate in plane waves in a homogeneous
medium:

E = Belkrt (3.4.2a)
H = He*rt, (3.4.2b)

where k = kk and k is the propagating direction. Since the fields E and
H are transverse to the propagating direction in this case, they propagate
in TEM mode. Before studying the electromagnetic wave propagation in
inhomogeneous medium, we need to study the decomposition of the fields
first. We will consider the electric field E and the magnetic field H could be
studied in a similar way:.

Given an arbitrary direction which can be represented by a direction unit
i, the field E can then be decomposed into a component £, which is in the
direction of & and a component E; which is transverse to @ and lies in E — @
plane, as shown in Fig.3.12. By applying vector calculus theory, we can get
E,=E-tand E;, = E — F,u.
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Figure 3.12: The longitudinal-transverse decomposition of E field

In the wave equations (3.4.1a), wave number k and nabla operator V are
also vectors and can be decomposed in the way of E. The wave number k is
decomposed into a longitudinal component k, in @ direction and a transverse
component k; = y/k? — k2 which is transverse to @ and lies in k — @ plane.
The nabla symbol V is decomposed into %ﬁ and V; = V — 6%22. Put
them back into Maxwell equations and together with vector calculus theory,
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we can get the Maxwell equations in terms of transverse and longitudinal
components [2, Ch.8.2] [3, Ch.5.3][4, Ch.9.5]

oL,

Vi-E = — 3.4.3
¢+ B B ( a)
0H,
V., H =- 3.4.3b
t t 8?,6 ) ( )
-V x By =iwpH,, (3.4.3¢)
OE, o
5, Vi E, = —iwpt x Hy, (3.4.3d)
z
WV x Hit = —iwek,, (3.4.3¢)
OH
5 L — V,B. = iweii x E;. (3.4.3f)
z

Equations (3.4.3d) and (3.4.3f) can be used to get solutions for E; and H; in
the longitudinal components F,, and H,:
1
E; = k2 — k2 [

7 ~

kthEu — (A}M'IA// X thu]; (344&)

Since in each of the equations (3.4.3a) and (3.4.3b), there are two forcing
terms on the right hand side, E, and H,, we can take them independently
and then use superposition method to get the total results.

E= E] + EQ, (345&)
H=H, + H,. (3.4.5b)

For H, = 0, E5 and H, are equal to:

E, = By + By, (3.4.6a)
H, = Hy, (3.4.6Db)
in which
1
Ey = m{kuvtEuL (3.4.7a)
i X
H2t = m[weu X vtEu] (347b>

Since H, = 0, it is a TM mode.



3.5 Field components from an electric dipole 101

For £, =0, E; and H; are equal to:

E, =Ey, (3.4.82)
H, = Hy + Hy,4, (3.4.8b)
in which
By = 5 lwei x ViH,], (3.4.9a)
1
Hy, = m[kuthu]~ (3.4.9b)

Since F, = 0, it is a TE mode. In a homogeneous and isotropic medium, the
TE and TM decomposition are shown in the Fig.3.13:

TM mode TE mode

Figure 3.13: The components of the fields in TM mode and TE mode

From the analysis above, we can prove that the electromagnetic field can
be completely characterized by the two longitudinal field components E,,
and H, [1, Ch.2.1][3, Ch.5.4]. For example, in a source free space, the field

equations are equal to

(V2+K)E, =0, (3.4.10a)
(V2 +Ek*)H, =0, (3.4.10D)
3.5 Field components from an electric dipole

Equation (3.3.6) presented how to compute electric field induced by an elec-
tric dipole in a homogeneous medium. But when an electric dipole is embeded
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in a layered medium, we need to decompose the field first by using Wyel’s
identity or Sommerfeld integral in order to apply the propagation theory of
plane waves [1, Eq.2.2.27, 2.2.30],

sz zkz(x ') +iky (y—y')+ik.|z—2

/ / Aok, . (3.5.1a)
emR - z/ a2 oo (0 — o))l (3.5.1b)
R ; g olFplp—p -9

where k. = (/k* — k7. In the following, we will study the field components
induced by a VED source and a HED source respectively. The study will be
done in a Cartesian coordinate.

For a VED source placed at the origin and along z-axis, there is no H,
component induced by it, which can be proved by (3.3.5) and (3.3.16). The
electromagnetic wave induced by VED is in TM mode in z-direction. Since
the model is symmetry in zy-plane, we only study the field components in
xz-plane. By putting the Sommerfeld integral (3.5.1b) into equation (3.3.12),
we can compute £V,

™ —wpldz 2 0? ik |z
ENpp = — /O dk,(k +—82)M2J(kz )tk
—wuldz [ k3
Zﬁr/o b g rz Jolhar)e™ clel, (3.5.2)

where k, = \/k? — k2. Similarly, the field component E}/5,, is equal to

—wuldz [ ?  k,
ETM _ Wi / dk k ik |z|
z,VED A 0 (a a )]f 2 J ( CE)
iwpldz z ,
- Zﬂ ’/ dk, le Lz)eel] (3.5.3)

An example is given in Fig.3.14 and Fig.3.15, which are the same as Fig.3.10
and Fig.3.11 and prove that both methods will present the same results in a
homogeneous medium.

If the electric dipole at the origin is placed along z-axis, then it is a
horizontal electric dipole (HED) for wave propagating in z-direction. Since
HED will induce H, component which inturn will induce E,, it will be in TE
mode. The H, induced by a HED is equal to

ikR

AR

Idzze™?

0.4
4T R (3.5:4)

szHED:ZA" |:V>< :| Zk’ lde——
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Figure 3.14: The electric field components |Egpy .| in zz-plane, the field is
valued in dB
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Figure 3.15: The electric field components |E¢yy, ,| in zz-plane, the field is
valued in dB
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By using (3.4.9a), the £, ypp component induced by H, ygp is equal to

iwp  OH,

Elfiop = g lowet x Vi) = 5255

7
m{ (3-5-5)
Put (3.5.4) into (3.5.5) and applying Weyl identity (3.5.1a), F .. T8 op is equal
to

TE —wu]dx 1 5 eikoatikyy+ik:|z|
E, mep = = / / dkydky( kQ) i . (3.5.6)

Y

The reason that we need to apply Weyl identity instead of Sommerfeld in-
tegral is that it is not symmetry in zy-plane anymore. In k& domain, we

have
k,=\/k2+ k;, (3.5.7)

where k, = k,cos o, k, = k,sina. In space domain,

p =2+ y? (3.5.8)

where x = pcos S and y = psin 5. Therefore

ezkzz—i-zkyy — ezkpp(cosacosﬁ+51na5111ﬁ) — ezkppsm.f’ (359)

in which £ = a—f+7/2. This can be expressed by a series of Bessel functions
[5, 8.511]:

eikPPSinf — Z Jn(kpp)elng (3510)

where J_, (k,p) = (—1)"J,(k,p). From this, one obtains [5, 8.411]:

Y
Jo(kyp) = — / dgeikorsing (3.5.11a)
2 J,
27
Ji(k,p) = * / d¢ sin etkorsing (3.5.11Db)
r 21 Jo
1 27 . .
Jo(kpp) = 27T/0 d€ cos 26 etForsing (3.5.11c)

and the relationship between Jy, J; and Jo:

2 i (kop) (3.5.12)

Jo(kpp) + J2(kpp) = kop
P
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Equation (3.5.6) can be transformed into

—wpldr 1

00 2T
tkz|z Sln o etkppsin

Z

11
sin® v = cos®(§ + ) = 5+ 5(cos 2 cos 23 — sin 2¢ sin 26), (3.5.14)

therefore,

0 27 . .
E;FEIED = Mi dk‘ k 1kz|z|/ df(% + M)eikwsm&’
0

A 2w J, "k, 2
(3.5.15)
which is equal to
—wpldx kor . cos 2/ ikl
EY = 47r/0 dk,-~ o [stﬁJO(/{pp) - Ji(k, )}e kel
(3.5.16)
In zz-plane, 8 = 0, the equation can be simplified as
—wpldr [ 1 ikl
B g = 47T/0 dkrkzle(kxx)ekZ‘ 3 (3.5.17)
An example of E}} ) is shown in Fig.3.16.
From (3.3.6), the total E, induced by a HED is equal to
Id ikR
prsre _ Wpldr g ¢ (3.5.18)

o HED — ~ 412

7
By using Wyel identity, it is equal to

TMATE zwu[dm 1 — k2 gikamtikyytiks|z|
Eynpp = Ak dk dk: 12 i (3.5.19)

The EM ep Will equal to EE%EEE E Y pp, which is equal to

zw,u[dxl k ikt ikl
Eldiep = Y / / dk, dkykz k2) keaikyytikels] (35 90)

Apllying the properties of the Bessel function introduced above, we can get

TM —wpldz kyk. 5 cos 23 Gikel
E,. npp = 477/0 Pz |08 BJo(k,p) — Fop Ji(kop =1,
(3.5.21)
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Figure 3.16: The electric field components |Eigy | in zz-plane, the field is
valued in dB

0
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Figure 3.17: The electric field components |Eigp | in zz-plane, the field is
valued in dB
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-40 -30 -20 -10

Figure 3.18: The electric field components ]Eggfjgw in zz-plane, the field is

valued in dB

in xz-plane, it is equal to

—wpldx [~ kik. 1 il
EyYipp = fﬂ/o dk,—5 [Jo(kx:v) = = Ni(ker) ezl (3.5.22)

Fig.3.17 shows an example of E;%ED. The total £, grp is shown in Fig.3.18,
which is equal to E, vep.

Finally, E, component induced by a HED will be always in TM mode in
z-direction and it can be calculated from (3.3.6) directly

o

wud 2 |
BT Akt gy (k) = BTV, (3.5.23)

ETM _ e s
z,HED A7 |Z| 0 k2

This is shown in Fig.3.19

To sum up, the electric field components in xz-plane, which are induced
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Q

z(m)
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Figure 3.19: The electric field components |Efpy .| in zz-plane, the field is
valued in dB

by a VED and a HED placed at the origin, are listed below:

—wpldz [ ]{:g el
E,;I:%\//IED = 477/0 dk, T — = Jo(kyx)e ka2l (3.5.24a)
T™ zw,u[dz z [ k2 k|-
E.vep = ir z| dk, k2 — Ji(kyx)e l (3.5.24b)
d .
EZT%[ED - oz 2 / dk le 2x)e (3.5.24c¢)
4 ]
1d ok 1 ,
EE%ED = wux/ dky |:J0(kacx) - Jl(kzx):| e*=Fl(3.5.24d)
4 0 2L
—wuld 1 .
E,hep = W/ dky— Jy (kgx)e™ . (3.5.24e)
’ ar 0 k.x

3.6 E field from a dipole source (small current)
embeded in earth

Assuming a small current source, a VED is embeded in earth, which is
a conductive medium, the fields induced by the source have already been
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studied before, which can be obtained by using dyadic Green’s function. In
a cylindrical coordinate, £* and E* are equal to

iwpll 92, etk

Bigp = —— [+ 31— (3.6.1)
7 dwpll 02, e+
Epp = —— 55— (3.6.2)

which gives

v wpll oy 0% et
Evep = 4mk? [k @} r
_dwpdl et 9 5 g 21
= R [(krp) + (2r° = 3p7)(1 zk:r)} (3.6.3)
EP,TJVI _ 'LWILLIE[ 82 ] elkr

VED Ark? "0p0z r

B iwu[ﬁeik’”pz[_ 2.2 o }
= E k*r® — 3ikr +3 (3.6.4)

in which p = rsinfé and z = rcos 8, k = w+/pé€ is the wavenumber. From FE*
and E*, we can found E" and E? components in a corresponding spherical
cooridnate, which are equal to

Eygp = Ecosf+ Efsinf (3.6.5)
Elwp = —E?sinf+ Ecosf (3.6.6)

which is given in the text book as

. Zollcosfe* [ 1 1
Fran - Y

o r2 k3
iwpdl cos e [2k 2
70 B ikZyIlsin Qe [1 1 1
VED 47 r o dkr? k%3
iwpdlsin et [ k2 k 1
S T e |7 e (3.6.8)
The common constant is defined as
jwull

S (3.6.9)

 Amk?
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by which we can simplify the equations above

2 TM s [K2sin?0  2ik — 3iksin?0 2 — 3sin?0

EFTM = fe [ = = + } (3.6.10)
an[—k*sinfcos®  3iksinfcos  3sind cosl

By = Ke'r| == - e
g | —12k 2

Ejwp = Ke* {:,2—1—7’3} cos @ (3.6.12)
ae K2 ik 1]

El., = Ke* {r + ol 7“3] sin (3.6.13)

which shows that at far zone, E*, E? and EY attenuates with e**" /r, while
E” doesn’t have far zone element. At far zone, the power propagate in 7
direction since the Poynting vector S = E x H = E?9 x H?¢. In Fig.3.20,
the E. field estimated by using (3.6.10) and the far zone equation (3.6.14)
are compared with each other for § = /2.

) ,k2 : 29
Jor lCe“”S;in (3.6.14)

when 0 = 7/2, the equations (3.6.10) and (3.6.14) are equal to

z ikr k2 ik 1
BT ek 7+ﬁ_ﬁ} (3.6.15)
M _ iR (3.6.16)
VED o

r

In Fig.3.20, the model is assumed that the operating frequency is 1Hz
and the conductivity of the medium is 1S/m. Under such a condition, there
is a big difference between the results from the two methods.

Comparing F, field for # = 0 and 6 = 7/2, we can see that for the far
field, 6 = w/2 will be higher, which are shown in Fig.3.21 and Fig.3.22

If the medium is not conductive, the comparison between them will be

K ik 1
z, T M
Eygp = o + o ﬁ} (3.6.17)
2T M k?

This indicates that we could not use the far zone equation to calculate the
field when the medium is lossy.
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Figure 3.20: Comparison of FE, field calculated by using total equation and
only far zone element, when the medium is lossy
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Ethene:n&

Ez when 6=0
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Figure 3.21: Comparison of £, field for # = 0 and 6 = 7/2

3.7 Comparison of the field with a metal casing
and without a metal casing

A question is when there is a metal casing, what is the difference of the
field to the case that the metal casing does not exists. In the following, this
problem is studied. It is assumed in the model that the conductivity of the
metal casing is 1 x 10°S/m and the conductivity of the earth is 1S/m. The
operating frequency is 1Hz. The results are shown in Fig.3.24-3.27.

According to the simulation results, it shows that the field is stronger
when a metal casing exists in all directions. By comparing Fig.3.24 and
Fig.3.25, it is possible to communicate signal along casing or in a vertical
direction. The way to transmit signal along a metal casing is the best way
in them.
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Figure 3.22: Contour of F, in pz plane

3.8 Asymptotic equations for Sommerfeld inte-
grals

As studied above, the electric field components induced by a VED and a
HED can be expressed as
wpldl

E(r,r') = 4mk?

/ dk, @ (k, 2, 2'), (3.8.1)
0

where
™  _ ikd ikz|z—2
P, Vep = 7= Jo(kaz)e il
™  _ z—2' 1.2 ik |z—2
P, Vep = \Z_qule(kxff)e

(k) = @Z%IED = |§:§:|ngl(kxx)eikZ|z_Z,| , (3.8.2)

q)E}\ﬁIED = %[JO(k:rx) — Jo(kga)]e=l=

@lmp = B oler) + Ta(haw)let ]

ky = \/k? — k2, and Jy() and J;() are Bessel functions of the first kind. The
integral can be transformed into

00 kz,m 00
/ e, (k) = / (k) + / dd(k),  (383)
0 0 Ko
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Figure 3.23: Comparison of E, field calculated by using total equation and
only far zone element, when the medium is lossless
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Figure 3.24: Comparison field FE, when § = /2 for the cases with a metal
casing and without a metal casing
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Figure 3.25: Comparison field E, along p = 0.1 for the cases with a metal
casing and without a metal casing
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Figure 3.26: Comparison field E. in a contour figure for the cases with a
metal casing and without a metal casing



118

1

\
iy

D

———

—ﬁ/

o
o
o
N

—
—
—

—
—

—

N

—

—

\

\

x(m)

z(m)

Figure 3.27: Comparison field E, in a surf figure for the cases with a metal

casing and without a metal casing
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in which the first element could be calculated numerically and the second
element which is the tail could be estimated asymptotically.

381 ON,

For the integrand

™ lki ikz|z—2/|
P, vep = ?Jo(kmx)e ) (3.8.4)

z

when k, — 1k, it asymptotically equals

2 3 e ’
UIVep = \/ — k2 cos(k,x — —)e Fel===1, 3.8.5
2,VED - COS( T 4)6 ( )

The tail can be estimated by

00 00 kz,m
TRp ~ /k dk, VgD = / dk, W\ — / dk, VI Vgp,  (3.8.6)
€T, m 0 0

where the second term of RHS could be calculated numerically and the first
term could be calculated by the Laplace transform:

o 3 /1 o o
/0 de\I]zT,QI/IED = Z % [eizzsias:lz—z’l—ix + 61257%|s:|z—z’|+m . (387)

3.8.2 TV,

For the equation '
O Vep = ki (kpx)e= =7, (3.8.8)

when k, — tk,, it approximately equals

2 3 3T ko la—s!
U Vep = \/ﬁkiﬁ cos(kyx — Z)e k2= (3.8.9)

The tail can be estimated by

o0 oo k:cmL
IO~ /k A, U = / Ay U — / VN (38.10)
0 0

x,m

where

o0 3 /17 s 5 i3 _5
/0 dkm\l/z’l\\//[EDI Z %[6 48 Z‘S:|Z,Zr|,ix+€ 48 2’5:\zfz'\+iw]~ (3.8.11)
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3.83 o0,

. . TM o TM . .
Third, Since ®, ypp = @, Vgp, it is the same as above.

384 T,

For the equation

ikph- ikz|z—2'
q):,h}/I[ED = #[Jo(k‘g;:v) — Jo(kyx)]e hale=21 (3.8.12)
when k., — tk,, it approximately equals
1 /2 3 5 , /
\I/Pé[ED = —3 %k‘% [cos(kxx — %) — cos(k,x — Zﬂ)] ¢ halz=#]
2 3 ,
= ) —kz sin(k,x — W)e_k le=2'|
T
2 3 T ’
- _ 7]4712 . ka: PN —ke|z—2
— cos(kyx 4)6
= —®.Vpp (3.8.13)

The tail can be estimated by

oo [o°] km,m
T ep ~ /k dk, U YD = /0 dk, V3 YD — /0 dk, ¥ Ygp,  (3.8.14)

where

o 3 1 4T _5 iE 5
/0 dkgc\llg:h}/llED:—Z %[6 ] 2’5:\2_21\_2'954-648 2|3:‘Z_Z/|+m:| (3.8.15)

TE
3 - 8 - 5 ®x7HED
For equation

TE _ ZkaI ikz|z—2
2z, HED — Qk*[Jo(kxI) + Jo(kyx)le , (3.8.16)

when k, — 1k,, it approximately equals

k2 2 _1 5 ,
Uik = 5\ ke ® [COS(ka; - Z) + cos(k,x — I) e kale—2|

2V

2 -1 3m 7r /
_ 2 p) o N —ke|z—2|
k \/—kax cos(kyx T )cos(z)e

=0 (3.8.17)
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3.8.6 Laplace transform and Bessel function

In the above, we need to apply the properties of Laplace transform:

LOF() = /O Tt (e, (3.8.18a)
L(t™7) = \/f (3.8.18h)
L(t"g(t)) = (=1)"G™(s), (3.8.18¢)

we can get

L(tz) = L(tt2) = VDN VT -3 (3.8.19a)

ds 2 ’
L(t?) =Lt 2) = d2(2£2%) = B\fs_g' (3.8.19Db)

Jo(z) = \/z cos(z — %” - Z) (3.8.20)

when = — oo [6, 9.2.1].

3.9 Plane wave in a two layered source-free medium

The problem of waves propagating in inhomogeneous media is very compli-
cated. A special case for an inhomogenous medium is a planarly multi-layered
medium, where each layer is homogeneous and isotropic, that can be char-
acterized by its independent parameters € and p. The simplest model is two
layers with an interface plane, where wave reflection and transmission occur.

In a two layered medium case, we take the interface between the two layers
to be xy-plane and we take its normal to be z-axis. The wave direction unit
k and z-axis form the zz-plane. As we mentioned above, the field can be
decomposed into TM and TE mode. In the given coordinate, H and E field
will only have y-component H, and E, in TM and TE mode respectively as
illustrated in Fig.3.28.

The propagation of electromagnetic wave in a homogeneous medium were
given in (3.4.2a) and (3.4.2b). In our case, we are more interested in the
electric field propagation. Assuming that electromagnetic wave propagates
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Figure 3.28: Reflection and transmission of plane wave at the interface of
two piecewise constant regions

from layer 1 to layer 2, the E-field components in layer 1 are equal to

By = Ay[e™=* 4 RpYePhehiez] (3.9.1a)
Byy = Agole™=* 4+ Ry ePh=hiihzz], (3.9.1b)
Eyy = Ayle™=* + RpPe?h=hmifizz], (3.9.1¢c)

in which, Ay are the amplitudes of the incident wave components. R are
reflection coefficients. In layer 2, the field components are equal to

By, = AT e =thihez (3.9.2a)
By = ATy e?F=hthzz, (3.9.2b)
By = Ay Tpleh=tthiz, (3.9.2¢)

where T are the transmission coefficients. For TM mode, the reflection coef-
ficient is equal to

R klz _ kQZ
Hy, 2

RM="t_4a 92 3.9.3
12 H{y % + 1?; ( )

By applying the boundary condition,
Hi,+ H}\, = Hy, (3.9.4)

we can get the transmission coefficient

M =14+ RIM. (3.9.5)
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The reflection and transmission coefficients of the electric field can be calcu-
lated then. In source free space,

1tk X H = —iweE, (3.9.6)
which indicates the electric field components are equal to

weE, = k.H,, (3.9.7a)
wéE, = —k,H,. (3.9.7b)

In the two halfspaces, assume p; = 9, we have the following equations in
wavenumber

kY =kl (3.9.8a)
ky, = Kb, (3.9.8b)
| (3.9.8¢)
" .
(12 =2 (3.9.8d)
1{32 €9

Then the reflection and transmission coefficients of the electric components
E. and E, in TM mode are equal to

glEsz kﬂc ﬁ/ ™ EE TM T™
glE{Z k{xH{y 2 E{z P e ( a)
gQE;Fz kQTfF '21; ™ Egz TM kl 2 TM
= =T = =T7IM _ (N2 3.9.9b
glE%Z k{zHiy 12 E{Z E, (k2> 12 > ( )
glEEﬂ _ ki E/ _ __pTM E{{z _ pTM _ _ pTM
S B = kLH{y = -RB = =R =R (3.9.9¢)
g2-E2T kgzl:l;[;/ kg TM Eg T™ T™
akl,  KLHI, kLP El, " (3:9.54)

In TE mode, as shown in Fig.3.28, the reflection and transmission coeffi-
cients of the electric field can be directly calculated by the following equations

e _ EL % B ]%
R12 - II == ﬁ, (3.9.10&)
A
ET
TE = 22 =1+ RLf (3.9.10b)

1
Elx
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3.10 Plane wave in a multi-layered source-free
medium

If there are more than two layers, for example, a three layer model illustrated
in Fig.3.29, a series of multiple reflections will occur at the interfaces.

\"E // o Layer 1
N\ £ /
- z=dh
L i Ja
: \.\\. ,-".l !
\ /[ / !
\ / ! \ / Layer 2
' .-"ll J \‘
x{\ \\ ".{ Z=dz
Y
" Y \1
Layer 3

Z

Figure 3.29: Multiple reflections of a TE wave at interfaces in a multilayer
medium

In this case, take TE mode for example, the electric field in the three
regions are respectively equal to:

ELF = Aj[et=s 4+ RiPerhehimibz) (3.10.1a)
Ey) = Ap[e™® 4 Ryfehizhimthezr), (3.10.1b)
Egf = Age’7, (3.10.1c)

in which A; is the amplitude in the first layer and the amplitudes in the sec-
ond and third layer A, and As can be calculated by the boundary conditions,
which are equal to:

B Tl'IQ‘EAlei(klz—kzz)dl
= 1 pPTE PTE 2iks. (da—dy)’

Az = (1 + RIE) Ageithz=—kaz)dz, (3.10.2b)

A, (3.10.2a)
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RTF in (3.10.1a) is the generalized reflection coefficient between layer 1 and
layer 2 at interface z = dy, which is equal to

TITZE R;f;]TQ’liE e2ikz2z (dz—d1)

> E
RIF = RTF + : .
12 12 1 — R;rlER;rgEemzz(drdl)

(3.10.3)

If more layeres are added below layer 3 and the interfaces are denoted by d;,
the generalized reflection coefficient for each layer can be calculated recur-
sively, [1, Eq.2.1.23]

5 Tyipa RigriyaTip e =G =) 1
Riit1=Rii1+ = — —. (3.10.4)
1 — Ri+1 iRi-i-l i+2€21k1+1,z(d1+1_d2)

where R; ;41 and T;;41 are the reflection and transmission coeffients for a
wave from layer ¢ to layer ¢ 4+ 1. k; is the wavenumber of layer i.

3.11 A point source embeded in a layered medium

As given in (3.3.3), in homogeneous space, a point source will induce spherical
wave. When a point source is embeded in a layered medium, as shown in
Fig.3.30, we can first expand the spherical wave into an integral summation
of plane waves and then apply the propagation theory of plane waves in a
layered medium.
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Figure 3.30: A point source in a multilayer medium



126

The expansion of a spherical wave can be achieved by using Weyl identity
(3.5.1a) or Sommerfeld identity (3.5.1b). In Fig.3.30, a coordinate system
is established which let x — y plane parallel to the interfaces and z-axis
parallel to the normal and pointing upwards. The point source is assumed
to be embeded at z = 2z’ in layer m. Since the positive z-axis in this case
points upwards, layer m is mathematically constrained to be within the limits
dpm-1 < 2/ < d,,. The z-variation of an upgoing and downgoing wave can
be expressed as F'(z,2'). The field inside layer m due to a source in layer
m can be divided into two parts, representing an upgoing wave (F*) and a
downgoing wave (F~), which can be expressed as

F,;’;(Z, Z/) — A;‘;:L {eik‘m,z(Z*Z/) + Rm’m+1eik‘m,z(Qdm*(27zl))]7 (3111&)
F(2,2) = A e thm==2) L R e Hme(2dm—(z=2))] (3.11.1b)

where Rm,m+1 and Rm,mq represent generalized reflection coefficients for
waves emanating from layer m into layer m + 1 and m — 1, which can be
calculated by (3.10.4). d,, denotes the z-coordinate of the interface separating
medium m and m + 1, and k,, . is used to indicate the z-component of the
wave vector k,, of layer m. The amplitudes in (3.11.1a) and (3.11.1b) are
equal to

1+ Rm m71€72ikm,z(dm7172/)
" 1-—- Rm m-HRm m—le%km’z(dmidm_l)’
1 +Rmm+1€2ikm‘z(dm_zl)
A= 7

m = = - _ .
1 — Rm,erlRm,mfl621k"L'z(d"L dmfl)

(3.11.2a)

(3.11.2Db)

In a similar fashion, the field variation in layer m + 1 and m — 1 can be
written as

Fr(z,2) = AzLH[@ika'Z(%dm) + Ryt gttt s Gdmir=(z=dm)))
(3.11.3a)

Fouca(2,2) = Agy[e7natolemtomt) oy fy g gt
(3.11.3b)

where

ik A —2'
A+ . Tm,m-i—lA;;eZ mA'Z( " Z) 3 11 4
m+l ™ 3 2ik (dmg1—dm)’ (3.11.4a)
1 — Rm+17mRm+17m+2€ m+1,z\Gm+1 m
Tm milA;nefikm,z(d'm—lle)

1— Rm—l mRm—l m—2€2ikm71’z(dmflidm72) .
9 b

(3.11.4b)
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The expressions T}, ;41 and Ry, 41, as well as T, p,—1 and R,,—1 ,, represent
transmission and reflection coefficients between layer m and the adjacent
layers m + 1 and m — 1. The field variations within the layers above m + 1
or below m — 1 are obtained through a recursive approach.

3.12 Current distribution along metal casing tilted
in a layered medium

In chapter 3, the tilt model is studied but the results are not stable because
of the error in the evaluation of the Sommerfeld integral. Now the new
method introduced in Chapter 4 is applied to the model and the results are
presented in Fig.3.31, Fig. 3.32 and Fig.3.33. Numerical results shows that
under geophysics condition, which the operating frequency is very low and the
surrounding medium is highly conductive, the tilt angle doesn’t have much
effect on the current distribution, which allows us to use a corresponding
vertical model to estimate the results.
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Figure 3.31: Numerical results for a homogeneous model where the conduc-
tivities of the medium and the well are assumed to be o, = 1S/m and
0. =1 x 10%S/m respectively. The relative permeability of the metal casing
is assumed to be p, = 100. The radius of the well is assumed to be 0.1m
and the operating frequency is assumed to be 5Hz. The source is located at
100m from the lower end. The tilt angle is assumed to be 0, 7/6, 7/4 and
7/3 respectively.
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Figure 3.32: Numerical results for the same model in Fig.3.31 for the second
3-layer model with the interface d = [300, 500] cos # m, the conductivities for
the 3 layers are assumed to be o, = [1,4,1] S/m.
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Figure 3.33: Numerical results for the same model in Fig.3.31 for the second
3-layer model with the interface d = [300, 500] cos @ m, the conductivities for
the 3 layers are assumed to be o, = [4,1,4] S/m.
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