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Abstract— A good knowledge of the electromagnetic (EM) wave
propagation behaviors in dielectric logging (DL) and borehole
radar (BHR) surveying is critically important for optimization of
tool design and implementation, and interpretation of the acquired
logging data, as well as understanding the influences of the
dielectric permittivity and conductivity of the formation on the
EM waves. This paper reported a novel method for the numerical
simulation and analysis of the guided wave (GW) propagating
along a metallic pipe in a typical DL configuration. A numerical
simulation with the 3-D finite-difference time-domain (FDTD)
method was applied to the broadband DL tool to obtain the
wavefield and responses of the receiver. By monitoring the wave
attenuation along the metallic drill collar, the intensity of the GW
and loss factor can be determined. The coupling efficiency of the
GW can be obtained when the total power emitted from the
transmitting antenna is known. Simulation results revealed that
the coupling efficiency of the GW changes with the water
saturation of the formation and frequency. The simulation also
suggest, by installing a slope structure adjacent to the transmitting
antenna, the energy coupled into the GW could be reduced at
different levels. Finally, the relationship between the received
signals’ amplitude and GW’s coupling efficiency showed the
quantified contribution of the GW to the received signal.

Index Terms—dielectric logging, guided wave, single line
waveguide, finite-difference time-domain (FDTD)

I. INTRODUCTION

IELECTRIC logging was introduced in the 1970’s to
evaluate the fluid saturation around a borehole, one of the
key parameters for subsurface sensing. With engineering
advancements, new DL tools have been developed to operate
either in some discrete frequencies, or with EM pulses over a
wide band from dozens of MHz to GHz. They are capable of
providing a permittivity dispersion measurement over a wider
detection range, due to the distinct propagating modes of EM
waves at different frequencies.[1-3].
A generic DL device consists of transmitters and receivers,
and the waves picked up by the receivers can be decomposed
into two parts: the lateral wave(LW) and guided wave(GW)[4,
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5]. While the GW propagates along the metallic pipe, the LW

radiates into the formation surrounding the borehole, being
modulated in amplitude and phase that are directly related to the
complex permittivity of the formation. Due to a large contrast
among the permittivities of water, oil and rock, the tool makes
a direct measurement of the fluid saturation in the formation,
independent of salinity. By modelling the drill pipe and
surrounding media as a cylindrically concentric system, and
simplifying the antennas as slotted apertures, the EM field from
the GW at the receivers and the wave travel time can be
analytically determined. Similarly the above can be applied to
borehole radar (BHR) survey[6-8], and the simulation results
suggested that the GW can still exist without borehole annulus.
However, in reality a practical logging tool is too complicated
to model analytically. Currently in DL and BHR practices the
GW behaviors can only be qualitatively evaluated or analyzed
with the use of over-simplified models, which could result in
significant uncertainties.

In this paper, a method for quantitative interpretation of the
GW in DL based on numerical simulation and the theory of
surface wave theory was reported. Total energy flux emitted by
the transmitter is estimated by using the FDTD. The local
energy flux in the GW at some distance from the transmitter is
estimated and its loss factor can then be determined. Further by
normalizing the total initially emitted energy, the coupling
efficiencies of the GW with different formation configurations
and logging tool structures can be obtained. The simulation
results are used to inform the design of DL and BHR kit.

II. CONFIGURATION OF THE ANALYSIS METHOD
The metallic pipe connected to the transmitter in the
formation can act as a single line waveguide supporting an
infinity of radiation modes and guided mode, which has a
relatively low loss hence can sustain the propagation [9, 10].

Receiver

Metallic Pipe

Transmitter
Monopole

Antenna
&

Fig.1. Photograph of the practical broadband DL prototype. The monopole
antenna serving as the transmitter and receiver is shown at the right.

In this study, sector monopole ultra-wide band (UWB)
antennas with a resistance and capacitance series loading served
as the transmitter and receiver. It was fed through a SMA
connector from the bottom, and the structural details of the tool
were presented in [3, 11]. A photograph of the DL tool with the
monopole UWB antennas is presented in Fig.1. This type of DL
tool was firstly proposed in our previous work, and also the GW
was presented in the EM field pattern with the tool operating[3].
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An insulated collar was implied to help to investigate the
influence factors to the coupling of GW, and this design was
qualitatively proved to promote the launching of LW[11]. In
this study, the mechanism of GW will be further investigated,
while the power and coupling efficiency of GW can be
calculated precisely with the numerical method.

As shown in Fig.2, to establish the calculation and analysis
method of the GW, numerical models were first set up based on
the practical structure, and the EM wave propagating process
was completely simulated by the FDTD method. The total EM
energy emitted by the transmitter was obtained by integration
of the energy flux at the monitoring cylinder encompassing the
transmitter, which is also shown in Fig.2. All the EM waves
launched into the formation were divided into two parts: the
GW propagating along the pipe and the LW comprising all the
other power except in the GW. A sequence of monitoring planes
perpendicular to the drilling pipe were virtually generated
equidistantly along the pipe and numbered 1~n away from the
transmitter. The normal components of the energy flux vector
at those planes were integrated among the whole simulation
procedure, and then the energy flowing past the specific plane
in the frequency domain was acquired with Fourier transform.
By differencing the energy at each two adjacent planes, and
dividing it by the distance of the planes, the attenuation
coefficient between the two planes was calculated in dB/m, for
example:

Ay, =1010g(=y g @)
Wi(

Ay (f) n-1 1s the simulated attenuation coefficient at frequency
fbetween hy, and (h-1)4 monitoring planes, Wi(f), Wi-1(f) and d
are the integrated energy flux at this two monitoring planes and
distance between them. Too large a distance between two
adjacent planes always lead to a missing of details in the
acquired energy flux; on the contrary, the calculation amount is
increased with the amount of planes. This distance between two
adjacent planes is optimized by balancing simulation efficiency
and accuracy.
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Fig.2. Schematic diagram of the numerical calculation and analysis method of
the GW in the DL application. All EM energy emitted by the transmitter
propagates in two ways: LW (red part) and GW (blue part), and the energy flux
is calculated at the monitoring plane sequence numbered 1~n. The cylindrical
energy flux monitor encompasses the transmitter, as shown in the enlarged
subfigure.

Perfect matching layers (PML) were set up surrounding the

calculated area, so that there would be few reflecting waves at
the boundaries. The concentration ratio in the radial direction
of GW’s energy depends on the complex permittivity of the
surrounding media. Although this mode’s energy theoretically
extends to infinity, the field intensity dramatically decreases
with the radial distance. The size of the calculated area should
be appropriately large to guarantee most of GW is contained.
The simulation area size was set as 2000mm x 2000mm x

3000mm in this study, which allowed that at least 90% energy
of the guide mode was included.

The propagation constant and loss factor of the GW can be
calculated theoretically[10, 12]. LW quickly decreases from the
transmitter, and then A(f) gradually approaches the theoretical
attenuation of the GW &(f) with an increase of the distance from
the transmitter. An error coefficient 0 is defined, and if it meets
the relationship d<|E(f)- As() »s |, and when the pulse has
completely gone through the n; monitoring plane, the
simulation is terminated. In order to make the result credible, 0
is generally set to be smaller than 3dB. In this instance, it can
be considered that almost all of the EM energy passing through
the n; monitoring plane is in the GW. Then, for a specific
frequency f, the energy coupled into the GW Wied(f) can be
inversed by the following equation:

W oied (f) = =105 W (f) )

Where W,(f) is the integration of energy flux at the ns
monitoring plane and d, is the vertical distance from the
transmitting antenna to this plane. Wiuu(f) is the total EM
energy emitted by the transmitter at frequency f and can be
obtained with the same operation at the monitoring cylinder
around the transmitter. Ultimately, the coupling efficiency of
the GW Cguizea(f) can be calculated by:

Cguided (f) = Wguid(fd (f) /‘/Vtuml (f) X 100% (3)

As shown in Fig.1, the monopole antenna was fixed in a
confocal cylindrical drilling pipe. To investigate the influencing
factors to Cguidea, @ double-cambered surface was added close to
the antenna in the radiating direction of the transmitter. As
shown in Fig.3, the slope are tangent to the outside surface of
the pipe and the transmitter’s bottom surface at its two ends,
and two camber are tangent to each other in the middle point of
the slope. The radius of the camber R, the distance from
baseplate to RC-Loading & and the slope’s length D have the
relationship:
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Fig.3. Metallic drilling pipe with double-cambered surface close to the



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

transmitting antenna. The conventional type of transmitter and pipe without the
slope surface is shown in the subfigure at top left.

The permittivity assigned to the formation &fomarion Was

obtained with the complex refractive index method (CRIM)[13]:

i = =GN + 5.0 5)

Quartz sand was used as the formation matrix with porosity
®=40% and several water saturations S,,=30%, 60%, 90% were
selected as examples, where the dielectric constant of quartz
sand &,ns=4 and the dispersive complex permittivity of water
&"waer Were calculated with the Cole-Cole model[14]. The
parameters of the model are summarized in Table I:

TABLEI
PARAMETERS OF THE MODEL
Parameters _ Type Electrical Properties
Drilling Pipe 40mm Conductor 0=7.7x10°S/m
Annular g =2+0i
Borehole [3] 45.mm. Oil mud &e=2+0i
Formation Ml with - _Loss & fommaron Obtained with CRIM

III. RESULTS AND ANALYSIS

First, a numerical model of a conventional tool and formation
with S,= 30% was built. As shown in Fig.4. A modulated
Gaussian pulse with a central frequency at 1.5GHz and
operation band 0.5-2.5GHz was preset as the excitation signal.
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Fig.4. The excitation signal of the transmitting antenna, (a) waveform in the

time domain (b) amplitude spectrum in the frequency domain.

o 2 3
Time(ns)

As shown in Fig.5(a)-(c), the propagation process of the EM

wave can be observed by time domain simulation. Amplitudes
of the LW and GW began to differ in the near field area of the
antenna, 3ns after the pulse was emitted by the transmitter. As
the transmission distance increased, the GW gradually
dominated, although it was weakened at the same time. The
wave speed of the two were almost the same, and the wavefront
of the LW was analogous to a spherical wave. By applying a
time integral and Fourier transform, the distribution of field
components could be drawn in the frequency domain. As shown
in Fig.5(d), with 1.5GHz as an example, strong directivity was
found in the LW, for the antenna was unidirectional. Also, the
LW concentrated around the transmitter. The GW was axially
symmetric, and the majority of its energy converged in the area
close to the metallic pipe. It exponentially decayed in the radial
direction, which matched the surface wave theory. An energy
flux monitor sequence of 31 planes with 50mm intervals was
installed as shown in Fig.5(d). It was observed that there was
almost no LW at ten planes from the right side.
For a model with S,,=30%, A, were calculated with (1), and are
presented in Fig.6, the A (f) in frequencies from 0.5GHz to
2.25GHz are a function of the distance to the transmitter. ¢
became bigger as frequency f increased, and as the monitoring
plane moved away from the transmitter, and the calculated A,
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Fig.5. Photos of the E-field at different times (a)3ns, (b)8ns, (c)10ns after the
stimulation of the signal; (d) the E-field at 1.5GHz, and the side projection of
monitoring planes from 1-31 are illustrated as grey lines.

gradually approached the £ The 6 was set as 1dB, and the
distance varied with frequency at which 6<|&(H)- A(Dn-1 | was
met, because the elements of the LW and Cjuiqq are diverse at

difference frequencies.
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Fig.6. A,(f) are shown as solid line with symbols, and &(f) are shown as dashed
line at eight frequencies in a range from 0.5GHz to 2.25GHz. The A,(f)
gradually approached &(f) as the distance to the transmitter increased, and at
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different distances, the differences between them are smaller than d=1dB.

When the LW was depleted at the specific monitoring plane,
A approximately equaled ¢&, and the Weyiged and Cguicea Were
calculated with (2) and (3). As shown in Fig.7, the Cguigeq(f) not
only varied with frequency, but also depended on S,. The
maximum value of the Cjuizq drifted to a lower frequency, and
at the same time Cjuiqeq integrally declined over 0.75GHz, as the
Sw increased. To investigate the influence of the shape of the
pipe, another model of tool with a slope (D=50mm) was used
as the control group. The corresponding Clguizes Were smaller
than those obtained with the conventional pipe, however the
dependence on fand S,, of Cuizeq barely changed. The dielectric
properties of the outer media can change the fluctuation of the
Cjuidea in the frequency domain, while the magnitude of Cguidea
changes with the structure of the pipe.
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Fig.7. Cyuized(f) varied with frequency and water saturation S,. The solid and
dashed lines represent results of the conventional tool and tool with slope.

Furthermore, to validate the effect of the pipe type, the model
containing pipes with slopes of different D were simulated,
setting S,=60% and maintaining the other parameters as the
same. As shown in Fig.8, Cgi¢ea corresponding to the pipes with
a slope were all smaller than the conventional type pipe. The
Cjuidea inversely varied with the D, and the relationship was not
linear. The decline rate of the Cguidea gradually slowed down as
D increased, and thus they were significantly close when the D
were 150mm and 200mm. The majority of the discrepancy was
observed in the frequency band from 0.75GHz to 1.5GHz. This
is because the wavelength in this frequency band is very close
to the size of the transmitter and the slope structure, and thus
the mode components of the launched EM wave was sensitive
to the structure of the tool. The slopes spoiled the cylindrical
waveguide, especially when it was close to the transmitter.

Referring to Fig.5, the amplitude inside the nearfield of the
antenna was critically bigger than other regions, and it can be
inferred that the structure inside this area may significantly
affect the modes coupling. Slopes with D larger than 150mm
had a slight difference inside the antenna nearfield, so it made
the Cguidea approximately the same.

As shown in Fig.9, corresponding to different pipe structures,
there was a tiny discrepancy in Wy, The maximum
discrepancy was reached at 1.5GHz. This was reasonable,
because 1.5GHz was the center frequency of the excitation
signal. In addition , the actual wavelength of 1.5GHz was
approximately 50mm which was nearly equal to the diameter of
the drilling pipe and the size of the antenna cavity, when
S,=60%. Changes in structure very close to the monopole
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Fig.8. C guided varied with the length of double-cambered slope, when the water
saturation S,,=60% and they are drawn as dashed lines. The solid line represents
the coupling efficiency of a structure without a slope.

can alter the radiation efficiency of the antenna, although this
impact was very limited according to this case. Referring to the
Wioi, the declination of Cguigea(f) with D increase

fundamentally resulted from the decrease of the absolute energy
coupled into the surface mode.
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Fig.9. Wiotar varied with frequency, when S,=60% and they are drawn as
dashed lines. The solid line represents the energy of a structure without a slope.

To investigate the contribution of the GW to the received
signals, some models of S,=60% with two antennas towards
each other’s main radiating direction were established. The
distance of the receiver and transmitter was 500mm, and the
amplitude spectra of the received signals are shown in Fig.10.

It was found that the magnitude decreased with the D, and their
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Fig.10. Spectra of the received signals, with S,=60% and the distance between
receiving and transmitting antenna as 500mm.

center frequency drifted to a lower band. The analogous
phenomenon can be found in the Cguizeq in Fig.8, and therefore
we hypothesize that the received signals may potentially
depend on Cjguizeq. Even though there were distinctions between
the frequency of the maximum amplitude of them, it is because
the received signals also depend on frequency components of
the excitation signals and their propagation characteristics.

To quantify the contribution of the GW in the received
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signals, as shown in Fig.11, the relationship between Cjizeq and
the amplitude are illustrated. Regardless of frequency, the
amplitude and Cguizes Were positively related, however the

increasing rate of amplitude dependents on the frequency.
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Fig.11. The relationship between Cgss and the amplitude of the received
signals with S,=60%. The simulated data are symbols, and the corresponding
linear fitted results are solid lines with the same color. The symbols from right
to left are in order: without slope, D of 50mm, 100mm, 150mm, and 200mm.

By applying linear fitting to the results, a group of solid lines
in Fig.11 was obtained, and their slopes are shown in Table II.
It was maximized at 1.25GHz, and the declination was almost
symmetrical at higher and lower frequencies. This is because
that at 1.25GHz the received signals depend more on the GW
than the other frequencies. In other words, Cguized(f) at 1.25GHz
make more differences in spectra of received signals. For lower
frequencies, e.g. 0.5GHz, the wavelength was critically larger
than the structure size, so the details of the pipe was electrically
small objects. The fitted slope at 0.5GHz was only 17% of that
at 1.25GHz, and the solid line at 0.5GHz was nearly horizontal,
which means Cguides had almost no effect on the received signal.
For higher frequency, e.g. 1.75GHz, the wavelength was much
smaller than the details of the tool, and thus Cguizea With slopes
were negligible compared to the conventional type. Also, there
was little EM energy induced by the receiving antenna at
1.75GHz. This is because the slope structure crucially spoiled
the cylindrical structures, and caused the emitted EM wave to
decay to vanishing before being coupled into the surface mode.
The evaluation of the GW can surely help the tool design and
data analysis. For BHR, it is rational to optimize the tool design
by reducing the slopes as in Fig. 11. For example spoiling the
cylindrical structures can eliminate the influence on responses
from GW, diminishing the artifacts in responses of BHR. For
DL inversion, the proposed method can help to evaluate the
weightiness of the GW in the receiving signals, which
determine the transverse detecting depth of the tool. Moreover,
the drilling pipe with slopes allows the detecting area to be
focused near the borehole, improving near-borehole resolution.

TABLE II
SLOPE OF THE LINEAR FITTING LINES
Frequency(GHz) 0.5 0.75 1 1.25 1.5 1.75

Slopex 1E-12 1.42 4.44 7.18 8.35 7.09 4.02

IV. CONCLUSION
A novel method for the quantitative evaluation of the EM
wavefield in DL and BHR was presented, and the GW was
adequately analyzed as well as its relationship with the
responses of the receiver based on practical tool structures. Two

kinds of logging tools were considered: a conventional type and
the other with slope near the antenna. The propagation process
of the total EM wavefield was simulated by FDTD at several
typical saturations, and the energy flux was recorded at a series
of monitors. The launched EM wave can be coupled with the
metallic pipe to induce GW.

The attenuations at monitoring planes gradually approached
the theoretical value. Then the energy of GW could be inversed
with different saturations and tool structures, and many
significant conclusions were drawn. The coupling efficiency is
affected by the saturation of the formation and varied with
frequency, and a slope can reduce the GW to different degrees.
Also, from the linear relationship between the coupling
efficiency and the responses at the receivers, the contribution of
the GW to the received signals can be directly evaluated. The
proposed method can quantitatively analyze the GW in DL and
BHR applications with complicated structure. This method is
valuable for the inversion of the acquired logging data, and
implementation of subsurface sensing.
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