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Abstract 

Logging-while-drilling (LWD) technology has been used as a real-time aid in 

directional drilling. In this dissertation, a full investigation is conducted on the use of 

LWD resistivity tools in geosteering, especially the application in detecting remote bed 

boundaries. By looking into the electromagnetic field of multiple tool configurations 

using numerical simulations, an independent evaluation is provided on the downhole 

boundary detection capability of different resistivity logging tools, as well as their 

applicability in various drilling environments.  

In order to explore the potential of predicting formation properties in front of the 

drill bit, tool responses are first modeled with different downhole electromagnetic 

transmitters in homogeneous formation, where ahead-of-the-bit field distribution is 

investigated. Field attenuation rates are compared among different tools, and the 

influence of borehole conductivity is studied. Next, tool responses are modeled in two-

layer formation models to evaluate their boundary detection capabilities. Look-ahead 

capabilities are compared between tools with axially symmetrical antennas when 

boundaries are perpendicular to the tool axis. Also, the feasibility of using cross-

component measurements to detect horizontal boundaries is studied for tools using 

orthogonal antennas. After that, the deep-looking capability of a new directional 

resistivity tool using ultra-long spacings and low frequencies is explored. Tool responses 

for different configuration parameters and drilling environments are calculated and 

discussed. At last, an inversion algorithm based on the Gauss-Newton method is 

developed to recover the boundary distance from the tool response. 
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This dissertation presents a comprehensive summary for the first time on the use of 

LWD resistivity tools in predicting formation anomalies ahead of or around the drill bit. 

It is found that the conventional resistivity logging tools using axially symmetrical 

antennas can only penetrate the formation ahead of the bit by a limited range, which is 

restricted by the borehole dimension and power supplies, but a deep-looking capability 

can be acquired by using cross-component measurements in high angle and horizontal 

wells. The detailed comparisons between tools of different types establish a missing link 

in the research of deep resistivity logging tools, and provide a natural guide for the future 

development of downhole boundary detection methods.   
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Chapter 1 Introduction 

1.1 Introduction to well logging 

Well logging, or borehole geophysical logging, is the practice of acquiring 

formation properties at varying depths with downhole sensors (logging tools) performing 

measurements in a borehole. Detailed well logs provide first-hand information about the 

physics of the penetrated strata, assisting petrophysicists to understand the lithology, 

density, porosity, water saturation and permeability of the formation beds, so that they 

can identify potential hydrocarbon reservoirs and quantitatively estimate the producible 

oil and gas volume.  

Commonly-used well logging methods in nowadays oil and gas industry include 

Gamma ray, density, neutron, resistivity, acoustic, and NMR logging. Among all the 

physical properties, resistivity is one of the most important parameters in characterizing a 

hydrocarbon-bearing formation. Resistivity logging is conducted by emitting electric 

currents into the formation surrounding the wellbore with an electromagnetic source 

(transmitter), and picking up the signal with a downhole sensor (receiver) at a certain 

distance away from the source. The received signal is thus a function of the resistivity of 

the formation which the currents flow through. Generally, dry rocks are very good 

insulators which cannot conduct electricity, but with mineralized water or other formation 

fluids contained in the rock pores which may connect with each other, currents are 

capable of flowing through the earth. The bulk resistivity of the formation is related to 

both the rock matrix and the fluids contained in it. Since oil and gas are much more 

resistive than formation water, one can distinguish hydrocarbon-bearing zones from 

water-bearing zones by identifying high-resistivity sections in resistivity logs. 
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The earliest resistivity logging apparatus was invented by Conrad and Marcel 

Schlumberger in 1920s (Lyons and Plisga, 2005). When lowered in the borehole filled 

with conductive drilling fluid, or mud, the tool sends a constant current into the formation 

from a point electrode. By measuring the electric potential difference between a pair of 

receiving electrodes, an apparent resistivity can be calculated by Ohm’s Law. This type 

of electrode device later evolved to the laterolog tool (Doll, 1955), which actively focuses 

the measuring current laterally into the formation instead of letting it flowing along the 

borehole and being affected by the mud conductivity. The focusing effect is realized by 

introducing auxiliary currents, called bucking currents, on the upper and lower ends of 

the measure electrodes, making sure that no currents flow in the vertical direction. In this 

way, the resistivity log is less contaminated by the borehole effect and thus more accurate. 

The advent of induction logging technology results from the wide use of oil-based 

mud. Unlike traditional water-based mud, oil-based mud is highly resistive, which forms 

a barrier between the electrode logging tools and the measured formation. Induction 

logging tools do not require direct electrical contact with the borehole, and thus are 

relatively independent of drilling mud properties. A basic induction logging tool uses a 

transmitter coil driven by an alternating current to generate a primary quasi-static 

electromagnetic field in the formation around the wellbore. The induced current loops, or 

“eddy currents,” are proportional to the formation conductivity, and in turn generate a 

secondary magnetic field. This secondary magnetic field induces a voltage at the receiver 

coil, which can be used to calculate the formation resistivity. Due to its accuracy and 

general applicability in various drilling environments, the induction logging tools have 

gradually dominated the resistivity logging market.  
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The logging-while-drilling (LWD) resistivity tool, also called the propagation tool, 

was first developed in 1983 by Rodney et al. Compared with wireline tools which are 

operated after a well is drilled, LWD tools gather the first-hand data as soon as the 

formation is freshly penetrated, so that formation properties are less affected by mud 

invasion. LWD measurements follow the same Maxwell’s equations as those of wireline 

tools, except for utilizing a higher operating frequency. Also, instead of measuring the 

real and imaginary parts of the received voltage as it is done for wireline tools, an LWD 

tool measures the attenuation ratio and phase difference of voltages between a pair of 

receivers. In this way, the strong direct coupling effect between the transmitter and 

receiver brought by the high frequency can be suppressed. 

The development of dielectric tools is based on the principle of propagation tools. 

Generally, the tool response is determined by the wave number k, which is a function of 

the complex permittivity εc. At lower frequencies that are used by wireline and 

propagation tools, εc is dominated by conductivity. However, at frequencies higher than 

tens of megahertz, the influence of formation conductivity becomes less significant, and 

εc is mainly determined by the dielectric constant of the formation. In some cases, the 

measurement of the dielectric constant can be useful. For example, if the formation water 

resistivity is extremely high, it is difficult to distinguish hydrocarbon from water with 

only resistivity logs, but with the large difference between the dielectric constant of water 

and hydrocarbon, one can easily identify the hydrocarbon-bearing zones.        

1.2 Geosteering and downhole boundary detection methods 

The past two decades has seen dramatically increasing demands in directional 

drilling. In order to achieve the most cost-effective production, wells are often designed 
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with complicated paths, which has consequently raised the standards for drilling accuracy. 

Geosteering techniques are developed to accurately control the drill bit position and 

adjust the borehole direction. To guide the bit towards the target layers and avoid 

nonproductive zones, directional drillers usually refer to formation models that are built 

beforehand based on seismic logs, imaging and geological mapping. However, the pre-

acquired data inevitably involve estimated factors, and hence may not provide adequately 

reliable reference for proactive drilling.   

The rapid development of LWD technology has added a new dimension to 

geosteering operations. Based on the real-time data gathered with LWD tools, better-

informed drilling decisions can be made to improve drilling efficiency as well as to 

reduce safety risks. Due to its electromagnetic nature, LWD resistivity tools typically 

have a longer detection range than that of other LWD tools (e.g., acoustic, gamma ray, 

NMR), and hence play an important role in geosteering applications. With early detection 

of approaching bed boundaries, the operator can accurately control the drilling direction, 

steering the bit onto the optimal well path, or away from unwanted formation structures. 

Many examples have shown that it is advantageous to detect a formation anomaly 

ahead of or around a drill bit, such as a bypassed reservoir, an overpressured zone, a fault, 

or a salt dome. However, for conventional LWD resistivity tools, the response is mainly 

contributed by the formation volume around the tool, and cannot directly “look ahead.” 

In 1999, Payton et al. proposed to use a transient electromagnetic method to detect 

boundaries. Unlike traditional resistivity logging tools which use frequency domain 

excitation to generate electromagnetic field, the transient electromagnetic method adopts 

a time domain excitation, which employs pulse signals or other periodical waveforms as a 
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source and measures the returned broadband response. This technique is able to detect 

formation anomalies up to a hundred meters away. Banning et al. (2004) further explored 

the potential of applying this method in detecting formation anomalies ahead of and 

around the drill bit, measuring both direction and distance information. By monitoring the 

temporal change of received voltage, one can separate the responses of different spatial 

areas, and the data in later time stages contain information of remote bed boundaries. 

Theoretically, the transient method is capable of providing information about formation 

anomalies ahead of the bit, but it would require complicated downhole sensors and 

advanced LWD telemetry method to transmit the large volume of data to the surface if 

used to assist geosteering operations. At this point, the transient electromagnetic tool has 

not yet been commercialized.  

In frequency domain, the earliest possible measurement of the formation being 

drilled is provided by the Resistivity-at-the-Bit tool developed by Bonner et al. in 1994. 

The concept of the tool is based on the earlier work by Gianzero et al. (1985), replacing 

the traditional coil antennas of resistivity tools with toroidal transmitters. A low-

frequency axial current is driven through the drill bit, into the formation, and then flows 

back to the collar. When the tool is mounted closely to the bit, this “at-the-bit” 

measurement can be used as a reference for geosteering. Field tests show that this type of 

resistivity measurement is earlier than any other measurements, but the response still lags 

behind the actual drilled spot by several inches. In 2010, Bittar et al. proposed that ahead-

of-the-bit boundaries can be indicated by the relative difference between measurements 

by multi-spacing toroidal transmitters. For coil tools, Zhou et al. discussed the 
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electromagnetic field ahead of the drill bit in 2000, but these investigations were 

restricted to fairly simple and approximate models. 

Although it is not common to directly measure the ahead-of-the-bit formation 

volume with resistivity logging tools, the look-ahead capability can be acquired in an 

indirect way. In highly deviated wells with nearby bed boundaries, if the tool can provide 

deep measurements to detect lateral boundaries, the apparent distance from the bit to the 

boundary can be calculated with a given dip angle, i.e., the “look-around” capability can 

be converted to a “look-ahead” distance. Therefore, the deep-looking capability would 

benefit from the increase of the radial Depth of Investigation (DOI) for LWD tools used 

as a geosteering aid. This can be done by increasing the transmitter-receiver spacing and 

using lower frequencies, as is applied on the deep resistivity tool in Seydoux et al. (2004). 

This tool responds rather early to approaching boundaries, claiming a detection range of 

30 m, but the measurements lack directionality due to the axial symmetry of antennas. To 

provide directional information, an LWD tool with azimuthal sensitivity was developed 

to assist geosteering practice (Li et al., 2005). This tool uses cross-component 

measurements to distinguish between the boundaries approached from above and below 

the tool, and claims to detect boundaries that are 10 – 15 ft away from the borehole. Until 

recently, a new ultra-deep directional tool is developed achieving a detection range of up 

to 30 m (Beer et al., 2010), but the tool physics has not yet been disclosed. 

1.3 Modeling of tool response with numerical simulations 

For early resistivity tools, analytical methods are often used to model the response 

with exact mathematical solutions. In simple formation models with 1-D geometries, the 

analytical methods are rapid and sufficiently accurate. However, with mixed boundary 
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problems, the expressions can become rather complex. In a typical LWD scenario, the 

tool response is not exclusively determined by the nature of transmitter and receiver, but 

can be affected by various factors, such as the tool body, borehole, and bed boundaries. 

With numerical modeling methods, the effects of complex geometries can be taken into 

account, leading to more accurate simulation results. 

In this dissertation, numerical simulations are mainly conducted in COMSOL 

Multiphysics. With defined domains, sources and boundary conditions, Maxwell’s 

equations are solved with the finite element method, efficiently simulating 

electromagnetic wave propagation behavior and field distribution. Figure 1-1 shows an 

example of a 2D-axisymmetric COMSOL model, capturing the magnetic field 

distribution of a toroidal resistivity logging tool in a two-layer formation model. Both 

borehole and drill string are included for accurate computation. 

1.4 Overview of the dissertation 

The objective of this dissertation is to conduct a comprehensive investigation on 

the use of LWD resistivity logging tools in geosteering, especially the application in 

detecting remote bed boundaries. By looking into the electromagnetic field of various 

tool configurations, an independent evaluation is performed on the downhole boundary 

detection capability of different resistivity logging tools and their applicability in various 

drilling environments.  

The remainder of the dissertation is organized as follows:  

In Chapter 2, an overview of downhole electromagnetic excitation methods is 

provided, and the electromagnetic fields generated by different transmitters are 

investigated in homogeneous formations. To explore the potential of using these 
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transmitters to detect formation anomalies proactively, the ahead-of-the-bit field strengths 

are compared among tools. Also, different borehole conductivities are applied to study 

the influence of drilling muds. The simulations in homogeneous formation lay the 

foundation for the following studies in layered media, giving insight into the applications 

of different tools. 

 

Figure 1-1 Numerical simulation with COMSOL Multiphysics: the magnetic field   
distribution of an LWD toroidal resistivity tool in a two-layer formation 

In Chapter 3, tool responses are simulated in two-layer formation models to 

investigate their sensitivities to bed boundaries. First, the responses of tools using coaxial 

antennas are modeled with approaching boundaries that are perpendicular to the tool axis. 

Second, the responses of tools using orthogonal antennas are modeled with bed 

boundaries parallel with the tool axis. It has been proved that the sensitivity to an 

approaching boundary can be improved by using such cross-component measurements.  
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Chapter 4 explores the feasibility of a new LWD tool which can not only make 

deep measurements but also provide directional information. Tool responses are 

calculated for different spacings, frequencies and bed boundaries, in order to evaluate 

their applicability in various geosteering scenarios. In addition, an inversion algorithm 

based on the Gauss-Newton method is developed to invert the distance to the boundary, 

which can be either applied in two-layer or three-layer formations. 

Chapter 5 summarizes the results from the previous chapters, and draws final 

conclusions about the research.     
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Chapter 2 Ahead-of-the-Bit Field Distribution of LWD Tools 

2.1 Electromagnetic transmitters of resistivity logging tools 

2.1.1 Electrode sources 

Early resistivity logs are acquired with small electrodes that are mounted on 

insulators connected to a supporting cable. Direct contact with conductive drilling fluid is 

required so that when a current of constant intensity is emitted into the surrounding 

formation, the potential differences between transmitting and receiving electrodes are 

roughly proportional to the formation resistivity by Ohm’s Law. The apparent resistivity 

Ra measured by the tool is expressed by 

 a

V
R K

I
 ,   (2-1) 

where K is a tool constant determined by the electrode configuration. In thick 

homogeneous beds, such approximations are acceptable for exploration purposes. 

However, for thin beds or non-homogeneous environments, the interpretation can be very 

complicated and inaccurate. Also, the direct contact with water-based mud is not always 

realizable in practice. 

2.1.2 Coil antennas 

 In 1949, a new logging method called induction logging is invented by Henry G. 

Doll to accommodate a wider range of drilling environments (1949). An induction 

logging tool originally consists of two coaxial coil antennas, both mounted on insulating 

mandrels. With an alternating current flowing through the transmitter, magnetic fields are 

induced in the surrounding formations, which in turn generates current loops (called 

“eddy currents”) around the tool axis, as shown in Figure 2-1 (Anderson, 2001). These 
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eddy currents induce a second magnetic field that eventually generates an electromotive 

force (EMF) on the receiving coil, the strength of which is a function of the formation 

conductivity.  

 

Figure 2-1 Basic principles of induction logging 

 According to Doll’s geometrical factor theory, in axisymmetric formations, the 

EMF generated at the receiver coil is generally given by 

    
0

, ,EMF K g z z d dz   
 



   , (2-2) 

where K is a tool constant determined by the area of coils, the number of turns, 

transmitting current intensity, and the distance between transmitter and receiver coils 

(spacing).   and z are the radial and vertical coordinates of the receiver coil.  ,g z  is 
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called a “geometrical factor”, characterizing how much each unit current loop at different 

locations contributes in the overall EMF signal.  , z   is the average conductivity of 

the path each current loop flows through. Detailed formulation of induction logging tools 

can be found in Doll (1949), Moran and Kunz (1962), and Moran (1982). Induction tools 

using coil antennas do not require direct contact with formation, and thus overcome the 

limitation brought by mud type. In addition, the concept of the geometrical factor makes 

the forward modeling process easier and more rapid.  

 Due to the simplicity to implement and model, early tools mainly use coils as 

transmitter and receiver antennas. For wireline induction logging tools, coils are wound 

on a fiberglass mandrel, while LWD antennas are usually mounted directly on the drill 

string. In both cases, the coils are coaxial with the tool. In anisotropic formations, the 

eddy currents generated by axial coils only respond to horizontal resistivity change, and 

have little sensitivity to vertical resistivity, which can sometimes make the identification 

of anisotropic hydrocarbon-bearing zones rather difficult. To better investigate the 

resistivity anisotropy, a multi-component induction logging tool was developed with 

three mutually orthogonal coils as a transmitter set, and a similar receiver configuration 

(Krieghauser et al., 2000; Zhdanov et al., 2001). With such coil arrangements, formation 

resistivities in horizontal and vertical directions can be inverted to sufficiently 

characterize the formation anisotropy. 

2.1.3 Toroidal antennas 

A resistivity logging tool with toroidal antennas was introduced in 1985 by 

Gianzero et al. A toroidal antenna is a winding of loops of conductive wire around a ring 

of material with a high value of magnetic permeability. The concept of using toroidal 
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transmitters and receivers for induction logging was first proposed by J. J. Arps (1967). 

An alternating current flows through the wire to generate an alternating magnetic field 

inside the torus, which in turn induce radial and axial currents in the surrounding 

formations. The induced current can flow along the conductive drill collar, and then form 

a return path in the formations. Using toroidal sensors, ring electrodes or button 

electrodes as receivers, one can derive the formation conductivity from the voltage. A 

physical realization of a toroidal antenna is shown in Figure 2-2, where the contra-

winding of the wires cancel out the azimuthal component of electric current such that the 

z-direction magnetic dipole component can be minimized [Corum and Corum, 1987].  

 

Figure 2-2 A physical realization of a toroidal antenna with contra-wound wires 

The toroidal tool added a new direction to resistivity logging and formation 

evaluation, and has shown its advantages when using conductive mud in highly resistive 

formations. Further adaptions of toroidal tools are made to improve the reliabilitiy and 

accuracy of the resistivity measurements in Bonner et al. (1994) and Bittar and Hu (2004).  

2.2 Modeling of transmitter antennas 

2.2.1 Coil antennas 

To investigate the electromagnetic field generated by a coil antenna, an analytical 

solution can be obtained by solving Maxwell’s equations. The exact formulation for 

modeling the field of a coil transmitter is derived by Moran and Kunz in 1962.  
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Assuming the harmonic time dependence to be j te  , in homogeneous isotropic 

formations, Maxwell’s equations become 

 j E H  and (2-3) 

 s   H J E , (2-4) 

where sJ is the current on the coil.  

 By introducing an auxiliary vector potential A  which satisfies 

 H A  and (2-5) 

 jE A . (2-6) 

Equation (2-4) can be rewritten as 

 s j  A J A . (2-7) 

Using the vector identity   2     A A A , the equation above becomes 

 2 2
sk   A A J , (2-8) 

where 2k j . 

 Given that the source current is only in   direction, the solution of Equation (2-8) 

can be reduced to 

       *
'

1
, ', ' cos ' '

4

jkr

s

v

e
A z J z dv

r    




  , (2-9) 

where *r  represents the distance from the observation point to the source, and  ', 'sJ z   

is the  -component of the source current density on the circle defined by '  and 'z . 

After expansion of the term 
*

jkre

r



, the integration of (2-9) can be approximated by 
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  3
1

4
jkrsM

A jkr e
r



  , (2-10) 

where s T T TM N I A  is the moment of the magnetic dipole source. Here TN  and TA  

represent the number or turns and area of the transmitter coil, respectively, and TI  is the 

on the coil. 

 The electric field becomes 

   2
1

4

jkr
skM e j

E r
r kr

 


   
 

, (2-11) 

or in spherical coordinates, 

   1 sin
4

jkr
skM e j

E r
r kr

 


   
 

. (2-12) 

If a receiver coil of radius a is separated from the transmitter by the axial distance L 

( a L ), the voltage induced on it is 

    3

2
2 , 1

4
jkLT T R R T

R

N A N A I j
V aN E a L jkL e

L



   , (2-13) 

where 2
RA a  is the area of the receiver coil. This is the basic solution that is used in 

most analysis of induction tool response and can also be generalized to multi-spacing coil 

tools. 

2.2.2 Toroidal antennas 

 A toroidal antenna can be modeled as a magnetic current loop. Although magnetic 

current does not exist in the physical world, it can serve as an intermediate variable in 

analytical calculations.  

Similar to the formulations in Section 2.2.1, Maxwell’s equations can be solved to 

find the field of a toroidal transmitter. However, instead of repeating the same process, 
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the duality principle is applied here to simplify the formation. Considering electric and 

magnetic current loops are duals of each other, Equation (2-12) becomes 

   1 sin
4

jkr
sk e j

H r
r kr

  


    
 

 (2-14) 

after the duality substitutions are applied, where s T T T TN I A A    is the moment of the 

toroidal antenna. Here TA  is the cross-sectional area, and TA  is the area which is 

limited by the central line of the toroidal antenna, as illustrated in Figure 2-3. Using a 

similar toroidal receiver, the induced voltage can be expressed by 

 R RV j N H A   , (2-15) 

where RA  is the cross-section area of the toroidal receiver. 

 

Figure 2-3 Toroidal transmitter 

In numerical modeling, a toroidal transmitter can also be modeled as an insulating 

gap, as illustrated in Figure 2-4. The tool is separated into two parts, with an alternating 

voltage source connecting to both sides of an imbedded insulator. Such a gap structure 

has been seen in LWD telemetry, used to transmit data from down-hole equipment to the 

surface.  
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Figure 2-4 Modeling a toroidal transmitter as an insulating gap 

2.3 Ahead-of-the-bit field distribution 

When LWD resistivity tools are used for geosteering purposes, the key function of 

interest is the capability to detect formation anomalies to provide early information for 

the drilling operator. Since most logging tools are designed to actively focus the 

measurement signals laterally into the formation in order to obtain deep radial depth of 

investigation, few discussions address the field generated in front of the drill bit. In this 

section, the field attenuations ahead of the bit are modeled and compared among tools 

with different transmitters. The coil transmitter is modeled as an electric current loop, 

while the toroidal transmitter is modeled in two forms: a magnetic current loop and an 

insulating gap. In all these models, a metal drill collar is included to simulate the field 

more accurately.  

The models are built in a 2D-axisymmetric environment with the Radio Frequency 

and AC/DC modules of COMSOL. Some key modeling parameters are listed in Table 2-

1.  Here the drill collar is modeled as a semi-infinitely long cylinder, with one end taken 

as the drill bit surface. Scattering boundaries are set for the exterior edges of the models 

to eliminate reflections.  
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Table 2-1 Modeling parameters 

Parameter Value 

Tool diameter (inch) 6.75 

Transmitter diameter (coil and toroidal, inch) 7.48 

Transmitter-to-bit distance (m) 0.8 

 

In order to compare the electromagnetic field strength ahead of the drill bit, a 

virtual z-direction observation line is drawn along the tool axis despite the configuration 

of the receiver, and the fields are plotted with respect to the distance between the drill bit 

and the observation point. To further investigate the influence of the drilling mud salinity, 

the simulations are first conducted in homogeneous formations, and then a borehole is 

added into the formation model.  

 

Figure 2-5 Ahead-of-the-bit field of a 2-MHz coil transmitter 
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Figure 2-6 Ahead-of-the-bit field of a coil transmitter in a 1-ohmm formation 

2.3.1 Modeling without a borehole 

Using a parametric sweep of formation conductivity, the ahead-of-the-bit field 

distribution is simulated. Results are shown in Figure 2-5 – Figure 2-9. The horizontal 

axis is the distance between the observation point and the drill bit, with the bit at the 

origin. Formation resistivity ranges from 0.5 ohmm to 20 ohmm.  

For the coil tool, magnetic field zH  is measured along the observation line. Figure 

2-5 shows the z-direction ahead-of-the-bit field of coil tools at 2 MHz with different 

formation resistivities.  Figure 2-6 shows he ahead-of-the-bit field in a 1-ohmm formation 

with frequencies from 10 kHz to 2 MHz. In both figures, the field attenuates 

exponentially from the drill bit. The attenuation rate (dB/m) is an exponential function of 

the wavenumber k j , where σ is the formation conductivity. This means the 

attenuation can be reduced by decreasing the frequency and/or the formation resistivity, 
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but a certain limit exists. The lower k is, the less significant the improvement brought by 

lower ω or σ is. In Figure 2-5, it can be seen that the attenuation rates are almost 

indistinguishable when formation resistivity is higher than 5 ohmm. The same pattern 

occurs to Figure 2-6 when frequency is lower than 100 kHz. 

Figure 2-7 and Figure 2-8 show the results from the toroidal transmitter modeled as 

a magnetic current. Here the real part of the electric field induced in the central line is 

measured. Similar to the field of a coil transmitter, the attenuation rate increases with 

formation conductivity and frequency, except that the field is no longer strictly 

exponential, but decreases faster with respect to the distance from the drill bit. 

Comparing Equations (2-12) and (2-14), one can observe that this is because the 

denominator of the toroidal antenna field becomes r2 instead of r as in the coil antenna 

field. Figure 2-9 shows the real part of the electric field of the insulating-gap model. 

Compared with Figure 2-7, one can see the similarity between results of the magnetic 

current model and the gap model, and thus the equivalence of the two modeling methods.  

 

Figure 2-7 Ahead-of-the-bit field of a 2-MHz toroidal transmitter (magnetic current 
model) 
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Figure 2-8 Ahead-of-the-bit field of a toroidal transmitter in a 1-ohmm formation 
(magnetic current model) 

 

Figure 2-9 Ahead-of-the-bit field of a 2-MHz toroidal transmitter (insulating gap model) 

Figure 2-10 shows a comparison of normalized z-direction field computed from 

different models. Formation resistivity of 20 ohmm is selected to represent the case when 
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the tool is in a hydrocarbon reservoir. In this case, the field generated by a magnetic 

current model is mostly equivalent to a gap transmitter model, except for the near-bit 

range. The coil antenna shows a lower attenuation rate, which means that if given the 

same field strength at the drill bit, the EM fields generated by a coil transmitter can 

penetrate further in the axial direction than a toroidal transmitter at the same frequency. 

 

Figure 2-10 Ahead-of-the-bit field attenuation comparison with no borehole 

To validate the simulation results from numerical simulations, the coil transmitter 

model was compared with analytical solutions, as shown in Figure 2-11. Here the 

analytical algorithm calculates the electromagnetic field with an infinitely-long, perfectly 

conductive mandrel. The coil is situated at z = 0. The figure demonstrates that the 

numerical simulation model matches very well with the analytical solution in 

homogeneous formation. 
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Figure 2-11 Validation of coil antenna field solutions 
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2.3.2 Modeling with a borehole 

In this section, an 8.5-inch borehole is included in the model, filled with two types 

of mud: water-based mud (WBM) of conductivity 10 S/m (resistivity 0.1 ohmm), and oil-

based mud (OBM) of conductivity 0.001 S/m (1000 ohmm). The borehole ends at 1 mm 

ahead of the drill string, which is situated in the center, as shown in Figure 2-12.   

 

Figure 2-12 Formation model with a borehole 

 

Figure 2-13 Ahead-of-the-bit field of a 2-MHz coil transmitter with water-based mud 
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Figure 2-14 Ahead-of-the-bit field of a 2-MHz coil transmitter with oil-based mud 

 

Figure 2-15 Magnitude of inductive current of a coil transmitter in a 20-ohmm formation, 
borehole filled with water-based mud and oil-based mud respectively 

Again, the fields are measured along an axial observation line ahead of the bit. 

Figure 2-13 and Figure 2-14 show the magnetic field of the coil transmitter in a 

conductive borehole and a resistive borehole, respectively. One can see that the fields are 

almost the same. Although the induced current density distribution in Figure 2-15 shows 
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that the presence of a borehole indeed affects the lateral measurements, the fields in front 

of the drill bit are not much altered by mud salinity.  

 

Figure 2-16 Ahead-of-the-bit field of a toroidal transmitter (magnetic current 
model) with water-based mud 

 

Figure 2-17 Ahead-of-the-bit field of a toroidal transmitter (magnetic current 
model) with oil-based mud 
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Figure 2-18 Electric field distribution of a toroidal transmitter with different types of mud 

Figure 2-16 and Figure 2-17 show the electric field of the magnetic current model 

of the toroidal transmitter with a borehole filled with water-based and oil-based mud 

respectively. With a resistive borehole, the ahead-of-the-bit field attenuates noticeably 

faster than that with a conductive borehole. From the electric field distribution in Figure 

2-18 we can see that for water-based mud, the field is pushed into the surrounding 

formation. However, for oil-based mud, the field distributes along the borehole, with 

much energy consumed by the resistive mud. Therefore, when in resistive formations, 

conductive mud is highly beneficial for toroidal tools. 

Figure 2-19 and Figure 2-20 show the same results from the insulating gap model. 

The pattern of the field assembles that from the magnetic current model very much, 

which again confirms the equivalence between the two modeling approaches for a 

toroidal antenna. After normalization, the fields are plotted in Figure 2-21 and Figure 2-

22. In terms of ahead-of-the-bit field attenuation, coils are apparently superior to toroidal 

transmitters, and are little affected by mud salinity. The attenuation rate of toroidal tools 

can be reduced by using conductive drilling mud. 
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Figure 2-19 Ahead-of-the-bit field of a toroidal transmitter (insulating gap model) 
with water-based mud  

 

Figure 2-20 Ahead-of-the-bit field of a toroidal transmitter (insulating gap model) 
with oil-based mud 
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Figure 2-21 Field attenuation comparison in 20-ohmm formation with water-based mud   

 

Figure 2-22 Field attenuation comparison in 20-ohmm formation with oil-based mud   

2.4 Summary 

In this chapter, tool responses are simulated in homogeneous formations to 

compare the axial penetration capability of coil and toroidal antennas. For both coil and 
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toroidal transmitters, ahead-of-the-bit field attenuation can be reduced by lowering the 

operating frequency, although the benefit is less significant when frequency becomes 

lower than a certain limit. It is also found that the axial electric field of toroidal 

transmitters attenuates faster than the axial magnetic field of coil transmitters with respect 

to distance from the bit, which potentially implies a longer detection range for coil tools. 

The existence of borehole has very different impacts on coil tools and toroidal tools. 

The axial field of coil tools is relatively independent of mud salinity, while the field of 

toroidal tools is much affected. With conductive mud, the axial attenuation of a toroidal 

transmitter is significantly reduced.   
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Chapter 3 Response of LWD Tools in Two-Layer Formations 

A major benefit of using deep-looking resistivity logging tools in geosteering is its 

potential capability of detecting surrounding anomalies. After the drill bit enters a highly-

resistive hydrocarbon-bearing zone, the simplest anomalies would be conductive 

boundaries, either right ahead of the bit (e.g., a fault) or around the drill collar (e.g., a 

shaly shoulder bed or oil-water contact), as seen in Figure 3-1. Early information on the 

location of these conductive boundaries will help in real-time well placement and avoid 

unnecessary costs and risks.  

 

Figure 3-1 Bed boundaries in geosteering 

In this chapter, tool responses are modeled in two-layer formations so that the 

boundary detection capabilities of different tools can be investigated. Both transmitters 

and receivers are included in the models, and sensitivity analysis of different tools is 

conducted. Two basic scenarios are taken into account in the simulations. First, a 

boundary is approached in front of the bit, with the tool axis perpendicular to the 
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boundary plane. Coaxial transmitters and receivers are used in this model to see how the 

approaching boundary affects the resistivity measurements. Second, a case where the tool 

axis is parallel with the boundary is investigated with orthogonal antennas to analyze the 

sensitivity of cross-component measurements in boundary detection. 

3.1 Depth of Investigation (DOI) vs. Depth of Detection (DOD) 

The original concept of Depth of Investigation (DOI) was based on the geometrical 

factor theory first proposed by Doll in 1949. For a basic two-coil induction tool in an 

azimuthally symmetric formation, the geometrical factor can be expressed by 

  
3

3/2 3/22 2
2 2

,
2

2 2

L r
g r z

L L
r z r z


               

         

, (3-1) 

where L is the spacing between the transmitter and receiver coils. The voltage induced on 

the receiver coil is given by 

 ( , ) ( , )V K g r z r z drdz  , (3-2) 

which is the same with Equation (2-2). Assuming the formation is homogeneous, the 

radial geometrical factor is defined by 

 ( ) ( , )G r g r z dz




  . (3-3) 

Figure 3-2 shows an example of the geometrical factor of a basic two-coil tool. 

Two spacings are used: 12 m and 17 m. According to Doll, the radial DOI is defined as 

the radius r where the inner cylindrical volume contributes half of the overall tool 

response, i.e., when 

 
0

( ) 0.5
r

G r dr  . (3-4) 
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Figure 3-2 Radial geometrical factor of a two-coil induction tool  

The dashed lines in Figure 3-2 indicate the DOI for each spacing.  

Another method to define the DOI of a tool is based on how the resistivity 

measurement responds to the boundary change of an axisymmetric two-layer formation 

model captured in Figure 3-3. For a tool situated in the center, the eddy currents are 

induced in both layers. Therefore, as the boundary between the 1-ohmm and 10-ohmm 

formations changes, the resistivity measured by the tool ranges from 10 ohmm to 1 

ohmm. The DOI of the tool is thus defined as the radius where a 5-ohmm resistivity is 

indicated.   

 

Figure 3-3 Formation model for resistivity-based DOI calculation  
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These two definitions of DOI characterize the radial detection range of a tool, but it 

only works for z-direction transmitters and receivers, and one DOI is only applicable for 

one operating frequency and one spacing. For tools with cross-component measurements, 

the concept of Depth of Detection (DOD) is introduced to characterize the boundary 

detection capabilities of directional resistivity tools (Rabinovich et al., 2011).  

The specific definition of DOD varies among service providers. For multi-spacing 

and multi-frequency tools with different DOIs, the DOD can be defined based on the 

difference between measurements. For example, in Helgesen et al. (2005), both 

amplitude ratio and phase shift are used to indicate the distance to a boundary, so the 

overall DOD is set as the distance reading where a deep phase shift measurement and a 

shallow amplitude measurement start to differ by less than 20%. Another method of 

defining the DOD is based on the sensitivity of cross-components to surrounding 

boundaries. Theoretically, the cross-components of resistivity measurements should all 

be zeros in a homogeneous medium except when a boundary exists in proximity of the 

tool, and these signals generally increase as the boundary approaches. Therefore, the 

detection range, or DOD can be defined when the cross-component reading is higher than 

a certain level. In Bell et al. (2006), this signal threshold is set to 10 nV, which is the 

typical noise level for downhole instruments. For tools using attenuation ratio and phase 

shift of two measurements, DOD can be defined similarly with certain signal strengths. 

In this chapter, a more general definition of DOD is applied. The detection range is 

defined according to the relative change of apparent resistivity, in which way comparison 

can be performed among tools in spite of the differences in implementations.  
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3.2 Boundary Detection Using Axially Symmetrical Antennas 

In this section, the boundary detection sensitivity of a tool using coaxial antennas 

is studied. The two-layer formation model used for simulations is illustrated in Figure 3-4.  

 

Figure 3-4 Two-layer formation model with a boundary ahead of the bit, perpendicular to 
the tool axis 

The tool is situated in a more resistive layer, with a relatively conductive 

boundary approached ahead of the bit.  Both coil and toroidal transmitters are used in the 

models, and the received signal is converted to apparent resistivity to study the response 

change with different distances between the boundary and the bit. 

3.2.1 Coil transmitter 

First, a single-transmitter, single receiver tool is modeled with coaxial coil antennas. 

According to Equation (2-13), the induced voltage is a function of the azimuthal electric 

field E , and thus directly related to formation conductivity σ. After dividing the voltage 

by a tool factor 
4

T T R R TN A N A I
K


 , we can get the complex signal 
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Here the real part of the signal (R signal) has a leading term of σ, and the imaginary part 

(X signal) is mainly determined by skin effect. Therefore, using a conversion chart like 

Figure 3-5, one can correlate the real part of voltage induced on the receiver coil with 

formation conductivity. Such conversion charts can be acquired by calculating the tool 

response in formations of a wide range of conductivities. 

 

Figure 3-5 Conversion chart for a 20-kHz, 0.5-m spacing tool 

The Multi-turn Coil Domain is used in COMSOL to model the transmitter and 

receiver. Both coils have 10 turns of wire. The transmitter coil is excited by a 1-A current 

source, and the current on the receiver coil is set to 0 A (open circuit). A 6.5-inch steel 

drill collar is included, with the bottom end (drill bit surface) at 0.5 m from the 

transmitter. Here in the two-layer formation model, the layer where the tool is placed in is 

more resistive, and the layer ahead of the bit is more conductive. When the boundary is 

out of the detection range, the tool measures only the resistivity (conductivity) of the 
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local formation. While the boundary approaches, the electromagnetic field induced in 

both layers yields a mixed signal that reflects resistivities of both layers. When this 

apparent resistivity reading differs from the local formation resistivity by a certain level, 

the corresponding distance to bit can be defined as a DOD. 

  Before the computation, tetrahedral meshes are created in all domains except 

inside the drill string. The meshing is finer around the coils and the drill bit surface, as 

well as near the boundary. A typical solution for a cylindrical volume of radius 2 m and 

height 4 m involves about 68000 nodes and 130000 degrees of freedom. Since the 

meshes are geometry-based, a dynamic meshing is called for with the boundary moving 

from point to point. This procedure is done through LiveLink, an interface between 

MATLAB and COMSOL, where the geometry and other properties are completely 

scriptable. In this way, a remeshing process is triggered whenever the boundary position 

changes.  

 To eliminate the meshing noise in numerical computations, the simulation is 

conducted in three steps. First, the induced voltage at the receiver coil, V0, is measured in 

a homogeneous formation of conductivity σ1. This voltage will be the background signal. 

Second, simulation in a two-layer formation is conducted, with the local formation of 

conductivity σ1, and a target layer of conductivity σ2. The receiving voltage V1 can be 

expressed by 

 1 0 B nV V V V   , (3-6) 

where BV  is the signal caused by the boundary, and nV  is the meshing noise. Third, using 

the same meshes of Step two, let 2 1  . In this way, although the formation is 
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homogeneous in terms of conductivity, the meshes are created for a two-layer model, and 

hence the result V2 contains the same meshing noise, i.e.,  

 2 0 nV V V  . (3-7) 

Therefore, the signal caused by the boundary is simply 

 1 2BV V V  . (3-8) 

By taking the difference, the effect of meshing noise is eliminated. The voltage we use to 

convert to conductivity measurement is thus V0 + VB. 

 Figure 3-6 shows how the resistivity measurement of a 20-kHz, 20-inch-spacing 

coil tool responds to the approaching boundary. Here the local formation resistivity ρ1 = 

10 ohmm (σ1 = 0.1 S/m), and the resistivity of the layer ahead is set to be 1 ohmm, 0.5 

ohmm and 0.2 ohmm, respectively. While the conductive boundary moves closer to the 

bit, the resistivity measurement drops from 10 ohmm to a lower value, controlled by the 

formation conductivity ratio 2 1/   . A higher λ naturally leads to an earlier 

noticeable change on the resistivity log, since the overall resistivity reading is a 

combination of both layers. If we define the DOD as the distance to bit where the 

resistivity changes by 5% of the background value (±0.5 ohmm), such a coil tool can 

detect up to 0.33 m in the formation model where 50   (as indicated by the dashed 

lines). For formation models that have lower λ, the resistivity change is not very obvious, 

and may have limited use in geosteering operations.  

 Figure 3-7 shows the impact of operating frequency on the response of a 20-inch-

spacing tool. Formation conductivity contrast λ = 10 is applied. The results show that the 

sensitivity of the tool improves as the frequency increases. With a 5% resistivity change 
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as a threshold, the detection range of the 20-inch, 50-kHz tool can reach about 0.26 m in 

the 10-ohmm formation.      

  

 

Figure 3-6 Response of a 20-kHz, 20-inch-spacing coil tool in a 10-ohmm formation, 
with a conductive boundary approaching ahead of the bit 

 

Figure 3-7 Response of a 20-inch coil tool in a 10-ohmm formation, with a 1-ohmm bed 
boundary approaching ahead of the bit 
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Figure 3-8 Response of a 20-kHz coil tool in a 10-ohmm formation, with a 1-ohmm bed 
boundary approaching ahead of the bit 

Figure 3-8 shows the responses of a 20-kHz coil tool with four different spacings: 

12, 20, 32, and 40 inches. It is demonstrated that longer spacing can improve the 

boundary detection sensitivity, but with a certain limit. At 20 kHz, when the spacing is 

longer than 32 inches, the corresponding improvement on sensitivity becomes negligible. 

Another observation is that the influence of spacing on the tool response is not as much 

as operating frequency. Even with 40-inch spacing, the resistivity measurement cannot 

reach the 5% threshold of detection, and hence does not have the capability to indicate an 

approaching boundary unless the conductivity contrast λ increases.   

To sum it up, a basic induction tool using axial coil antennas has a limited 

sensitivity to boundaries perpendicular to the tool axis. With a given formation 

conductivity contrast, one can increase the ahead-of-the-bit detection range by increasing 

the operating frequency. The tool response does not have much sensitivity to the change 

of transmitter-receiver spacing.    
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3.2.2 Toroidal transmitter 

For a resistivity tool using a toroidal transmitter, several types of receiver can be 

used: toroidal receiver, ring electrode, and button electrode. Figure 3-9 shows the current 

distribution of a toroidal transmitter in a homogeneous medium. Both radial and axial 

currents can be measured and used to calculate the formation resistivity. The axial 

currents can be measured by a single toroidal receiver similar to the transmitter as 

discussed in Section 2.2.2, or by using a pair of toroidal receivers and taking a voltage 

difference (Gianzero el al., 1985). If the transmitter is close to the bit face, the bit can be 

seen as an electrode, conducting the currents into the formation ahead. The effective bit 

electrode length depends on the formation conductivity and the collar resistivity, and can 

be extended by a conductive borehole (Bonner et al., 1994). 

 

Figure 3-9 Current map of a toroidal transmitter 
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The radial currents on the drill collar can be measured by ring electrodes or button 

electrodes. Both types of electrodes are insulated from the drill collar but held at the same 

potential with the collar so that the original current distribution is not disturbed. The 

button electrode has an azimuthal sensitivity, while the ring electrode provides an 

azimuthally average measurement. 

Figure 3-10 shows the configuration of the toroidal tool used in the modeling. A 

toroidal transmitter is modeled as a magnetic current around the drill string, and two 

toroidal receivers are situated above the transmitter, measuring the axial currents flowing 

along the collar. For comparison, a button electrode is also used to measure the radial 

currents flowing out of the drill string. The button electrode is in the middle between the 

two toroidal receivers. The transmitter-receiver spacing L is defined as the distance 

between the button electrode and the transmitter.  

 

Figure 3-10 Configuration of a basic toroidal resistivity tool 
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Figure 3-11 Response of a 10-kHz toroidal tool in a 10-ohmm bed with a 1-ohmm 
boundary ahead of the bit, measured by toroidal receivers 

 

Figure 3-12 Response of a 10-kHz toroidal tool in a 10-ohmm bed with a 1-ohmm 
boundary ahead of the bit, measured by button electrode 

A dynamic meshing approach is used similar to the modeling of coil tools in 

Section 3.2.1. As the conductive boundary moves towards the tool, the azimuthal 
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magnetic field Hφ at the toroidal receivers and the radial current density Jr at the button 

electrode are measured. The apparent resistivity can be transformed either from the 

magnetic field difference of the two receivers, or from the radial current.  

Figure 3-11 and 3-12 show the responses of the tool with four different spacings: 

12, 20, 32, and 40 inches.  The distance between the two toroidal receivers is 8 inches. 

Measurements are acquired at 10 kHz. A two-layer formation model is used, with a local 

bed resistivity 10 ohmm, and a 1-ohmm bed boundary perpendicular to the tool axis, i.e., 

the formation conductivity contrast λ = 10. Here the transmitting power is set as what is 

used in the coil tool model so that the number of turns does not affect the parallel 

comparison. The results show that measurements provided by the toroidal receiver pair 

and the button electrode are very similar. This equivalence can be explained by the 

relationship of the axial and radial currents. If the axial currents at the lower and upper 

toroidal receivers are Iz1 and Iz2, respectively, and the radial current flowing off the drill 

string from the area between the two receivers is Ir, the following equation holds (Bittar 

et al., 2010): 

 1 2r z zI I I  . (3-9) 

 The results also demonstrate that the tool response is not very sensitive to the 

spacing change. For the 10-kHz tool with 40-inch spacing, the look-ahead distance is 

about 0.11 m when the resistivity drops from 10 ohmm to 9.5 ohmm. Note that for 10-

kHz coil tools, the response is much lazier. The 5% resistivity threshold cannot be 

reached even when the bit hits the boundary. From this perspective, the toroidal tool 

gives an earlier response to ahead-of-the-bit boundaries than traditional coil tools.  
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Figure 3-13 Response of a 32-inch toroidal tool in a 10-ohmm bed with a 1-ohmm 
boundary ahead of the bit 

 

Figure 3-14 Response of a 32-inch, 20-kHz toroidal tool in a 10-ohmm bed with 
different boundary conductivities 

Figure 3-13 shows the tool response at three different operating frequencies: 10, 20, 

and 50 kHz. The transmitter-receiver spacing is 32 inches. Due to the equivalence of the 

toroidal receiver and button electrode measurements, here only the button electrode 



46 
 

response, i.e., the radial current resistivity, is plotted. The data show that the sensitivity to 

the boundaries ahead improves as the frequency increases, but does not benefit as much 

as coil tools.  At 50 kHz, the detection range is about 0.18 m. 

Figure 3-14 shows the influence of the formation conductivity contrast on the tool 

response. The local layer resistivity remains at 10 ohmm, while the ahead-of-the-bit 

boundary resistivity is set to 1, 0.5, and 0.2 ohmm. Compared with coil tools, formation 

conductivity contrast barely affects the tool response. For a 20-kHz toroidal tool with 32-

inch spacing, when λ changes from 10 to 50, the detection range only increases from 0.13 

m to 0.17 m.   

 

Figure 3-15 Response of a 20-kHz, 32-inch toroidal tool in a 10-ohmm bed with a 1-
ohmm boundary ahead of the bit 

Figure 3-15 shows the response of a 20-kHz, 32-inch toroidal tool in the same 

two-layer formation model but with a borehole included. The borehole is filled with 

water-based mud (Rm = 0.1 ohmm). As discussed in Chapter 2, the WBM-filled borehole 

is beneficial for the look-ahead capabilities of toroidal tools in homogeneous formations, 
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since the ahead-of-the-bit field attenuation is weaker with the existence of conductive 

mud. However, Figure 3-15 demonstrates that the tool response is not very sensitive to 

borehole conductivity change in terms of boundary detection. Compared with the case 

where no borehole is included, the detection range defined by a 5% resistivity drop 

increases from 0.13 m to 0.17 m with a conductive borehole. 

To sum it up, the look-ahead response of toroidal tools is not very sensitive to the 

adjustment of tool configuration. Once the operating frequency of the transmitter is 

determined, the tool response is relatively steady. The improvement of detection range by 

increasing the transmitter-receiver spacing and formation conductivity contrast is not 

very obvious as what we observe on coil tools. For lower frequencies and lower 

formation conductivity contrasts, the sensitivity of the coil tools is not sufficient to 

identify approaching boundaries, while toroidal tools show an earlier response on 

resistivity logs. For coil tools, the sensitivity to formation conductivity contrast makes it 

possible to predict the bed conductivity before the bit penetrates the layer ahead, given 

that the boundary positions are pre-acquired and adequately accurate. On the other hand, 

if the boundary approached by the bit is unexpected, the distance inverted from toroidal 

tool responses should be more reliable.  

3.3 Boundary detection using orthogonal antennas 

With the advancement of directional drilling technology, many wells are now 

designed with high angles or horizontally. In this way, production can be maximized in 

thin pay zones, making the drilling procedure more economic. For induction tools using 

coaxial antennas, the detection sensitivity of horizontal boundaries is closely related to 

the radial DOI of the tool, and has been well discussed (Meyer, 1998; Rabinovich, 2000). 
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For normal LWD tools, the radial detection range is generally a few feet. In this section, 

the tool response with orthogonal antennas is investigated to explore its horizontal 

boundary detection capabilities. 

 

Figure 3-16 3D model with a z-direction toroidal transmitter and a y-direction coil 
receiver  

First, the response of a tool using an axial toroidal transmitter and a transverse coil 

receiver is studied. A 3D model is built in COMSOL, illustrated in Figure 3-16. The 

transmitter is modeled as a unit-magnitude electric dipole in z-direction. In homogeneous 

media, the generated magnetic field is in φ direction, so the magnetic field measured by 

the y-direction coil Hy is zero. With the existence of a boundary which is parallel with 

XZ-plane, Hy is no longer zero, and hence can be used as an indicator to the boundary 

distance. Here Ey is not selected as a received component because a transverse toroidal 

receiver is difficult to build on the drill collar in practice.  
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Figure 3-17 shows the tool response as the boundary moves toward the tool. The 

local layer is 10 ohmm, and the target layer is 1 ohmm. Two transmitter-receiver spacings 

are used: 20 and 32 inches. Measurements are acquired at 20 kHz. 

 

Figure 3-17 Voltage measured by a 20-kHz tool using a z-direction toroidal transmitter 
and a y-direction coil receiver in a 10/1 formation model with boundary 
parallel with the tool axis  

 

Figure 3-18 Hy distribution on the x = 0 plane, D is the distance to the boundary 

The results show that the received voltage responds to the boundary at a relatively 

early position. With a detection threshold of 2 μV, the detection range for 20 inch is 

about 1.0 m. However, the response is not a monotonic function of the distance to the 
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boundary. As the conductive layer approaches, the voltage first increases, and then drops 

down after a peak value is reached.  

This phenomenon can be observed from the Hy distribution plotted in Figure 3-18, 

where the white arrow represents the direction of magnetic field on the x = 0 plane. When 

the boundary is relatively far from the tool, the Hy field has an elliptical shape, as shown 

in the left figure. However, if the tool is too close to the boundary, the middle part of the 

field becomes narrower, resembling a spindle-torus shape. From Figure 3-17, one can 

also see that the short-spacing signal is stronger and more sensitive to the distance, since 

the propagation attenuation is lower.  

 

 

Figure 3-19 3D model with a z-direction coil transmitter and an x-direction coil receiver 

A second model is illustrated in Figure 3-19. The tool uses an axial coil transmitter, 

which is modeled as a unit-magnitude magnetic dipole, and a transverse coil receiver in 

x-direction. In homogeneous formations, the cross components Hx and Hy should both be 
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zero. However, with a boundary that is parallel with the YZ plane existing in proximity, 

the magnetic field Hx is no longer zero and can be used as an indicator of the boundary-

to-tool distance. 

 

Figure 3-20 Voltage measured by the x-direction coil receiver in a two layer formation 
model  

Figure 3-20 shows the voltage measurement of the x-directed coil as the boundary 

position changes. The same two-layer model is used, and the tool also operates at 20 kHz. 

The results show that the response monotonically increases as the boundary moves 

towards the tool. With the same 2-μV voltage threshold, the detection range is about 0.65 

m, which appears to be shorter than the previous model. However, the monotonicity of 

the response reduces the uncertainty of distance inversion, which is desired in geosteering 

operations. To take advantage of this monotonic feature, one can increase the signal 

strength by increasing the number of coil turns to reach a certain detection threshold. 
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3.4 Summary 

In this chapter, tool responses are investigated in two-layer formations to 

investigate their sensitivity to approaching boundaries.  

First, the look-ahead capability of coil and toroidal tools is investigated in a 

formation model where the boundary is perpendicular to the tool axis. The results have 

shown that with axially symmetrical antennas, the ability of detecting boundaries ahead 

of the bit is very limited. For a 20-kHz coil tool, a detection range of 0.33 m can be 

reached under favorable conditions, while a toroidal tool typically detects up to 0.17 m. It 

is also observed that the coil tool response is easily affected by formation conductivity 

contrast λ. When λ is not high enough, the sensitivity is rather low and cannot indicate 

boundaries ahead. On the other hand, the response of toroidal tools is relatively 

independent of λ. If the conductivity of the approaching boundary is uncertain, the 

toroidal tool response can be relied on to reduce the ambiguity brought by different 

boundary conductivities. 

Second, a 3D model is built to explore the feasibility of detection horizontal 

boundaries with orthogonal antennas. The results have shown that for both coil and 

toroidal transmitters, the voltage received by a transverse coil can be used to indicate an 

approaching horizontal boundary. However, for toroidal transmitters, the response is not 

monotonic, which may cause problems in distance inversion. Therefore, it is more 

beneficial to detect horizontal boundaries with coil tools using orthogonal antennas. 
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Chapter 4 Modeling and Inversion of a Deep-Looking 

Directional Resistivity Tool 

4.1 Background of directional resistivity tools 

Traditional LWD resistivity tools use coaxial transmitters and receivers. A 

generic LWD tool consists of one transmitter coil and two receiver coils, and calculates 

amplitude ratio and phase difference of the induced voltage at the two receivers. 

Commercial tools are usually equipped with array coils in order to take measurements 

with different depth of investigations at the same time, and operate at multiple 

frequencies, too. The operating frequency of LWD tools is usually higher (400 kHz – 2 

MHz) than that of wireline induction tools (10 – 40 kHz), which overcomes the effects 

brought by the metal tool body, making the DOI of LWD tools comparable with 

induction tools (2 – 5 ft).    

With the increasing demands on directional drilling, especially horizontal drilling, 

the contribution that LWD tools can make in well placement and geosteering starts to 

draw more attention.  Due to its electromagnetic nature, LWD resistivity tools can reach 

much further than other LWD tools (e.g., gamma ray, NMR, etc.), and hence become 

critical in making real-time decisions for such applications. In highly-deviated wells 

where the tool is not strictly parallel to the formation boundaries, the capability of 

detecting a boundary around the tool can be leveraged to predict the ahead-of-the-bit 

distance to the boundary. As shown in Figure 4-1, if the look-around distance Dar and the 

relative formation dip α can be obtained, the look-ahead distance Dah can be expressed by 

 
tan

ar
ah tb

D
D D


  ,  (4-1) 
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where Dtb represents the distance from transmitter coil to the drill bit. Since Dar is a 

function of the radial DOI, such pseudo look-ahead capability can be enhanced by 

expanding the DOI of LWD tools. 

  

Figure 4-1 Look-ahead distance converted from look-around distance 

 In 2003, an ultra-deep LWD tool was proposed to facilitate reservoir navigation 

applications (Seydoux et al., 2003). Operating at lower frequencies (2, 10, and 100 kHz), 

the radial response of the tool is much larger than traditional LWD tools. The transmitters 

and receivers are manufactured on separate subs, so that they can be placed anywhere on 

the drill string. In a case where two transmitter and one receiver subs are used, and the 

distances between the transmitters and the receiver are around 21 m and 11 m, 

respectively, a detection range of tens of meters is reported in field tests. 

 However, a major disadvantage of this type of tools is that it lacks azimuthal 

directionality. Due to the axial symmetry of the tool configuration, the resistivity 

measurement taken by coaxial antennas is an average value reflecting the properties of 

the bulk formation volume around the borehole. Any anomalies that are in the way of the 

eddy currents induced in the formation will affect the tool response, in spite of the 

azimuthal direction in which they are located.  
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Figure 4-2 Response of a 36-inch, 400-kHz propagation tool when crossing a 10/1 
formation with boundary approaching from above (α = 60⁰) 
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Figure 4-3 Response of a 36-inch, 400-kHz propagation tool when crossing a 10/1 
formation with boundary approaching from below (α = 60⁰)  

As shown in Figure 4-2 and Figure 4-3, a 36-inch, 400-kHz propagation tool 

approaches the boundary with the same relative dip angle α = 60⁰, while the azimuthal 

positions of the boundary are 180⁰ different. The tool responses are exactly the same. 

This axisymmetric feature might be acceptable in formation evaluation, but can be 

problematic in geosteering applications. In order to make steering decisions (to drill 
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upward or downward) with this type of tools, some related geological knowledge must be 

obtained beforehand (e.g., the existence of oil-water contact below the hydrocarbon 

reservoir).  

4.2 Physics of the directional resistivity tool 

Inspired by wireline tri-axial induction tools, multi-component measurements are 

also integrated by LWD tools. With transverse or tilted coil antennas as receivers, an 

azimuthal sensitivity can be obtained, which is beneficial for geosteering applications (Li 

et al., 2005). 

 

Figure 4-4 Azimuthal sensitivity of Hzx for a 36-inch, 400-kHz tool with a horizontal 
boundary. λ = 10  

The azimuthal sensitivity of a 36-inch, 400-kHz tool with an axial coil transmitter 

and a transverse coil receiver is illustrated in Figure 4-4. The tool response is denoted as 

the cross component Hzx, with the subscript z representing the z-direction transmitter, and 
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x the transverse receiver. In a homogeneous formation, there is no x-direction magnetic 

field. With the existence of a boundary nearby, Hzx measures a non-zero value, which can 

be used as an indicator of boundary detection.  

 

Figure 4-5 Boundary above (a) and below (b) the transverse coil receiver 

To simulate the tool response in Figure 4-4, the tool is placed in a resistive 

formation bed of 10 ohmm, parallel with a conductive bed of 1 ohmm. The distance 

between the tool and the boundary remains constant. While the tool rotates with the 

transverse receiver pointing to different angles, both the real part (blue line) and the 

imaginary part (red line) of Hzx varies as a function of cos , where φ represents the 

azimuth angle. This means in the two scenarios illustrated by Figure 4-5, where the 

boundary locates at a certain distance above and below the horizontal tool, the tool 

responses will show different signs. This nice feature is obviously beneficial for steering 
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purposes. With adequate detection range, real-time drilling decisions can be made based 

on these measurements. 

LWD tools with tilted coil antennas have similar benefits as transverse antennas do. 

A tilted coil points neither along the tool axis nor sideways, but is mounted with a certain 

angle (typically 45°). The implementation of transverse and tilted coils can both be 

realized with slots on the tool, and covered by specialized shields, as shown in Figure 4-6 

(Omeragic et al., 2005). While the drilling string rotates, azimuthal measurements can be 

acquired by the receivers. 

 

Figure 4-6 Tilted coil and transverse coil shielded with slots 

 

Figure 4-7 Directional measurements with tilted antennas 

 The directional measurements taken by tilted coil receivers actually result from 

the sign change of the cross component Hzx, as discussed above. The only difference is 
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that Hzz is also involved here. As shown in Figure 4-7, the magnetic field received at the 

tilted antenna can be seen as a synthesis of both Hzx and Hzz, and can be expressed by 

 sin cosup zx zzH H H    (4-2) 

and 

 sin cosdown zx zzH H H    , (4-3) 

where φ is the angle between the receiver coil axis and the tool axis. 

Therefore, the directional measurements (amplitude ratio and phase shift) can be 

calculated from 

 
cos sin 2 sin
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. (4-4) 

The directional resistivity tools provided by service companies proved to be useful 

in many field tests. However, with the normal LWD frequency and tool spacing, these 

tools can only detect up to 21 feet. Deeper detection range cannot be reached with such 

tool configuration. 

Since 2010, a new deep-looking tool was developed and reported to have the 

capability of detecting up to 30-m boundaries (Beer et al., 2010). It has the azimuthal 

sensitivity as the directional resistivity tools do, but the detailed physics has not been 

disclosed yet. 

4.3 Forward modeling of a deep-looking tool with tilted antennas 

For induction tools, it is well known that DOI is a function of spacing and the skin 

depth. This rule applies to LWD directional resistivity tools as well. To reach a further 

boundary, a lower frequency and a longer distance between transmitters and receivers 

must be adopted. Based on the principles of the directional resistivity tool, the responses 
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are simulated for lower frequencies and with longer spacings, and it proved to be 

effective in detecting further boundaries. 

The forward modeling of the tool is based on a computer code named 

TRITI2011_series (Yuan et al., 2009). It analytically calculates the response of tri-axial 

induction tools in 1-D multi-layered formations. Using Equation (4-2), (4-3), and (4-4), 

we can simulate the response of a tilted coil receiver and obtain the directional 

measurements. 

 

Figure 4-8 A three-layer formation model used to simulate the tool response 

First, the influence of spacing and frequency is investigated using a horizontal tool 

with a tilted coil antenna. As illustrated in Figure 4-8, a three-layer formation model was 

used, with the middle layer having a resistivity of 10 ohmm, and the conductive shoulder 

beds are 1 ohmm and 2 ohmm, respectively.   

The results are shown in Figure 4-9 – Figure 4-11. The resistive middle layer is 200 

ft thick. The tool starts from 100 ft above the 1 ohmm boundary, and ends at 100 ft below 

the 2 ohmm boundary, remaining parallel with the boundaries at all times. Four different 

spacings are used: 5 m, 10 m, 20 m, and 30 m. The operating frequencies are 5 kHz, 2 

kHz, and 1 kHz. 
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Figure 4-9 Deep-looking responses of a 5-kHz frequency tool when crossing a 200-ft bed. 
Resistivity from left to right: 1 ohmm, 10 ohmm, 2 ohmm 

Both attenuation ratio and phase shift measurements can be used to detect 

approaching boundaries. Once the tool reaches the resistive zone, the signs of the 

responses can generally indicate whether the boundary is approaching from above or 

below. With a certain threshold (e.g., 0.05 dB for attenuation ratio, 0.15° for phase shift), 

one can define a maximum detection range for the tool.  

The responses are functions of spacing, frequency and formation conductivity 

contrast. Long-spacing measurements usually show a larger detection range. For 2-kHz 

frequency and 20-m spacing, the tool can detect boundaries that are around 100 ft away 
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(as in Figure 4-10). However, in thinner layers, such responses may be affected by both 

shoulder beds and make difficulties for interpretation. In that case, shorter-spacing 

measurements would be more reliable. In practice, multi-spacing measurements are 

recommended to adapt to different formation thicknesses.  

 

 

Figure 4-10 Deep-looking responses of a 2-kHz frequency tool when crossing a 200-ft 
bed. Resistivity from left to right: 1 ohmm, 10 ohmm, 2 ohmm 
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Figure 4-11 Deep-looking responses of a 1-kHz frequency tool when crossing a 200-ft 
bed. Resistivity from left to right: 1 ohmm, 10 ohmm, 2 ohmm 

Although lower frequencies seemingly expand the detection range, the signal 

amplitude of the responses decreases accordingly, especially for attenuation ratio. This 

feature calls for a trade-off in practical tool configuration. 

Figure 4-12 and Figure 4-13 plot the responses of the same spacing, but with 

different operation frequencies. While the tool is within the resistive layer, the 
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monotonicity of the signal depends on the product of wave number k and spacing L, 

where k can be written as  

   1
1k j


  . (4-5) 

Here δ is the skin depth that can be expressed by 

 
2


 . (4-6) 

 

 

Figure 4-12 Deep-looking responses of a 20-m tool when crossing a 200-ft bed. 
Resistivity from left to right: 1 ohmm, 10 ohmm, 2 ohmm 
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Figure 4-13 Deep-looking responses of a 30-m tool when crossing a 200-ft bed. 
Resistivity from left to right: 1 ohmm, 10 ohmm, 2 ohmm 

If L is too long, or either of frequency and conductivity is too high, the tool 

response loses its monotonicity and becomes complicated to interpret. Therefore, 

frequency and spacing should be carefully selected in practical tool design.  

Figure 4-14 plots the tool responses at the 1 ohmm boundary. As the spacing goes 

up, the amplitude of the high frequency responses are more easily affected by the 

decreasing skin depth (especially for the phase shift measurements), while the lower 

frequency responses remain monotonically increasing. 
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Figure 4-14 The monotonicity of the tool responses at the 1-ohmm boundary 

Figure 4-15 – Figure 4-17 further illustrate the influence of bed thickness. The 

middle layer starts from 100 ft, and ends at 200 ft, 150 ft, and 120 ft. The results show 

that if the bed is much shorter than the detection range of a particular tool configuration, 

the tool response is affected by both shoulder beds, and the sign of the signal may not be 
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a reliable indicator of boundary location. An accurate interpretation will rely on a full 

inversion for boundary distance. 

 

 

Figure 4-15 Deep-looking responses for 2-kHz frequency when crossing a 100-ft bed. 
Resistivity from left to right: 1 ohmm, 10 ohmm, 2 ohmm 

4.4 Distance inversion based on the Gauss-Newton algorithm 

4.4.1 Gauss-Newton algorithm 

To determine the boundary distances from the responses of the deep-looking tool, 

an inversion algorithm is developed based on the Gauss-Newton method. Gauss-Newton 
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algorithm is a method to find a minimum of a function, which is usually the difference 

function between real measurements and analytical results calculated from models, by 

computing first order derivatives.  

 

 

Figure 4-16 Deep-looking responses for 2-kHz frequency when crossing a 50-ft bed. 
Resistivity from left to right: 1 ohmm, 10 ohmm, 2 ohmm 

The Gauss-Newton method iteratively searches for a minimum of the sum of the 

squares 

    2
m

i
i

rS β β , (4-7) 
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where  

    i i ir y f β β  (4-8) 

is the residue function, and 

  1 2, ,..., n  β  (4-9) 

is the desired variable vector. To obtain a converged solution, m must be larger or equal 

to n. 

 

 

Figure 4-17 Deep-looking responses for 2-kHz frequency when crossing a 20-ft bed. 
Resistivity from left to right: 1 ohmm, 10 ohmm, 2 ohmm 
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With an initial guess  0β , the iteration process can be expressed by 

       11k k T    f f fβ β J J J r , (4-10) 

where 

 

  k
i i

i

f 






fJ  (4-11) 

is the Jacobian matrix of the function f . 

 

 

4.4.2 Inversion in two-layer formations 

First, a two-layer formation model is used, where the conductivities of both layers 

are assumed to be known, and only the distance to the boundary is inverted. The tool 

remains parallel to the boundary.  

The residual function here can be expressed by 
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where  Attf d  and  PSf d  are the attenuation ratio and the phase shift responses 

calculated from the forward model, and Atty and PSy are the actual measurements. The 

Jacobian matrix here is represented by 
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where  
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and 
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 The inversion algorithm was tested for the four scenarios depicted in Figure 4-18. 

The same conductivity difference λ = 10 was applied in all four cases, with the resistive 

layer representing a hydrocarbon reservoir, the conductive layer a shale bed above or the 

OWC below. Figure 4-18(a) and Figure 4-18(b) capture two typical cases for reservoir 

navigation in a thick bed, while Figure 4-18(c) and Figure 4-18(d) could happen if the 

original resistive target was missed, for which the tool response is also worth 

investigating. 

 

Figure 4-18 Two-layer models used for inversion 

The inversion results for a horizontal tool with 5-kHz frequency and 20-m spacing 

are listed below. The initial guess for boundary distance was 10 ft in most cases except 
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for those with a different d(0) mentioned under “remarks.” The increment is set as 

410  , and the iteration ceases when    1 0.5k kd d   ft. 

Table 4-1 Two-layer inversion results for 5-kHz frequency, 20-m spacing, tool in 
resistive layer (conductive boundary above) 

Distance (ft) Number of Iterations Inverted Distance (ft) Remarks 

5 3 4.9998 d(0) = 2 

15 3 15.0015 

30 5 30.0000 

50 6 49.9993 

75 5 75.0008 

85 6 85.0026 

100 7 99.9989 

 

Table 4-2 Two-layer inversion results for 5-kHz frequency, 20-m spacing, tool in 
resistive layer (conductive boundary below) 

Distance (ft) 
Number of 

Iterations 
Inverted Distance (ft) Remarks 

5  6  4.9791   

15  3  14.9994   

30  5  30.0013   

50  4  49.9985   

75  6  74.9993   

85  7  85.0090   

100  9  100.0005   

 

Table 4-1 and Table 4-2 show the inversion results when the tool is in the 10-ohmm 

layer. In most of its detection range, the inversion algorithm works very well, with the 

relative error below 1%. However, with the tool very close from the boundary, a change 
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of initial guess is needed to obtain the desired results. This is because the Gauss-Newton 

method stops searching whenever a stationary point of S is met, which could be the result 

from a local extremum. 

When the tool is close to the boundaries, inversion results can be affected by the 

multi-valued attribute of the tool responses as discussed in previous sections, and 

converge to a different distance, which may lead to similar responses. On the other hand, 

if the tool is too far away from the boundary that the signal is rather weak, the iteration 

becomes slow and may lead to unreliable results as well.  

Table 4-3 and Table 4-4 show the inversion results when the tool is in the 1-

ohmm layer. Compared with the two cases above, the multi-valued problem appeared at a 

closer distance, where the initial guess of distance had to be changed to find the expected 

solution. Due to the high conductivity, the skin depth is relatively short in the 1-ohmm 

formation. When the distance is beyond 75 ft from the boundary, the responses are rather 

weak, which makes the single-valued solution more difficult to obtain. 

Table 4-3 Two-layer inversion results for 5-kHz frequency, 20-m spacing, tool in 
conductive layer (resistive boundary below) 

Distance (ft) Number of Iterations Inverted Distance (ft) Remarks 

5  4  4.9780   

15  3  14.9999   

30  5  29.9996   

50  3  50.0115   

75  4  74.9842  d(0) = 50  

85  8  84.9995  d(0) = 50 

100  10  90.4007  d(0) = 50 
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In practice, the initial guess of the distance could be adjusted with reference to 

other available information, such as geological maps, depth measurements and other 

types of logs. Another solution is to integrate multi-spacing, multi-frequency responses 

into the inversion process. In that way, the ambiguity caused by possible multi-valued 

problems could be removed.  

Table 4-4 Two-layer inversion results for 5-kHz frequency, 20-m spacing, tool in 
conductive layer (resistive boundary above) 

Distance (ft) 
Number of 

Iterations 
Inverted Distance (ft) Remarks 

5  4  4.9894   

15  3  15.0002   

30  3  29.9999  d(0)=20  

50  3  50.0103   

75  5  74.9871   

85  8  84.9849   

100  3  100.0013  d(0)=90  

 

To validate this statement, the inversion algorithm is modified with four log inputs, 

so the residual vector can be expressed by 
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1 12
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y f dr

y f dr

r y f d

r y f d

                     

r ,                                       (4-16) 

where  1Attf d and  1PSf d  represent the tool responses of the first frequency or spacing, 

and  2Attf d  and  2PSf d  the second. Combining responses of 20-m and 30-m spacings, 

we repeated the experiments in Figure 4-18(a) and Figure 4-18(d), where the multi-
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valued problems appeared for near-boundary inversions. Results are shown in Table 4-5 

and Table 4-6, in which the initial guess was all set as 10 ft. Compared with Table 4-1 

and Table 4-4, one can see that the multi-valued problem has been solved with little 

sacrifice on accuracy. 

Table 4-5 Two-layer inversion results for 5-kHz frequency, 20-m and 30-m spacings 
combined, tool in resistive layer (conductive boundary above) 

Distance (ft) 
Number of 

Iterations 
Inverted Distance (ft) 

5  3  5.0001  

15  3  14.9991  

30  3  30.0009  

 

Table 4-6 Two-layer inversion results for 5-kHz frequency, 20-m and 30-m spacings 
combined, tool in conductive layer (resistive boundary above) 

Distance (ft) 
Number of 

Iterations 
Inverted Distance (ft) 

5  3  4.9986  

15  2  14.9989  

30  5  29.9987  

 

4.4.3 Inversion in three-layer formations 

 In this section, an inversion algorithm is developed for a three-layer formation 

model shown in Figure 4-19. Assuming the tool is parallel to the boundaries, and all three 

bed resistivities are known, the Gauss-Newton method can be used to invert the distances 

to the two shoulder bed boundaries at the same time. 
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Figure 4-19 Three-layer model used for inversion 

 Since there are two variables, d1 and d2, we have 

  1 2,d dβ  (4-17) 

and 
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The Jacobian matrix becomes 

 1 2

1 2

Att Att

PS PS

f f

d d

f f

d d

  
   
  
   

fJ , (4-19) 
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The inversion results for a horizontal tool with 2-kHz frequency and 20-m spacing 

are listed in Table 4-7. The initial guess for both d1 and d2 was 10 ft except for those 

mentioned under “remarks.” The increment is set as 410  , and the iteration ceases 

when    1
1 1 0.5k kd d    ft, and    1

2 2 0.5k kd d    ft.  

Table 4-7 Three-layer inversion results for 2-kHz frequency, 20-m spacing, tool in 
middle resistive layer 

Distance to 

Upper 

boundary 

(ft) 

Distance to 

Lower 

boundary 

(ft) 

Number 

of 

Iteration

Inverted 

Distance to 

Upper 

boundary  (ft)

Inverted 

Distance to 

Lower 

boundary  

(ft) 

Remarks 

8 12 3 8.0001 11.9967 
 

10 40 5 10.0028 40.0159 d1
(0) = 5, d2

(0) = 10 

20 30 4 19.9863 29.9481 
 

20 80 5 20.0003 79.9837 d1
(0) = 10, d2

(0) = 50

40 60 5 40.0110 60.0713 d1
(0) = 30, d2

(0) = 70

80 20 3 79.9664 19.9964 
 

 

The results show that the inversion algorithm is greatly affected by the multi-

valued attribute of the tool responses, and are sensitive to the initial guess of d1 and d2. 

To solve this problem, one can again combine multi-frequency and multi-spacing 

responses as input variables, as discussed in the last section. Alternatively, it can be done 

by using the bed thickness of the middle layer, which could usually be acquired from 

geological maps, as a constraint, to help eliminate the non-uniqueness of inversion. 
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Table 4-8 Three-layer inversion results for 2-kHz frequency, 20-m spacing, tool in 
middle resistive layer, with known bed thickness 

Distance to 

Upper 

boundary (ft) 

Distance to 

Lower 

boundary (ft) 

Number of 

Iteration 

Inverted Distance 

to Upper boundary  

(ft) 

Inverted Distance 

to Lower 

boundary  (ft) 

8  12  2  8.0009  11.9991  

10  40  1  10.0007  39.9993  

20  30  3  20.0001  29.9999  

20  80  2  20.0001  79.9999  

40  60  4  39.9996  60.0004  

80  20  4  80.0046  19.9954  

  

Table 4-9 Three-layer inversion results for 2-kHz frequency, 20-m spacing, 60° dip 
angle, tool in middle resistive layer, with known bed thickness 

Distance to 

Upper 

boundary (ft) 

Distance to 

Lower 

boundary (ft) 

Number of 

Iteration 

Inverted Distance 

to Upper boundary  

(ft) 

Inverted Distance 

to Lower 

boundary  (ft) 

10  40  1  9.9993  40.0007  

20  30  3  20.0025  29.9975  

20  80  2  19.9999  80.0001  

40  60  4  40.0015  59.9985  

80  20  4  79.9989  20.0011  

 

With known bed thickness of the middle layer, similar experiments to those in 

Table 4-7 are performed, and the results are listed in Table 4-8. Inversion at all points 
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used the same initial guess for d1 and d2 (10 ft). Compared with Table 4-7, we can see 

that not only the non-uniqueness problem is solved, but the iteration process converges 

faster in most cases.  

Note that the inversion algorithm developed here not only applies to horizontal 

wells, but can also be generalized to other dip angles. Table 4-9 shows an example where 

the tool is not parallel to the boundaries, but has a 60° angle. The inversion results are 

equivalently accurate and reliable.  
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Chapter 5 Conclusions 

 LWD resistivity tools play an important role in geosteering practice. With real-

time information about the formation anomalies in front of or around the bit, the operator 

is able to make better-informed decisions, making the drilling process more efficient and 

economic. In this dissertation, a study is conducted on the boundary detection capabilities 

of LWD tools with different configurations. By modeling the tool responses with 

numerical simulations, a better insight is developed on the applicability of LWD tools in 

various drilling environments. 

The major contributions of this dissertation are as follows: 

1. A comprehensive summary is presented for the first time on the boundary-

detection capability of LWD resistivity tools used as a geosteering aid. Tool 

responses are simulated with combinations of coil antennas, toroidal antennas, 

and electrodes. Different transmitter-receiver arrangements are also investigated, 

involving antennas that are axially symmetrical, orthogonal, and tilted.  

2. A study is conducted on the ahead-of-the-bit electromagnetic field distribution 

of resistivity logging tools using axially symmetrical antennas in homogeneous 

formations.  

3. A study is conducted on the look-ahead capability of resistivity logging tools 

coils using axially symmetrical antennas in two-layer formations where the 

boundary is perpendicular to the tool axis. 

4. An investigation is performed on the feasibility of using cross-component 

measurements of coil and toroidal tools to detect horizontal boundaries. 
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5. A deep-looking method is proposed for LWD resistivity tools with ultra-long 

spacing and multi-direction measurements. This technique can achieve a deep 

detection range as well as provide azimuthal sensitivity in high angle and 

horizontal wells.  

6. An inversion algorithm is developed to recover the distance to boundaries from 

the tool responses of the proposed deep-looking tool. The inversion is 

applicable for both two-layer and three-layer formations. 

The major findings of this dissertation include: 

1. In homogenous formation, coil antennas generally have a lower axial 

attenuation rate with respect to the distance ahead of the bit than toroidal 

antennas operating at the same frequencies. The attenuation of toroidal tools 

can be reduced significantly by using conductive drilling fluid. 

2. In favorable conditions, a 20-kHz coil tool can detect a conductive boundary 

0.33 m ahead of the bit. The detection range of toroidal tools is shorter on 

average, typically about 0.17 m. However, the boundary detection capability of 

coil tools highly depends on formation conductivity contrast, which affects 

toroidal tools less. If the formation conductivity contrast is too low, the 

response of a coil tool may not be sensitive enough to indicate an approaching 

boundary, while toroidal tools can still provide look-ahead responses.  

3. Cross-component measurements can be used for boundary detection with both 

coil and toroidal antennas, but the response of coil tools is seen as a better 

indicator of boundary distance due to its monotonicity.  
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4. Deep-looking capability can be acquired by applying ultra-long spacings and 

low frequencies to the directional resistivity tool using transverse or tilted 

receivers. For a 20-m, 2-kHz tool, boundaries that are approximately 100 ft 

away can be detected.  

5. For the developed inversion algorithm based on the Gauss-Newton method, the 

inversion uncertainty brought by the multi-valued tool response can be 

suppressed by using multiple measurements as inputs. 

This work provides a new perspective for the research of resistivity logging tools. 

With the rapid advancement of modern drilling technology, LWD tools are expected to 

not only perform efficient measurements, but also facilitate the drilling operations by 

predicting formation anomalies in advance. Based on the simulations, one can conclude 

that horizontal bed boundaries can be best detected and located by ultra-long, low-

frequency tools using multi-directional measurements, while the look-ahead capability of 

resistivity tools is rather limited with current frequency-domain excitation methods. To 

further expand the detection range ahead of the bit, new downhole electromagnetic 

excitation methods need to be developed for the next-generation LWD resistivity tools.     
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