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ABSTRACT 

 

For most electromagnetic (EM) geophysical systems, the contamination of primary fields 

on secondary fields ultimately limits the capability of the controlled-source EM methods. Null 

coupling techniques were proposed to solve this problem. However, the small orientation errors in 

the null coupling systems greatly restrict the applications of these systems. Another problem 

encountered by most EM systems is the surface interference and geologic noise, which sometimes 

make the geophysical survey impossible to carry out. In order to solve these problems, the 

alternating target antenna coupling (ATAC) method was introduced, which greatly removed the 

influence of the primary field and reduced the surface interference.  But this system has limitations 

on the maximum transmitter moment that can be used. The differential target antenna coupling 

(DTAC) method was proposed to allow much larger transmitter moments and at the same time 

maintain the advantages of the ATAC method.  

In this dissertation, first, the theoretical DTAC calculations were derived mathematically 

using Born and Wolf’s complex magnetic vector. 1D layered and 2D blocked earth models were 

used to demonstrate that the DTAC method has no responses for 1D and 2D structures. Analytical 

studies of the plate model influenced by conductive and resistive backgrounds were presented to 

explain the physical phenomenology behind the DTAC method, which is the magnetic fields of 

the subsurface targets are required to be frequency dependent. Then, the advantages of the DTAC 

method, e.g., high-resolution, reducing the geologic noise and insensitive to surface interference, 

were analyzed using surface and subsurface numerical examples in the EMGIMA software. Next, 

the theoretical advantages, such as high resolution and insensitive to surface interference, were 
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verified by designing and developing a low-power (moment of 50 Am2) vertical-array DTAC 

system and testing it on controlled targets and scaled target coils. At last, a high-power (moment 

of about 6800 Am2) vertical-array DTAC system was designed, developed and tested on controlled 

buried targets and surface interference to illustrate that the DTAC system was insensitive to surface 

interference even with a high-power transmitter and having higher resolution by using the large-

moment transmitter.  

From the theoretical and practical analysis and tests, several characteristics of the DTAC 

method were found: (1) The DTAC method can null out the effect of 1D layered and 2D structures, 

because magnetic fields are orientation independent which lead to no difference among the null 

vector directions. This characteristic allows for the measurements of smaller subsurface targets; 

(2) The DTAC method is insensitive to the orientation errors. It is a robust EM null coupling 

method. Even large orientation errors do not affect the measured target responses, when a reference 

frequency and one or more data frequencies are used; (3) The vertical-array DTAC method is 

effective in reducing the geologic noise and insensitive to the surface interference, e.g., fences, 

vehicles, power line and buildings; (4) The DTAC method is a high-resolution EM sounding 

method. It can distinguish the depth and orientation of subsurface targets; (5) The vertical-array 

DTAC method can be adapted to a variety of rapidly moving survey applications.  The transmitter 

moment can be scaled for effective study of near-surface targets (civil engineering, water resource, 

and environmental restoration) as well as deep targets (mining and other natural-resource 

exploration).  

 

 

 

 



 

19 

 

 

CHAPTER 1  INTRODUCTION 

 

1.1 Electromagnetic Method 

Electromagnetic (EM) methods have been utilized in geophysical surveys over 100 years. 

They have been playing an important role in the development of modern society. These methods 

measure the EM fields from the subsurface targets and invert the received data so as to infer the 

structure, depth, strike and other geological information of the targets. This information helps us 

find the resources that meet our demands and also help us locate subsurface problems, e.g., geo 

hazards and water contamination. Essentially, the physical basis of these methods is the difference 

of electrical conductivity and dielectric permittivity among subsurface structures. As shown in 

Figure 1.1, there are conductivity contrasts among common rocks and minerals. When a time-

varying EM field is generated on, above or below the surface of the earth, currents will flow in 

these subsurface rocks in accordance with the laws of EM induction. These currents give rise to 

secondary EM fields which are then picked up. The currents in different rocks and minerals are 

different which provides the theoretical background for distinguishing them. In addition, electrical 

conductivity and dielectric permittivity are representative of the subsurface media. Accurate 

information on the subsurface distribution of these parameters, which are related to local 

geochemistry and geology, is useful. Therefore, EM methods are widely used for detecting, 

mapping, monitoring and studying the characteristics of various types of subsurface objects and 

structures in general geological problems; waste-site characterization; plume delineation; 

hydrogeology; mining exploration; geotechnical investigations; geothermal and crustal studies; 
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archaeology; and location and identification of subsurface utilities, unexploded ordnance (UXO), 

and many others (McCracken et al., 1986a; Pellerin, 2002; Auken et al., 2006; Hoekstra, 2007; 

Zhdanov, 2010). It is important to emphasize that the areas of practical application of EM methods 

are diversified, and could be conducted on the earth’s surface, in the air, in the sea and within 

boreholes.  

 

Figure 1.1 Conductivity/resistivity of the common rocks and minerals (Amine and Hodges, 2010). 

If a time-varying EM field is excited on the earth’s surface, in the air, in the sea or within 

boreholes, eddy currents will flow in subsurface conductors in accordance with the law of EM 

induction, as sketched in Figure 1.2. These eddy currents will give rise to secondary EM fields 

which will modify the total field observed on the surface, in the air, in the sea or within boreholes. 

In general, the observed EM fields, which may be picked up using a suitable search coil, will differ 

from the primary field in magnitude, phase and direction (Parasnis, 1979). These differences could 
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be used to reveal the presence of the conductors. The primary field could be generated by natural 

source or manmade source. The geometry between transmitter (TX) and receiver (RX) varies 

dramatically among different EM methods. Various geometries of TX and RX coils are used for 

different purposes: some provides rapid reconnaissance for shallow targets, and other provide more 

sensitivity and resolution for the location of target at depth. Furthermore, the measurements can 

be taken with TX signal on or with TX signal off.  

 

Figure 1.2 Principle of the electromagnetic method (Lange and Seidel, 2007).  

EM exploration systems fall into three distinct classes, (1) frequency domain, (2) impulse 

responses, and (3) step responses (McCracken, et al., 1986a). The examples of their TX waveforms 

are illustrated in Figure 1.3. For frequency-domain EM (FEM) methods, the observed data have 

the identical frequency, f, as transmitting field. For time-domain EM (TEM) methods, the received 

transient data contain many frequencies. However, either in frequency domain or time domain, the 
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behavior of EM fields is always governed by Maxwell’s equations. In frequency domain, the EM 

performance spans the EM spectrum from hundreds of MHz to low frequencies approximately 

direct current (DC). In time domain, more frequencies data could be extracted from on-time 

measurements with transmitter signal on or off-time measurements with transmitter signal off. 

Traditionally all EM methods are divided into high-frequency, quasi-stationary, and stationary 

groups (Zhdanov and Keller, 1994).  As shown in Figure 1.4, a high-frequency field (e.g., Georadar 

or Ground Penetrating Radar) is wave-like and a quasi-stationary field is diffusion-like (e.g., 

Magnetotellurics). Stationary fields could also be included in Figure 1.4 and can be classified as 

special cases of an EM field at zero frequency. At low frequencies, DC resistivity and loop-loop 

induction measurements with small spacing have served adequately to map the near-surface 

resistivity variations since electrical conduction dominates in this low frequency band. However, 

the DC resistivity and induction methods suffer from lack of resolution and insensitivity to medium 

permittivity, which is primarily dependent on water content (Tseng, et al., 2003).  On contrast, the 

high-frequency Georadar or GPR is sensitive to permittivity but not to conductivity. From another 

point of view, EM induction methods can be classified into two groups (e.g., McNeill, 1990). One 

group utilizes a plane wave source; the corresponding techniques are Magnetotellurics (MT), 

Audiomagnetotellurics (AMT), Very Low Frequency (VLF), Radiomagnetotellurics (RMT) and 

Controlled Source Audiomagnetotellurics (CSAMT) in the far field zone. The other group uses 

magnetic dipole or loop source. Horizontal Loop EM (HLEM), Ground Conductivity Meter and 

Transient EM (TEM) methods are three methods in this group (Tezkan, 1999). A summary of these 

methods are listed in Table 1.1 and Table 1.2. These methods represent most of the EM geophysics 

methods. Not all EM methods are listed here, e.g., MT and GPR. However, these two tables 
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summary the main information needed for EM geophysics methods, such as measured parameters, 

configurations, applications and importantly advantages and disadvantages. 

 

Figure 1.3 A schematic illustration of the input-output relations for the FEM and TEM systems. 

The cross-hatched regions indicate the secondary fields in the TEM cases. The measurement 

strategy box illustrates the manner in which the individual measurements are made either at 

different frequencies or different times. Bp and Bs are the primary and secondary magnetic fields, 

and Br and Bi are the real and imaginary components of the secondary magnetic fields (McCracken, 

et al., 1986a).  
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Figure 1.4. Frequency and time range of some EM techniques (Tezkan, 1999). 

FEM systems have several advantages over TEM systems. For example, FEM methods 

could possibly achieve larger dynamic range in the presence of noise because of the narrow-band 

filtering in the instrument (Sternberg, et al., 2008). However, in most FEM systems, there is some 

contamination of the secondary signal by the primary field that varies in sign and magnitude from 

station to station. This source of noise ultimately sets a limit to exploration at depth. That’s the 

reason early TEM systems carefully selected TX waveforms to remove or control contamination 

(McCracken, et al., 1986a). 

1.2 Development of the Differential Target Antenna Coupling (DTAC) method 

In EM methods that employ a natural source, the source may be unpredictable in strength 

and direction, e.g., MT. In order to overcome this problem, controlled sources are also used 

(Goldstein and Strangway, 1975). However, in most FEM systems, there is some contamination  
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Table 1.1 EM methods using the plane wave source (McNeill, 1991). 

Technique Frequency 
Parameter 

measured 

Source 

location 

Principal 

application 
Advantages Disadvantages 

Conventional 

VLF 

Single B Remote; 

Local 

electric   

bipole; 

Intermediate 

magnetic 

loop 

Mapping 

structure 

Inexpensive; 

Very fast to use; 

One man 

operation; 

Works well at 

high resistivity 

levels 

Shallow depth, 

especially with 

conductive 

overburden;  

Limited 

information; 

 Sensitive to TX 

direction; 

 Areas of no or 

low signal 

strength 

VLF 

resistivity 

Single  E, B,  Remote; 

Intermediate 

magnetic 

loop 

Simple 

sounding 

Inexpensive; 

Very fast to use; 

 One man 

operation; 

 Works well at 

high resistivity 

levels 

Shallow depth, 

especially with 

conductive 

overburden; 

Can resolve at 

most two layers 

(with additional 

information);  

Areas of no or 

low signal 

strength; 

Static shift 

AMT Broadband E, B Remote Sounding  Relatively fast to 

use; 

Relatively 

inexpensive; 

Under optimum 

conditions gives 

good sounding 

information; 

Works well at 

high resistivity 

levels 

Signal strength 

varies; 

Sensitive to 

source 

orientation; 

Static shift 

CSAMT Broadband E, B,  Intermediate 

electric 

bipole 

Sounding  Fast to use; 

Under optimum 

conditions gives 

good sounding 

information; 

Works well at 

high resistivity 

levels 

Expensive; 

Static shift; 

Transmitter 

overprint 
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Table 1.2 EM methods using the magnetic dipole or loop source (McNeill, 1991). 

Technique Domain 
Parameter 

measured 

TX/RX 

location 

Sounding 

technique 

Principal 

application 
Advantages Disadvantages 

Slingram 

(HLEM) 

Freq. B Variable 

distance for 
structure; 

Fixed 

distance for 
sounding 

Vary 

frequency 

Mapping 

structure; 
Sounding 

Relatively fast to 

use for structural 
mapping; 

Relatively fast to 

use for sounding; 
Relatively 

inexpensive; 

Good measurement 
of bulk conductivity 

in conductive 

ground 

Limited ability to 

sound; 
Zero error; 

Coil alignment 

and spacing 
critical; 

Difficult to use in 

uneven terrain; 
Poor in resistivity 

terrain 

Ground 
conductivity 

meter  (GCM) 

Freq. B Variable 
distance for 

structure 

and 
sounding 

 

Vary 
distance 

Mapping 
conductivity 

and structure; 

Simple 
sounding 

Fast to use for 
conductivity and 

structure mapping; 

Relatively fast to 
use for sounding; 

Relative 

inexpensive; 
Good measurement 

of bulk conductivity 

in conductive 
ground 

Very limited 
sounding 

information; 

Shallow depth; 
Non-linear 

responses at high 

conductivity; 
Poor in resistive 

terrain 

Borehole 

induction 
logger 

Freq.  B Fixed 

distance 

Moving 

down 
borehole 

High 

resolution 
sounding 

Excellent vertical 

resolution; 
Insensitive to 

borehole diameter 

or conductivity of 
borehole fluid; 

Unaffected by 

plastic well casing; 
Relatively 

inexpensive 

Requires borehole; 

Poor in resistive 
terrain 

TEM Time dB/dt Variable 
distance for 

structure; 

Fixed 
distance for 

sounding 

Vary time Mapping 
structure; 

Sounding  

High degree of 
survey flexibility; 

Moderately fast to 

use for structural 
mapping and 

sounding; 

Insensitive to coil 
spacing and 

alignment; 

Zero-level well 
known; 

Good measurement 

of bulk conductivity 
in conductive 

ground 

Relatively 
expensive; 

Poor in resistive 

terrain 

Central 

loop 

Vary time Sounding  Very fast to use; 

Good lateral 

resolution; 

Good resolution of 
equivalence 

(complementary to 

DC soundings); 
Good measurement 

of bulk conductivity 

in conductive 
ground 

Relatively 

expensive; 

Poor in resistive 

terrain 
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of the secondary signal by the primary field that varies in sign and magnitude from station to 

station (McCracken, et al., 1986a). Due to the huge primary fields, a tiny contamination could 

overwhelm the important secondary EM fields. This source of noise ultimately limits the 

exploration capacity of the controlled-source EM methods. Overcoming this problem presents a 

significant challenge in achieving high performance in the FEM systems (Sternberg el al., 2008). 

The amount of reduction of this noise directly contributes to the improvement of the performance 

of the FEM systems. This is the reason why the TEM systems carefully selected the TX waveforms 

to remove or control this noise in the early development stage. Another alternative method to 

reduce this noise is to orient TX and RX coils orthogonally to each other (geometric nulling). Null 

coupling is widely used in commercial metal (“treasure”) detectors (Barret and Mayer, 1936;, 

Fisher, 1937), and in UXO and land-mine detection systems (Smith et al., 2007; West, 1946). It is 

also used in airborne EM systems for natural resource explorations (Fraser, 1972; Fraser, 1979). 

In all of these systems, the TX and RX coils are connected in a predetermined orientation and held 

in that orientation with a rigid frame. One severe problem of these systems is a small error in the 

orientation of TX and RX coils could give rise to large false anomalies.  

The reliability of any EM method is governed by the signal-to-noise ratio (SNR) at the 

receiver (Szarka, 1988). Noise of EM measurements includes instrumental noise, terrain or 

geologic noise and disturbance field EM noise (Ward, 1967; McCracken et al., 1986b).  These 

noises occur in many EM geophysical surveys (Sternberg et al., 2008). Man-made construction 

features below and over the earth’s surface create passive and active EM noise (Ward, 1983). And 

these construction features include fences, pipelines, cables, power- and telephone-lines, rails, etc., 

which produce anomalies (passive noise) largely unrelated to subsurface geology (Sorensen et al, 
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2001). Also, some of these man-made developments also serve as sources of active EM field noise 

(Szarka, 1988). In addition, in some areas, access restrictions only allow surveys along public 

roadways. Magnetic bodies of vehicles and moving metal vehicles could cause EM induction 

(Szarka, 1988), which makes some EM methods impossible to carry out. Besides man-made noise, 

geologic noise could also lead misinterpretation of EM methods. For example, a varying 

background resistivity could create a false anomaly in some EM systems that measure Bz (the 

vertical magnetic field) component (Sternberg, et al., 2015a).  

Finding an EM method that largely reduces the influence of primary field and is insensitive 

to the EM noise as much as possible could dramatically increase the SNR and improve the 

resolution of EM investigation. The Alternating Target Antenna Coupling (ATAC) method was 

proposed to meet these demands. The ATAC method was introduced primarily for removing the 

influence of primary field and to reduce effect of cultural interference (Krichenko, 2007; Sternberg 

et al., 2008). The ATAC method consists of a TX antenna and a RX antenna that are oriented in 

null direction. The  TX coil generates an EM field and the RX antenna pick up the transmitted 

field (primary field) as well as signals caused by the presence of background earth and those caused 

by subsurface targets (secondary fields). Both the primary and secondary fields related to a layered 

earth are nulled to very low levels. To overcome the temporal and mechanical drift of the system, 

several techniques are involved in the ATAC method, which will be described in detail in later 

chapters. The ATAC method is high-sensitivity method having large dynamic range and very small 

measurement errors. However, The ATAC method measures the magnetic fields while rotating the 

RX-TX coil assembly. Since the entire RX-TX beam must rotate at each measurement site, there 

are severe limitations on the size of the TX moment that is feasible.  
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Maintaining the advantages of the ATAC method and also allowing much larger TX 

moments are the main goals of the Differential Target Antenna Coupling (DTAC) method (Dvorak 

and Sternberg, 2013; Sternberg and Dvorak, 2013).  The horizontal-array DTAC method utilizes 

a separate transmitter and a rotating receiver to observe the magnetic fields. It uses at least two-

frequency signals, one of which is to find a reference frequency signal to establish the null direction 

at that frequency, and other different data frequency signals of which are used to measure the 

changes in the null at these new frequencies. This method maintains the advantages of the ATAC 

system and also is insensitive to the orientation errors between TX and RX coils. In the ATAC 

system and the horizontal-array DTAC system, TX and RX coils are closely-spaced and fixed in 

their predetermined orientation. This close spacing between the TX and RX coils on the rigid frame 

makes these methods well suited for mapping shallow targets. To map deeper targets it is necessary 

to increase the TX/RX geometry. This is very inconvenient to map targets at depth of hundreds of 

meters to kilometers. A much larger moment should be employed at the same time. This is 

impractical in real geophysical investigation.  

One solution is switching from the varying distance sounding technique to varying 

frequency sounding method. At the same time, it is better to maintain all the advantages of the 

horizontal-array DTAC system. The vertical-array DTAC method was proposed to meet these 

requirements (Dvorak and Sternberg, 2014; Sternberg et al, 2015a; Sternberg et al, 2015b). The 

vertical-array DTAC system contains one vertical TX loop and two horizontal RX coils which are 

directly beneath the TX loop and are oriented in null directions. It again uses at least two 

frequencies, one of which is to find a reference signal to establish the null direction in the magnetic 

field at that frequency and other data frequencies, which are used to measure the difference in the 
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null at the new frequencies. This new method carries out the sounding by varying frequencies but 

maintains all the advantages of the ATAC and the horizontal-array DTAC methods. In addition, 

this new method is relatively insensitive to surface interference, e.g., fences, buildings and 

vehicles.  

With the continual depletion of mineral resources, exploration for deeper ore bodies will 

be essential in sustaining current production levels. From an EM geophysical exploration point of 

view, deeper ore bodies present technical challenges as the response of these bodies may be smaller 

than the background noise levels (Kolaj and Smith, 2014). Also, the airborne EM system has much 

faster data acquisition speed. It is attractive to move the vertical-array DTAC method to an airborne 

platform.  However, moving a small moment TX loop into the air will lead the pre-oriented RX 

coils pick up reduced secondary field from subsurface targets. The main strategy to overcome these 

issues has been to use large high-power transmitters to increase the depth of penetration by 

producing larger fields at greater depths (Nabighian and Macnae, 1991).  

1.3 Objectives of this thesis 

The DTAC method has many advantages over conventional EM methods, e.g., high 

dynamic range, high resolution, insensitive to cultural interference and geologic noise, etc. At 

present, it is still under development. The prototype is using a small-moment TX loop and not 

ready to implement in the airborne platform. Besides maintaining the advantages of previous 

developments, our primary goal in this dissertation is to use numerical and experimental methods 

to achieve the following objectives: 1) design and develop a large high-power transmitter loop; 2) 

improve robustness in the measurements under typical field conditions; 3) lower false alarm rate 

caused by geologic noise; 4) reduce interference from surface features even with high-power TX 
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loop; and 5) design and develop a high-resolution EM method with large dynamic range and robust 

measurement results, which is ready to implement on an airborne platform.  

1.4 Structures and scope  

Of interest in this dissertation is the design, development and verification of a new high- 

resolution electromagnetic method. The theoretical background, system design, numerical 

modeling and experimental tests of the DTAC method and system will be described. 

Characteristics of the DTAC method will be analyzed. The advantages and disadvantages will be 

presented using numerical models and experimental tests. Potential applications of this method 

will be discussed and future development will be outlined.  

This chapter has given a brief introduction of the EM methods, and has provided the 

motivations for the study of the DTAC method.  In addition, the objectives of this study are 

presented.  

Chapter Two derives the theoretical equations related to the horizontal-array DTAC and 

vertical-array DTAC methods. The ideal configurations of these methods are discussed. The 

theoretical calculations of the DTAC method are studied. For one dimensional (1D) and two 

dimensional (2D) structures, their theoretical DTAC responses are illustrated. A few 

characteristics of the DTAC method are given based on the theoretical analysis.   

Chapter Three studies analytically the properties of the vertical-array DTAC method. 

Numerical examples are employed to explain the physical phenomenology behind the DTAC 

method. The magnetic fields of 1D and 2D structures are illustrated using simple geological 

models. The vector fields of three dimensional (3D) earth model also are studied to explain the 

responses of the DTAC method.  
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Chapter Four discusses the benefits of using the DTAC method using numerical modeling. 

The EMIGMA software is used in these studies and some of the algorithms are discussed. Using 

numerical simulations, six key aspects of the vertical-array DTAC method are demonstrated: 1) 

insensitive to orientation errors; 2) insensitive to geologic noise; 3) high resolution mapping of 

targets; 4) insensitive to surface interference; 5) frequency-domain or off-time transient 

measurements can be used; and 6) adaptive to a variety of rapidly moving survey applications.  

Chapter Five demonstrates the design, building, and experimental results of a prototype of 

the DTAC system. The low-power vertical-array DTAC system is presented. The system 

constructions are illustrated. Several key techniques that are used to suppress noise and increase 

the resolution of the DTAC method are discussed. Several controlled targets tests are used to verify 

the advantages of the DTAC method discussed in Chapter Four.  

Chapter Six presents the design, development and experimental results of the high-power 

vertical-array DTAC system. The detail of the high-power TX system is discussed. Calibration 

methods are presented. Controlled targets are applied to verify the efficiency of the system. And 

field targets are investigated to demonstrate the capability of the system. 

Chapter Seven concludes the research in this dissertation. The features of the DTAC 

method are summarized. The potential applications of this method are discussed. Based on the 

development of this method, the future study and development of this method are talked about.  
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CHAPTER 2  Theoretical basis of the DTAC method 

 

The DTAC method is a null coupling system that utilizes at least two frequencies to observe 

the difference among the null vectors associated with these frequencies. Precisely finding and 

calculating the null vector are essential in the DTAC system. The EM theory for computing null 

vectors is the foundation of the DTAC technique. In this chapter, the mathematical background of 

the DTAC method is derived. Based on the theoretical equations, a few features are verified, e.g., 

the DTAC technique can null out the effect of layered earth; the DTAC method is insensitive to 

the geologic noise; and the DTAC system removes the large primary field influence.  

2.1 Derivation of the DTAC equations 

Following the procedure in Born and Wolf (1965), any magnetic field can be represented 

by the complex-valued vector in terms of its real and imaginary parts, i.e.,  

                                                                   𝐁 = 𝐩 + 𝑗𝐪                                                              (2-1) 

where 𝐩 = Re(𝐁) and 𝐪 = Im(𝐁). The corresponding time-domain field can be given as  

                                                    𝐁 = 𝐩 cos (𝜔𝑡) + 𝐪 sin (𝜔𝑡)                                                (2-2) 

where 𝜔 is the angular frequency of magnetic field B and t is the time. Then the time-domain 

magnetic field will trace out an ellipse that is determined by the two vectors p and q. The desired 

null vector in the direction of the magnetic field null (i.e., 𝐁 ∙ 𝐍 = 0) is then defined by 

                                                                   𝐍 = 𝐩 × 𝐪                                                              (2-3) 

This null vector can be used as a reference direction to calculate the DTAC responses. The 

calculation of the DTAC responses only takes into account the direction of this null vector, not the 
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magnitude. It is necessary to normalize the null vector to a unit. The corresponding unit vector of 

equation (2-3) is then given by  

                                                                        �̂�𝑁 =
𝐍

|𝐍|
                                                           (2-4) 

Thus the DTAC response of another different frequency related to the unit null vector in equation 

(2-4) is  

                                                                   𝐷𝑇𝐴𝐶𝑚 = �̂�𝑁 ∙ 𝐁𝑚                                                (2-5) 

for 𝑚 = 1, 2,⋯. These are the theoretical responses of the DTAC responses. At the same time, 

many other conventional parameters can be used to express the subsurface structures, e.g., 

ellipticity. The ellipticity of the magnetic field can also be directly expressed in terms of the two 

vectors p and q (Born and Wolf, 1965). If we assume 

                       a = √[|𝐩|𝟐 + |𝐪|𝟐 + √(|𝐩|𝟐 − |𝐪|𝟐)𝟐 + 𝟒(𝐩 ∙ 𝐪)𝟐]/2                                      (2-6) 

and 

                      b = √[|𝐩|𝟐 + |𝐪|𝟐 − √(|𝐩|𝟐 − |𝐪|𝟐)𝟐 + 𝟒(𝐩 ∙ 𝐪)𝟐]/2                                      (2-7) 

then the 3D ellipticity can be expressed as  

                                                                   𝑒 = 𝑏/𝑎                                                                   (2-8) 

At this moment, we have calculated the theoretical responses of the DTAC system. In order 

to have a better physical insight about this method, it is necessary to derive an approximate 

expression for equation (2-5) that is valid for special case of the DTAC array (Dvorak and 

Sternberg, 2014). First, the cross product in equation (2-3) is carried out so as to find the null 

vector for the reference frequency, 



 

35 

 

                         𝐍𝟎 = 𝑝𝑧
0(−�̂�𝑞𝑦

0 + �̂�𝑞𝑥
0) + 𝑞𝑧

0(�̂�𝑝𝑦
0 − �̂�𝑝𝑥

0) + �̂�(𝑝𝑥
0𝑞𝑦

0 − 𝑝𝑦
0𝑞𝑥

0)                       (2-9) 

where 0 represents the reference frequency number.  �̂�, �̂�,and �̂� are the unit vectors in x, y, and z 

directions of a Cartesian coordinate. After substituting equation (2-9) into equation (2-4) and (2-

5), the DTAC response is found as  

  𝐷𝑇𝐴𝐶𝑚 = [𝑝𝑧
0(−𝐵𝑥

𝑚𝑞𝑦
0 + 𝐵𝑦

𝑚𝑞𝑥
0) + 𝑞𝑧

0(𝐵𝑥
𝑚𝑝𝑦

0 − 𝐵𝑦
𝑚𝑝𝑥

0) + 𝐵𝑧
𝑚(𝑝𝑥

0𝑞𝑦
0 − 𝑝𝑦

0𝑞𝑥
0)]/|𝐍𝟎|      (2-10) 

Because the TX and RX coils of the DTAC system are oriented in null coupling, in free 

space, without any targets, the RX coils will pick up zero magnetic fields. In normal geophysical 

applications, because the secondary fields are the induction results of primary fields and in addition 

the secondary fields decay when they travel to the RX coils through subsurface materials, the field 

received by the DTAC method are much smaller than the corresponding primary fields, either in 

the x, y, or z direction. Here, it is assumed that the imaginary component of the z-directed magnetic 

field at reference frequency is negligible in equation (2-10), i.e.,  

                                                                   𝑞𝑧
0 ≈ 0                                                                   (2-11) 

This approximation can then be used together with equation (2-9) in order to obtain an 

approximate expression for the reference null vector, 

                                                             𝐍𝟎 = 𝐍𝑧
0 + 𝐍⊥

0                                                             (2-12) 

where the z direction component of the null vector is expressed as  

                                                        𝐍𝑧
0 ≈ �̂�(𝑝𝑥

0𝑞𝑦
0 − 𝑝𝑦

0𝑞𝑥
0)                                                     (2-13) 

and the transverse component is defined by 

                                                         𝐍⊥
0 ≈ 𝑝𝑧

0(−�̂�𝑞𝑦
0 + �̂�𝑞𝑥

0)                                                  (2-14) 

The comparison results (Dvorak and Sternberg, 2014) between field levels from a 

numerical modeling show that |𝐍⊥
0 | ≫ | 𝐍𝑧

0|. Therefore, the reference null vector approximately 
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lies in the horizontal plane. In order to develop a better physical understanding of the null vector 

direction, two angles in the spherical coordinate system are defined as  

                            𝜃0 = tan−1 (
|𝐍⊥

0 |

|𝐍𝑧
0|
) ≈ tan−1 (

√(𝑝𝑧
0𝑞𝑦

0)
2
+(𝑝𝑧

0𝑞𝑥
0)

2

|𝑝𝑥
0𝑞𝑦

0−𝑝𝑦
0𝑞𝑥

0|
)                       (2-15) 

and  

                                         ∅0 = tan−1 (
�̂�∙𝐍⊥

0

�̂�∙𝐍⊥
0) ≈ tan−1 (

𝑞𝑥
0

𝑞𝑦
0
)                                             (2-16) 

It is proved that the real part of primary field is so much larger than the other field 

components. Then equation (2-15) will be close to 90 degree, i.e., the null vector lies 

approximately in the horizontal plane. This is easy to image that the null direction will be 

determined primarily by the magnetic field in the x and y directions, because of the huge primary 

field in the z direction compared with that in the x and y directions. As a result, the angle defining 

the null direction within the horizontal plane is then defined by the imaginary parts of the magnetic 

fields in x and y directions as shown in equation (2-16).  

Finally, because the magnetic field in the z direction is so much larger than the horizontal 

(transverse) fields, the magnitude of the null vector can be approximately expressed by  

                                                    |𝐍𝟎| ≈ 𝑝𝑧
0√(𝑞𝑥

0)2 + (𝑞𝑦
0)

2
                                                  (2-17) 

Therefore, the responses of the DTAC method, equation (2-10), yields 

                                     𝐷𝑇𝐴𝐶𝑚 ≈
[𝑞𝑥

0(𝑝𝑦
𝑚−𝑝𝑦

0)−𝑞𝑦
0(𝑝𝑥

𝑚−𝑝𝑥
0)+𝑗(𝑞𝑥

0𝑞𝑦
𝑚−𝑞𝑦

0𝑞𝑥
𝑚)]

√(𝑞𝑥
0)

2
+(𝑞𝑦

0)
2

                   (2-18) 

We can also define the angle between two null vectors by using the dot product of vector, 
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𝜓𝑚0 = cos−1 [
𝐍𝒎∙𝐍𝟎

|𝐍𝒎||𝐍𝟎|
] = cos−1

[
 
 
 
 
(𝑝𝑥
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𝑚)(𝑝𝑥
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𝑚𝑞𝑥
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𝑚)
2
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0)
2
+(𝑞𝑦

0)
2

]
 
 
 
 

                   (2-19) 

Because of the overwhelming size of real part of primary field, especially for the vertical-

array DTAC system,  

                                             𝜓𝑚0 ≈ cos−1

[
 
 
 
 

𝑞𝑥
𝑚𝑞𝑥

0+𝑞𝑦
𝑚𝑞𝑦

0

√(𝑞𝑥
𝑚)

2
+(𝑞𝑦

𝑚)
2
√(𝑞𝑥

0)
2
+(𝑞𝑦

0)
2

]
 
 
 
 

                                 (2-20) 

Note that when the two frequencies are the same, i.e., m=0, the equations (2-18) and (2-19) will 

be zero. It is expected because for the same frequency, there is no difference between the null 

vectors.  

Although approximate equations could give accurate results for some specific examples, 

their main purpose is to provide a better understanding of the DTAC method. For the following 

analysis, all of the DTAC responses are calculated using the exact equations.  

2.2 Ideal configuration of the DTAC system 

The DTAC system contains of TX and RX coils that are oriented in null coupling. 

Theoretically, there are no restrictions about geometry between TX and RX coils, if they meet the 

requirements of the null coupling configuration. However, when dealing with real geophysical 

investigations, a portable, fast and easily operational system is favorable. Thus, it is necessary to 

consider the different setup between TX and RX coils. Because the DTAC system primarily 

measures the magnetic fields, not the electric fields, only search coils are used as the data receivers. 

Then, the TX loop can be in a horizontal-plane (vertical dipole) or oriented in vertical direction 

(horizontal dipole). Obviously, a horizontal-plane loop is easier to build. In addition, it is more 
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practical to increase the moment of a horizontal-plane loop by increasing the diameter and turns 

than a vertical-plane loop. Therefore, a horizontal-plane loop (vertical dipole) is the main source 

employed in the DTAC system.  

As has been shown in Chapter One, the DTAC method has a horizontal-array and vertical-

array configuration. We know that the direction of TX loop has been determined, so the horizontal 

or vertical setup is determined by the geometry of TX and RX coils. When they are located in at 

same height above ground and they have a horizontal offset, it is the horizontal-array DTAC 

configuration. When they are oriented as TX and RX coils have the same x and y coordinates and 

a different z coordinate or TX and RX coils just have a vertical separation, it is the vertical-array 

DTAC setup.  

2.2.1 Ideal configuration of the horizontal-array DTAC system 

As shown in Figure 2.1, the horizontal-array DTAC method is designed with a fixed 

horizontal TX loop (z-directed magnetic-dipole source) that is located at the origin of the global 

coordinate system, and is laid on the earth’s surface in field measurements. A rotating RX coil on 

a movable cart that is moved along a profile line aligned with the x-axis. The RX coil is mounted 

at an angle on a rotation axis. By rotating this tilted RX coil to three approximately known angular 

orientations and measuring the corresponding components of the magnetic field in these three 

positions at multiple frequencies, magnetic data can be observed and then used to calculate the 

true magnetic components in x, y and z directions. In addition to the primary field, the horizontal 

spacing between TX and RX coils leads to secondary fields at the RX location that are generated 

by the eddy currents flowing in the subsurface targets.   
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FIGURE 2.1 The horizontal-array DTAC configuration (Dvorak and Sternberg, 2013) for a fixed 

vertical TX loop and a rotating RX coil with a survey carried out along the x axis.  

The reason for utilizing only one rotating RX coil rather than three RX coils in the x, y and 

z directions is because one rotating coils could remove the gain and temporal drift errors at each 

individual frequency that would otherwise be encountered with a system that using three separate 

RX coils, since each separate RX coil will have its own gain and temporal drift. In addition, one 

RX coil requires one third calibration work compared with a system of three independent RX coils, 

if we suppose that all RX coils need the same amount of work for calibration. As a result, only one 

rotating RX coil was employed in the horizontal-array DTAC method.  

Because the horizontal-array DTAC technique only used one rotating RX coil, the 

magnetic fields received by this coil are not the true magnetic data in the x, y and z directions at 

that location. A back calculation is required for the data processing. This equation for this back 

calculation is  

            [𝐵𝑥 𝐵𝑦 𝐵𝑧] = [𝐵1 𝐵2 𝐵3] [
sin 𝜃 cos ∅1 sin 𝜃 cos∅2 sin 𝜃 cos ∅3

sin 𝜃 sin∅1 sin 𝜃 sin ∅2 sin 𝜃 sin ∅2

cos 𝜃 cos 𝜃 cos 𝜃

]            (2-21) 
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where  𝜃 is the is the angle between the rotational axis and the RX antenna. ∅ is the rotation angle, 

subscripts of which are representing the three rotation angles. The corresponding magnetic fields 

at these three angles are 𝐵1, 𝐵2, and 𝐵3. The true magnetic field at this location are  𝐵𝑥, 𝐵𝑦, and 

𝐵𝑧. 

After finding the magnetic fields in the x, y and z directions, the DTAC responses can be 

computed using the equation (2-10). 

2.2.2 Ideal configuration of the vertical-array DTAC system 

The vertical-array DTAC system employs one vertical-dipole TX loop and two RX coils. 

The ideal configuration for it is sketched in Figure 2.2. One vertical-dipole TX loop with two 

horizontal-dipole RX coils directly beneath it moves together along profile line to measure the 

magnetic fields. In this system, two RX coils are mounted beneath the TX loop and do not need to 

be rotated to obtain the magnetic fields, because it is not convenient to rotate the RX coil when 

they are aligned in this way. Compared with the horizontal array, this does require more work on 

the calibration. But the vertical-array DTAC method is more compact, and easy to implement on 

a moveable system, e.g., a vehicle or helicopter.  

The vertical-array DTAC method only utilizes two RX coils in the x and y direction, and 

there is no RX coil in the z direction. First, two coils need relative less effort on the calibration of 

data. Second, it is found that because the primary Bz field is so huge that the secondary Bz field is 

negligible. Using a theoretical Bz field related to the TX and RX locations is adequate for the 

DTAC measurements. In addition, it is proved that the DTAC method using the true magnetic field 

of the z direction has identical responses with that using the theoretical primary field (Dvorak and 

Sternberg, 2014). Furthermore, a z-directed RX coil directly under TX loop will be dominated by 
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FIGURE 2.2 The transmitter and nulled two-axis receivers of the vertical-array DTAC system. 

The TX and RX coils are moved together along the profile line (Dvorak and Sternberg, 2014). 

the primary field. It requires special handling for such a large signal, which will require much work 

on the pre-amplifier circuit and require possible high-voltage components compared with the x-

directed and y-directed RX coils.  

Compared with the horizontal-array DTAC system, the depth of investigation of this 

vertical array is determined by the choice of frequencies. In order words, the depth of investigation 

of this system can be changed by varying the frequencies, which can be predicted by the skin depth 

of these frequencies. This is much more convenient in real field measurements. Therefore, the 

vertical-array DTAC system can be a portable and fast geophysical system.  
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2.3 DTAC responses of the 1D layered earth 

Analyzing the layered earth responses of a geophysical method is very useful, especially 

when the 2D and 3D modeling and inversion of this method is under development. The DTAC 

method employs a TX loop and one or two RX coils in a real system. However, for simulation, it 

is required to find the true magnetic fields at each location, not using back calculation from a 

rotating RX coil. In this calculation of the DTAC responses of the 1D earth model, the true 

magnetic fields are used.  

The DTAC system, either horizontal array or vertical array, both employ a vertical-dipole 

TX loop. It is obvious that deriving the magnetic fields generated from a vertical dipole on the 

earth’s surface is required for calculating the DTAC responses of the1D layered model. Wait 

(1982) shows that the magnetic fields of a vertical (z-directed) magnetic dipole (i.e., horizontal 

loop) can be expressed as a superposition of a primary field and a secondary layered-earth 

response. Therefore, for a layered earth model with a vertical magnetic dipole located at (0, 0, h), 

the primary magnetic fields are  

                                                                𝐻𝑥
𝑝 = 3𝐶𝑥(𝑧 − ℎ)/𝑅5                                              (2-22) 

                                                                𝐻𝑦
𝑝 = 3𝐶𝑦(𝑧 − ℎ)/𝑅5                                              (2-23) 

                                                          𝐻𝑧
𝑝 = 3𝐶(𝑧 − ℎ)2/𝑅5 − 𝐶/𝑅3                                      (2-24) 

where 𝑅 = √𝑥2 + 𝑦2 + (𝑧 − ℎ)2 represents the spherical distance between TX and RX coils, and 

𝐶 = 𝐼𝑑𝐴/(4𝜋) is a constant that is proportional to the TX moment.  

The secondary magnetic fields, which are caused by the presence of the stratified earth, are 

more complicated since their calculations involve Sommerfeld integrals. In order to differentiate 

these scattered fields from the scattered fields associated with a buried target, in this dissertation I 



 

43 

 

will denote these layered-earth fields with a superscript E instead of the S that is used in the book 

(Wait, 1982). The secondary magnetic fields are 

                                                              𝐻𝑥
𝐸 = −(𝐶/𝛿3)(𝑥/𝑟)𝑇1                                             (2-25) 

                                                              𝐻𝑦
𝐸 = −(𝐶/𝛿3)(𝑦/𝑟)𝑇1                                             (2-26) 

                                                                 𝐻𝑧
𝐸 = −(𝐶/𝛿3)𝑇0                                                   (2-27) 

where 𝑟 = √𝑥2 + 𝑦2 is the cylindrical distance between TX and RX coils. The two Sommerfeld 

integrals in equations (2-25) to (2-27) are  

                                                   𝑇0 = ∫ �̅�(𝑔)𝑔2∞

0
𝑒−𝑔𝐴𝐽0(𝑔𝐵)𝑑𝑔                                          (2-28) 

                                                   𝑇1 = ∫ �̅�(𝑔)𝑔2∞

0
𝑒−𝑔𝐴𝐽1(𝑔𝐵)𝑑𝑔                                          (2-29) 

where 𝐴 = (𝑧 + ℎ)/𝛿, 𝐵 = 𝑟/𝛿, and 𝛿 = {2/[(𝜎 + 𝑗휀𝜔)𝜇0𝜔]}1/2 is the electrical skin depth for 

the top layer in the earth. 𝐽0 and 𝐽1 are the Bessel functions of the zero and first kind.  

For the horizontal-array DTAC method, assume the TX coil is at (0, 0, h) and the RX coil 

(x, 0, z) as shown in Figure 2.1, the magnetic fields are the sum of equations (2-22) to (2-24) and 

equations (2-25) to (2-27) respectively 

                                               𝐻𝑥
𝑇 = 3𝐶𝑥(𝑧 − ℎ)/𝑅5 − (𝐶/𝛿3)(𝑥/𝑟)𝑇1                                 (2-30) 

                                                                          𝐻𝑦
𝑇 = 0                                                           (2-31) 

                                             𝐻𝑧
𝑇 = 3𝐶(𝑧 − ℎ)2/𝑅5 − 𝐶/𝑅3 − (𝐶/𝛿3)𝑇0                               (2-32) 

The total magnetic fields in equations (2-30) to (2-32) indicate that the null vector of these 

magnetic fields is y-directed. In other words, the null vectors in this configuration will be 

unvarying in the y direction, which will have no DTAC responses because the dot product of two 

vectors in the same direction is zero.  



 

44 

 

For the vertical-array DTAC method, using the coordinates shown in Figure 2.2, the total 

magnetic fields will be  

                                                                          𝐻𝑥
𝑇 = 0                                                           (2-30) 

                                                                          𝐻𝑦
𝑇 = 0                                                           (2-31) 

                                             𝐻𝑧
𝑇 = 3𝐶(𝑧 − ℎ)2/𝑅5 − 𝐶/𝑅3 − (𝐶/𝛿3)𝑇0                               (2-32) 

The magnetic fields in the x and y directions are both zero, so only the z-directed magnetic 

field exists in this setup. It is obvious that all null vectors are in the same direction. Again, there 

will be no DTAC responses.  

2.4 DTAC responses of the 2D earth 

Some geologic conditions can be treated as 2D structures. When a 3D EM system is not 

available, 2D measurements are the main tools to detect the subsurface targets. Compared with the 

1D layered earth, the 2D earth is quite complex. Mostly, it is impossible to derive the theoretical 

magnetic fields of a 2D structure, especially when dealing with a system that has a moving source. 

Due to the complexity, only a few simple models could be calculated analytically using Maxwell 

equations, e.g., 2D cylinder and quarter-space model (Weaver, et al, 1985).  

In order to analyze the DTAC responses of a 2D earth, two conditions are considered. First, 

when the profile is along the strike of the 2D structure, the DTAC system will not detect a 2D 

structure, because along the profile direction, the structure doesn’t vary in either in-line or 

transverse directions. The magnetic fields along this profile will be constant. The responses of the 

horizontal or the vertical-array DTAC will be identical along the profile, i.e., there is no DTAC 

anomalies for the 2D structures. Another condition is the profile line perpendicular to the strike 

direction. In this circumstance, when the measuring system is far away from the 2D structures, the 
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system won’t detect 2D structures but a layered earth. So the fields away from 2D structures are 

identical with responses of layered earth. Only when the system is close the 2D target, the magnetic 

fields have responses. But in the three components of magnetic fields, only the in-line field is 

frequency dependent and the other two components are frequency independent, which means only 

one magnetic field is varying along the profile. This kind of response cannot give rise DTAC 

anomalies. In other words, DTAC system cannot detect an ideal 2D target. This will be discussed 

more in Chapter 3 using numerical examples.  

2.5 Summary of this chapter  

In this chapter, the mathematical equations of the DTAC method are derived. To better 

understand the physical meaning, an approximate calculation is proposed. Based on the ideal 

configuration of the DTAC method, the 1D and 2D earth responses are analyzed.  

From the theoretical results, it is proved that the DTAC method has no responses over 1D 

and 2D structures. This feature can null out the effects of layered earth and long strike structures 

when making DTAC survey. A 3D target is always smaller in size compared with a 1D and 2D 

structure. Therefore, when a 3D target is located in a 1D and 2D earth, normally the responses of 

the 1D and 2D earth are much larger than those of the 3D target. If the 3D target is the anomaly 

we are looking for, the larger responses of the 1D and 2D earth will be geologic noise.  It is very 

challenging to filter out the interesting information from this larger geologic noise. In other words, 

the DTAC technique allows for the successful measurement of much smaller targets.  
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CHAPTER 3  Analytical studies of the DTAC method 

 

 The DTAC method measures the difference between null vectors of multiple frequencies 

to detect and map the subsurface structures. As a new high-resolution electromagnetic method, it 

is necessary to explain the physical phenomenology behind it. In this chapter, numerical examples 

are used to explore the distributions of magnetic fields and the DTAC responses under typical 

geologic conditions. Both the horizontal-array and vertical-array DTAC methods are analyzed, but 

more examples are used for the vertical-array DTAC technique, because it is the main system 

which is going to be designed, built and tested in the following chapter and the horizontal-array 

DTAC method is the early development of the DTAC system. Based on the analytical studies, it 

is found that frequency dependent responses of subsurface targets are the physical background for 

the DTAC methods.  

3.1 DTAC responses and distribution of magnetic field for a 1D earth model 

In Chapter 2, the theoretical DTAC responses of the layered earth have been derived. It is 

shown that the DTAC method has no response for the stratified model because all the null vectors 

of different frequencies are in the same direction. In other words, the directions of null vectors are 

frequency independent, which lead to no difference between measured null vectors. Finding the 

physical patterns for these results will make the DTAC method more understandable.  

First, the horizontal-array DTAC method is analytically studied. As shown in Figure 3.1, a 

n-layered earth with the horizontal-array DTAC method. TX and RX coils are at the same height, 

H, with a fixed distance L. The resistivity and thickness of each layer is labeled as 𝜌 and ℎ. Before  
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Figure 3.1 The horizontal-array DTAC setup on the n-layered earth model.  

beginning the numerical modeling using EMIGMA V8.6 software, the parameters of this model 

should be specified. To simplify the problems and make the modeling more meaningful, the 

simplest layered earth model is used, one 100 Ohm-m half space. The TX loop is assumed to be a 

vertical dipole with a moment of 18000 Am2. The height of TX and RX coils are 1 m and distance 

between them is 5 m. Two frequencies are used in this simulation, 1kHz and 10kHz. Suppose the 

profile is along the x axis from -200m to 200m, then the magnetic fields of this horizontal-array 

DTAC system on this half space are listed in Figure 3.2. Because By fields are zero along the 

profile, only Bx and Bz components are plotted. All components along the profile are constant. High 

frequency has higher responses except imaginary Bx. Since there are no By fields, the DTAC 

responses along the profile are all zero. There is no DTAC plot. To study the distribution of 

magnetic fields on earth’s surface, it is required to employ a fixed source. Thus, the vertical dipole 

is fixed at the origin of the coordinate with the height of 1m and a moment of 18000 Am2. As 

shown in Figure 3.3, the magnetic fields at 1kHz and 10kHz have the identical contour pattern. 

When the horizontal-array DTAC method is developed, the TX and RX geometry is fixed. If this  
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Figure 3.2 Magnetic fields of the horizontal-array DTAC system over a 100 Ohm-m half-space 

model. Because By component is zero along the profile, there are no By plots. Re(Bz) is the response 

of primary field and not related to the half-space earth. Bx components and Im(Bz) have responses 

of the half-space earth. (a) Re(Bx) responses of the horizontal-array DTAC system over a 100 Ohm-

m half-space model; (b) Im(Bx) responses of the horizontal-array DTAC system over a 100 Ohm-

m half-space model; (c) Re(Bz) responses of the horizontal-array DTAC system over a 100 Ohm-

m half-space model; (d) Im(Bz) responses of the horizontal-array DTAC system over a 100 Ohm-

m half-space model. 

0.0E+00

1.0E+05

2.0E+05

3.0E+05

4.0E+05

5.0E+05

6.0E+05

7.0E+05

8.0E+05

9.0E+05

-200 -150 -100 -50 0 50 100 150 200

R
e
 B

x
 (

fT
)

Rx Location (m)

Magnetic Field of Half space

1kHz 10kHz

-5.0E+07

-4.5E+07

-4.0E+07

-3.5E+07

-3.0E+07

-2.5E+07

-2.0E+07

-1.5E+07

-1.0E+07

-5.0E+06

0.0E+00

-200 -150 -100 -50 0 50 100 150 200

I
m

 B
x

 (
fT

)
Rx Location (m)

Magnetic Field of Half Space

1kHz 10kHz

-1.6E+10

-1.4E+10

-1.2E+10

-1.0E+10

-8.0E+09

-6.0E+09

-4.0E+09

-2.0E+09

0.0E+00

-200 -150 -100 -50 0 50 100 150 200

R
e
 B

z
 (

fT
)

Rx Location (m)

Magnetic Field of Half space

1kHz 10kHz

0.0E+00

1.0E+07

2.0E+07

3.0E+07

4.0E+07

5.0E+07

6.0E+07

7.0E+07

-200 -150 -100 -50 0 50 100 150 200

I
m

 B
z
 (

fT
)

Rx Location (m)

Magnetic Field of Half space

1kHz 10kHz

(a) (b) 

(c) (d) 



 

49 

 

configuration is put on the plots of Figure 3.3, when moving the whole system, because it is a half-

space earth, the DTAC system will detect identical fields as listed in Figure 3.2. Similarly, the 

magnetic fields of the layered earth can be inferred from this half-space modeling, i.e., the 

magnetic fields are constant along the profile and the contour plots have the same pattern but 

different magnitudes.  Therefore, the horizontal-array DTAC system has no responses. This half-

space modeling verifies the theoretical results derived in Chapter 2. The horizontal-array DTAC 

method nulls out the effect of the layered earth.  

Second, the vertical-array DTAC method is used to explain the DTAC physical basis. As 

shown in Figure 3.4, a vertical-array DTAC system is on an n-layer earth. The vertical TX coil 

and RX coils are at different heights above the ground, H1 and H2 for RX and TX respectively. RX 

  

Figure 3.3 Contour plots of the magnetic field amplitude of a vertical magnetic dipole over a 100 

Ohm-m half-space model. As shown in Figure 3.2, the z-directed magnetic fields are dominated 

by primary fields, so there are no contour plots for the z-directed magnetic fields. There are also 

no y-directed magnetic fields, because they are all zero as shown in Figure 3.2. (a) Contour plot of 

magnetic field amplitude in the x direction on the z=1m plane of a vertical magnetic dipole over a 

100 Ohm-m half space at 1kHz; (b) Contour plot of magnetic field amplitude in the x direction on 

the z=1m plane of a vertical magnetic dipole over a 100 Ohm-m half space at 10kHz. 

(a) (b) 
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Figure 3.4 The vertical-array DTAC setup on the n-layered earth model.  

   

Figure 3.5 Magnetic fields of the vertical-array DTAC system over a 100 Ohm-m half-space 

model. Because the Bx and By components are zero along the profile, there are no Bx and By plots. 

Re(Bz) is the response of primary field and not related to the layered earth. (a) Re(Bz) responses of 

the vertical-array DTAC setup over a 100 Ohm-m half-space model; (b) Im(Bz) responses of the 

vertical-array DTAC setup over a 100 Ohm-m half-space model. 

coils are directly below TX loop. Again, to simplify the problem, a 100 Ohm-m half space model 

is simulated. Suppose the TX moment is 18000 Am2, H1 is 1m and H2 is 5m, the magnetic fields 

are shown in Figure3.5. It is derived in Chapter 2 that the Bx and By components of a vertical-array 
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DTAC system are zero, so there are no Bx and By plots. Because the vertical-array DTAC system 

also utilizes a vertical dipole source, the magnetic fields distributions are identical to Figure 3.3. 

Again, the magnetic fields of the layered earth can be inferred from this half-space modeling and 

this half-space modeling verifies the theoretical results derived in Chapter 2. The vertical-array 

DTAC method nulls out the effect of the layered earth. 

3.2 DTAC responses and distribution of magnetic field for a 2D earth model 

A 2D model is used a lot in numerical modeling and data interpretation in geophysics 

investigation, because it is more realistic compared with real heterogeneous earth. Though there is 

no 2D model existing underground, their advantages of saving computing time and space attract 

applications in geophysics. The DTAC method as a new high-resolution technique has no 

responses for the 2D structures. It is necessary to use numerical modeling results to explain the 

physics background for this phenomenon. Again, the horizontal-array and vertical-array DTAC 

systems are analyzed.  

                 

Figure 3.6 The horizontal-array DTAC setup on a 2D earth model.  
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First, the horizontal-array DTAC system over a 2D earth model is simulated. Only the 

profile perpendicular to the strike is considered, because for another case DTAC method physically 

measure the same resistivity variation as in 1D case. The horizontal-array DTAC configuration 

over a 2D earth is illustrated in Figure 3.6. TX and RX coils are at the same height, H, with a fixed 

distance L. Two 2D block anomalies with resistivity of 𝜌1 were located at depth of d in a half space 

with resistivity of 𝜌2. The distance between two blocks is l. This model is a simple 2D model, but 

is enough to show the physics phenomenon of the horizontal-array DTAC method. Suppose H is 

1m, L is 5m, d is 100m, l is both 100m, 𝜌1 is 10 Ohm-m and 𝜌2 is 100 Ohm-m, and again TX 

moment is 18000 Am2, the magnetic fields of this configuration are listed in Figure 3.7.  

In these simulations, an ILN prism model is used in the EMIGMA software modeling 

program. The details of this will be presented in Chapter 4. The strike direction of the 2D prism is 

along the y axis, and the profile line is along the x axis. In Figure 3.7, Bx components are unvarying 

along the profile because the x-directed magnetic field are mainly affected by the half space, which 

can be understood from a comparison between Figure 3.7 and 3.2. By components have clear 

responses of these two low-resistivity blocks at low frequency. There is virtually no response at 

the high frequency. But the responses of By are below 100 fT. If we suppose the noise is about 100 

fT, which is reasonable, we cannot detect the By fields. Because Bz components don’t detect the 

anomaly along the profile, which look almost identical as those in Figure 3.2, there are no Bz plots. 

This means the z-directed magnetic fields are dominated by the half-space model and as a result, 

there is no anomaly in the z-directed magnetic field. Since only the By component changes along 

the profile, the null vector directions will be constant along the profile with the magnitude of the 

null vector varying. Therefore, the DTAC method couldn’t distinguish the null vector of these two  
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Figure 3.7 Magnetic fields of the horizontal-array DTAC system over the 2D prism in a half-space 

model. Because the z-directed magnetic fields are identical as in Figure 3.2, there are no Bz plots. 

The magnetic fields in the x direction are constant along the profile, and are not related to the 2D 

model. The magnetic fields in the y direction are responses of the 2D model which are below 100 

fT. If we assume the noise is about 100 fT, which is reasonable, we cannot detect the By fields. (a) 

Re(Bx) responses of the horizontal-array DTAC system over a 2D model; (b) Im(Bx) responses of 

the horizontal-array DTAC system over a 2D model; (c) Re(By) responses of the horizontal-array 

DTAC system over a 2D model; (d) Im(By) responses of the horizontal-array DTAC system over 

a 2D model. 
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frequencies. In other words, there is no DTAC anomaly for this 2D model. As shown in Figure 

3.8, the distribution of magnetic fields on the 2D model, compared with the half-space model, the 

magnetic field amplitudes in the x direction possess the same pattern except the parts around the 

dipole center. Because the presence of the low-resistivity prism, magnetic fields in the y direction 

are not zero. These changes don’t alter the null vector differently at different frequencies. As a 

result, the horizontal-array DTAC method has no response to a 2D model. 

Second, the vertical-array DTAC method is considered. As shown in Figure 3.9, a vertical-

array DTAC system is located on a 2D earth model. Here, the same parameters as in the half space 

analysis are used. The magnetic fields of the vertical array are listed in Figure 3.10. Since there 

are no Bx and By fields in the half-space case, the biggest change for the 2-D earth model is the 

appearance of Bx and By fields. However, it is obvious that these fields are extremely small. For a 

TX moment of 18000 Am2, the magnetic fields are all below 10 fT. In geophysics applications, 

any reasonable noise will overwhelm these low signals. This is one reason why the vertical-array 

DTAC method has no capability for detecting true 2D structures. Compared with the horizontal 

array, the By components have the same patterns, which can detect a clear variation above the 2D 

prism. But the Bx components is reflecting more like a background resistivity change and they are 

symmetric along the profile. Due to the small amplitude and the frequency-independent responses, 

the vertical-array DTAC method cannot detect the 2D anomaly. 

In summary, the DTAC method, horizontal array or vertical array, has no response over a 

2D earth, because of the symmetry of the 2D target and the small magnetic fields. For this reason, 

the DTAC technique has the capability to investigate small target, because of the reduction of 1D 

and 2D target responses.  
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Figure 3.8 Contour plots of the magnetic field amplitude on the z=1m plane of a vertical magnetic 

dipole on a 2D model. As shown in Figure 3.7, the z-directed magnetic fields are dominated by 

primary fields, so there are no contour plots for the z-directed magnetic fields. (a) Contour plot of 

magnetic field amplitude in the x direction of a 2D model at 1kHz; (b) Contour plot of magnetic 

field amplitude in the x direction of a 2D model at 10kHz; (c) Contour plot of magnetic field 

amplitude in the y direction of a 2D model at 1kHz; (d) Contour plot of magnetic field amplitude 

in the y direction of a 2D model at 10kHz. 

(a) (b) 

(c) (d) 
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Figure 3.9 The vertical-array DTAC setup over a 2D earth model.  

3.3 Theoretical primary field in the vertical-array DTAC calculations 

From now on, this paper will focus on the study of the vertical-array DTAC method. The 

horizontal-array DTAC method is discussed in detail in published papers (Sternberg and Dvorak, 

2013; Dvorak and Sternberg, 2013). The horizontal array is early version of the DTAC method 

and has been developed quite extensively. Some of its limitations are the driving force for us to 

develop the vertical-array method. It is the main concern for following chapters.  

From the above discussion, it is apparent that the z-directed magnetic field is dominated by 

the real part, which is the primary field of the vertical TX loop. If a z-directed RX coil is utilized 

in the vertical-array system, it is maximally coupled with the TX loop. The magnetic field received 

by it is dominated by the primary field. Though in the above simulations, imaginary Bz fields are 

on the order of 1E6 fT, compared with the primary field, they are negligible. These small amounts 

of imaginary Bz fields are extremely difficult to extract out from the total Bz fields. Thus, the 

theoretical calculated primary field was used to substitute the true Bz field. In this section, the 

objective is to verify that this idea works well for DTAC method.  
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Figure 3.10 Magnetic fields of the vertical-array DTAC system over the 2D prism in a half-space 

model. Because z-directed magnetic fields are identical as in Figure 3.5, there are no Bz plots. All 

magnetic fields are below 10 fT. If we assume the noise is about 100 fT, we cannot detect any 

magnetic fields in the x or y direction. Fields at 10kHz are virtually constant and zero. The Bx fields 

mainly respond to the half space and the By fields respond to the 2D anomalies. (a) Re(Bx) 

responses of the vertical-array DTAC system over a 2D model; (b) Im(Bx) responses of the vertical-

array DTAC system over a 2D model; (c) Re(By) responses of the vertical-array DTAC system 

over a 2D model; (d) Im(By) responses of the vertical-array DTAC system over a 2D model. 
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In order to demonstrate this characteristic of the vertical-array DTAC method, a model 

illustrated in Figure 3.11 is used. A VH EiKPlate model is located in a three-layer earth. Here, it 

is assumed that the TX and RX are located at heights of 15m and 5 m, respectively. The rectangular 

plate target was chosen because it is a fairly simple target that allows one to better focus on the 

physical phenomenology of the problem. The plate is horizontal with dimensions of 5m × 20m, 

where the top center of this target is located at the coordinates of (0m, -15m, -7.5m). The 

conductance of the plate is defined as 10S. The magnetic dipole TX source is utilized in EMIGMA 

modeling and moment is still assumed 18000Am2. The three-layer earth model is assumed to be a 

homogenous half space for simplification, where 𝜌1 = 𝜌2 = 𝜌3 = 10 Ω ∙ 𝑚.  

Two different methods are employed to calculate the vertical-array DTAC responses for a 

profile shown in Figure 3.11. The results are demonstrated in Figure 3.12. First, the solid line is 

computed using the theoretical primary field response for Bz which is defined in following equation 

(Dvorak and Sternberg, 2014) 

                                                          𝐵𝑧 =
𝜇0𝑛𝐼𝑎2

2[𝑎2+(𝐻𝑇𝑋−𝐻𝑅𝑋)2]3/2                                                  (3-1)       

where a is radius of the TX loop, n is the number of turns in the TX loop, and I gives the current 

magnitude at the calculated frequency, which is assumed to have zero phase. HTX and HRX are the 

heights of the TX and RX coils, respectively. 𝜇0 is the magnetic permeability in free space. Then 

the circles denote the DTAC responses that are calculated using the total Bz field that is simulated 

by EMIGMA software. Since these two sets of results are identical, this shows that the theoretical 

primary field in equation (3-1) can be employed in the vertical-array DTAC method, thus 

eliminating the requirement to measure the z-directed magnetic field component. The DTAC 

magnitude is small at large distances away from the anomaly, rises to a peak prior to crossing the 
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anomaly, and then goes to zero at the symmetry point in the center of the conductive sheet. These 

responses are typical DTAC responses for a subsurface target. 

 

Figure 3.11 The cross-section and plan views of the VH EiKPlate in a three-layer earth. (Dvorak 

and Sternberg, 2014) 

 

Figure 3.12 A comparison between the DTAC magnitude responses when using theoretical 

primary field and the total field simulated by the EMIGMA software. (Dvorak and Sternberg, 

2014) 

The reason that we can use the theoretical primary field instead of having to measure this 

field component can be explained using the previous analysis. As previously discussed, since the 



 

60 

 

real component of Bz is much larger than any of the other field components, we can obtain an 

accurate approximation for the DTAC response by ignoring the imaginary components of Bz.  

3.4 Influence of background resistivity on the vertical-array DTAC responses 

From previous discussion, it is known that the vertical-array DTAC method has no 

responses for the 1D layered earth and 2D structures, and it only responds to 3D targets. 

Theoretically, it nulls out the influence of the layered earth. However, the electromagnetic 

induction of a conductive or resistive anomaly in different background definitely is varying. For 

example, a conductive metal in subsurface earth has EM induction and current channeling effects, 

but the same conductive metal in the air only has EM induction effect. If we assume the air 

resistivity is large enough, it is certain that the background resistivity has influence on the vertical-

array DTAC responses.  

Again, the VH EiKPlate model is utilized. The parameters of the DTAC system and the 

parameters of the VH EiKPlate are the same as in Figure 3.12 simulations. To explore the 

background resistivity effect, two half-space resistivities are employed. One is 10 Ohm-m (a 

conductive earth) and one is 1E8 Ohm-m (free space). Their simulation results are listed in Figure 

3.13. Note that the shapes for the field responses look very similar for the two frequencies when 

the target is in free space. Since the field looks very similar along the profile line and only the 

magnitude changes, reference to equation (2-10) shows that the DTAC response will be small, as 

shown by the circles in Figure 3.13c. In contrast, the field behavior along the profile is much more 

complex and varies with frequency for the case of the conductive half space (10 Ohm-m case). 

These variations with frequency lead to a larger DTAC response for this case (solid line in Figure 

3.13c). 
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Figure 3.13 A comparison between the fields and DTAC responses measured by the vertical-array 

DTAC method for a profile along the x-axis over 10 Ohm-m and 1E8 Ohm-m homogeneous half 

space with the 10S conductance VH EiKPlate target shown in Figure 3.11. (a) The real Bx 

magnitude responses; (b) The imaginary Bx magnitude responses; (c) The DTAC responses. 

(Dvorak and Sternberg, 2014) 

(a) 

 

(b) 

(c) 
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Figure 3.14 Vector plots of the real (top figures) and imaginary (bottom figures) Bx and By 

scattered field components on the z=5m plane for a fixed TX loop (circle in the upper left corner 

of each plot) located at (-15 m, 0 m, 15 m) with 99 receiver locations on a 11 × 9 grid. The figures 

on the left and right sides are for 1kHz and 10kHz, respectively. The target (rectangle on the plot) 

is a (5 m × 20 m) VH EiKPlate that has a conductance of 10S and is located at a depth of 7.5 m in 

free space. (a) Re(Bxy) of the plate in free space at 1kHz; (b) Im(Bxy) of the plate in free space at 

1kHz; (c) Re(Bxy) of the plate in free space at 10kHz; (d) Im(Bxy) of the plate in free space at 10kHz. 

(Dvorak and Sternberg, 2014) 

Next we investigate what causes the relatively simple field and DTAC responses for the 

plate target located in free space. In Figure 3.14 the vector plots of the real and imaginary Bx and  
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By scattered field components in plan view on the z=5m plane for a fixed TX (circle in the upper 

left corner of each plot) located at (-15m, 0 m, 15 m) for frequencies of 1k Hz and 10k Hz with 99 

receiver locations on an 11 × 9 grid. Likewise, in Figure 3.15 we plot the in-phase fields in a cross-

section cut located at y=-10m. Note that in the plot we had to delete the vectors associated with 

the large fields that are very close to the plate in order to better show the behavior of the fields 

surrounding the plate. The imaginary component isn’t shown, but it exhibits a similar behavior. 

When plotting the field contour plots, H field data directly from EMIGMA software are 

used. Therefore, the data in these plots must be multiplied by the free space permeability and the 

TX moment in order to obtain the correct B-field levels. Note that all the two dimensional plots 

and the contour plots for the DTAC magnitude results in this paper show the correct B fields with 

a moment of 18000 Am2.  

When the plate resides in a free space, where no conduction currents can flow, then only 

eddy currents can flow on the plate. Figure 3.14 indicates that the scattered magnetic flux lines are 

created by eddy currents that flow on the plate. These vortex currents can be represented by an 

equivalent vertical magnetic dipole, as shown by the magnetic flux lines in Figure 3.15. A 

comparison between the left and right plots in Figure 3.14 shown that the magnetic flux patterns 

are almost identical for 1kHz and 10kHz, even though the magnitude of the fields are very 

different. Since all the currents are confined to flow on the plate when it is in the free space, the 

scattered magnetic field behavior is much simpler than for the case where the plate resides in a 

conductive earth. These attributes of the field lines for the free space case lead to the simpler field 

distribution shown Figure 3.13(a) and (b), as well as the smaller DTAC magnitude response that 

is shown in Figure 3.13 (c). 
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Figure 3.15 Vector plot of the real Bx and Bz scattered field components on the y=10 m plane for 

a fixed TX loop located at (-15 m, 0 m, 15 m) for 1kHz. The target (horizontal strip on the plot) is 

a (5 m × 20 m) VH EiKPlate that has a conductance of 10S and is located at a depth of 7.5 m in 

free space (1E8 Ohm-m). (Dvorak and Sternberg, 2014) 

3.5 The physical phenomenology behind the vertical-array DTAC method 

The next investigation is about what causes the fundamental differences between the 

responses for the plate target located in a conductive earth versus in free space. For the case of a 

conductive half space, Figure 3.16 shows the vector plots of the real and imaginary Bx and By 

scattered field components in plan view on the z=5m plane for a fixed TX loop (circle in the upper 

left corner of each plot) located at (-15 m, 0 m, 15 m) for frequencies of 1kHz and 10kHz with 99 

receiver locations on an 11 × 9 grid. Since magnetic flux lines must form closed loops, these figures 

indicate that the magnetic flux flows over the top of the rectangular sheet target, and it then flows 

down and circulates around the plate target. These scattered fields are created by the frequency- 
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dependent conduction current patterns that flow through the conductive earth and are channeled 

into the target along the longitudinal direction. 

 

Figure 3.16 Vector plots of the real (top figures) and imaginary (bottom figures) Bx and By 

scattered field components on the z=5 plane for a fixed TX loop (circle in the upper left corner of 

each plot) located at (-15 m, 0 m, 15 m) with 99 receiver locations on a 11 × 9 grid. The figures 

on the left (a and b) and right sides (c and d) are for 1kHz and 10kHz, respectively. The target 

(rectangle on the plot) is a (5m × 20m) VH EiKPlate that has a conductance of 10S and is located 

at a depth of 7.5m in a 10 Ohm-m half space. (Dvorak and Sternberg, 2014) 
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Figure 3.17 Vector plot of the real Bx and Bz scattered field components on the y=10 m plane for 

a fixed TX loop located at (-15 m, 0 m, 15 m) for 1kHz. The target (horizontal strip on the plot) is 

a (5 m × 20 m) VH EiKPlate that has a conductance of 10S and is located at a depth of 7.5 m in a 

10 Ohm-m half space. (Dvorak and Sternberg, 2014) 

In order to verify that the magnetic fields are circulating about the sheet, Figure 3.17 plots 

the in-phase fields in a cross-sectional cut located at y=-10 m. Note that the plot had to delete the 

densely-spaced vectors that were very close to the plate in order to better show the circulatory 

behavior of the fields around the plate. The imaginary components aren’t shown, but they exhibit 

a similar behavior. A close comparison between the left and right plots in Figure 3.16 shown that 

there are substantial differences in the patterns for the magnetic field vectors for 1kHz and 10kHz.  

In fact, the magnetic field vector changes direction when the RX coil is positioned below 

the TX coil (see the circle on the plot), which is the configuration that is used for the vertical 

DTAC array. This is the reason why the DTAC method picks up the presence of the target. The 

relatively complicated flux distributions that are caused by the frequency-dependent currents that  
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Figure 3.18 The same set up as in Figure 3.16 except that the conductive plate target has been 

replaced by a 1 m × 20 m × 2m void (1E8 Ohm-m) LN Prism (rectangle on the plot) that is located 

at a depth of 7.5 m (center) in a 10 Ohm-m half space. (a) Re(Bxy) of the prism in a 10 Ohm-m half 

space at 1kHz; (b) Im(Bxy) of the prism in a 10 Ohm-m half space at 1kHz; (c) Re(Bxy) of the prism 

in a 10 Ohm-m half space at 10kHz; (d) Im(Bxy) of the prism in a 10 Ohm-m half space at 10kHz.  

(Dvorak and Sternberg, 2014) 

flow through the conductive earth, before being channeled into the conductive target, help to 

explain why the field distributions in Figure 3.13a and b are so complex. Furthermore, the large 
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change in vector direction between the two frequencies at the circle explains why the DTAC 

response is fairly large for the conductive earth case as shown in Figure 3.13c. 

Next we investigate the magnetic fields and the DTAC response for a void target in a 10 

Ohm-m conductive half space. Here the plate in previous modeling target will be replaced by a 1 

m × 20m × 2m void target (1E8 Ohm-m) whose center is located at (0 m, -15 m, -7.5 m). The field 

simulations employ the LN prism model in EMIGMA software.  

 

Figure 3.19 The same setup as in Figure 3.17 except that the conductive plate target has been 

replaced by a 1m × 20m × 2m void (1E8 Ohm-m) LN Prism (rectangle on the plot) that is located 

at a depth of 7.5m (center) in a 10 Ohm-m half space. (Dvorak and Sternberg, 2014) 

In Figure 3.18, it is shown the vector plot of the real and imaginary Bx and By scattered 

field components in plain view on the z=5m plane for a fixed TX coil (circle in the upper left corner 

of each plot) located at (-15 m, 0 m, 15 m) for frequencies of 1kHz and 10kHz, and 99 RX locations 
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on a 11 × 9 grid. Figure 3.19 shows the plots of the in-phase fields in a cross-sectional cut located 

at y=-10m. This time the plot doesn’t have to delete the vectors that were in the prism. 

 

Figure 3.20 The real and imaginary Bx and By scattered field components on the z=5m plane for a 

moving vertical DTAC array. The figures on the left (a and b) and right sides (c and d) are for 

1kHz and 10kHz respectively. The target (rectangle on the plot) is a 1m × 20m × 2m void (1E8 

Ohm-m) LN Prism that is located at a depth of 7.5 m (center) in a 10 Ohm-m half space. (Dvorak 

and Sternberg, 2014) 
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First recall that Figure 3.16 and 3.17 show how the conduction currents that are flowing in 

the earth are channeled into the conductive plate target, thereby leading to scattered magnetic fields 

that circulate around the plate. In contrast, since conduction currents cannot flow in the void, this 

target redirects the currents to flow around the void prism. This leads to a more complex scattered 

magnetic field as shown in Figure 3.18 and 3.19. However, once again, the conduction current 

flow patterns are frequency dependent, and will produce different fields when the RX is positioned 

below the TX as in the vertical DTAC array (e.g., the different vector directions at the two 

frequencies inside the circle in Figure 3.18).  

 

Figure 3.21 The same situation as described in Figure 3.20 except we now plot the DTAC 

magnitude responses over the 2D grid. (Dvorak and Sternberg, 2014) 

This fact is further emphasized in Figure 3.20 where the real and imaginary Bx and By 

scattered field components in the z=5 m plane for a moving vertical DTAC array at the two 

frequencies. A comparison between the plots on the left- and right-hand-sides in Figure 3.20 

clearly shows that there is a pronounced frequency dependence in the scattered magnetic fields 
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that are associated with the conduction current flow patterns in the earth that are altered by the 

presence of the prism void. This strong frequency dependence in the scattered fields leads to a 

large DTAC response for the void target in Figure 3.21. This figure shows that the DTAC 

responses go to zero in the symmetry planes for the target, i.e., in the x=0m plane and the y=-15m 

plane. The physical reason that these nulls appear is that one of the horizontal field components in 

Figure 3.20 equals zero at both frequencies in these planes. Therefore, in these symmetry planes 

the null vector direction is frequency independent, which leads to zero DTAC response.  

Now, we understand that the background resistivity has an effect on the DTAC responses 

because it alters the EM induction or current channeling in the conductive or resistive targets. 

Definitely, conductive targets have higher DTAC EM responses like conventional EM methods.  

3.6 Summary of this chapter 

In this chapter, the numerical methods were used to explain the physical phenomenology 

behind the DTAC method. The DTAC method can null out the influence of the layered earth and 

2D structures, because magnetic fields are frequency independent which leads to no difference 

among the null vector directions. This characteristic provides an advantage of the DTAC method 

when measuring small targets which in conventional EM methods could be overwhelmed by the 

layered earth or 2D structures.  

When no target is present within a layered earth, the induced conduction currents flow in 

simple circular patterns that are centered below the transmitter. If either a conductive or resistive 

subsurface target is present that alters the flow patterns for the conduction currents in a manner 

that produces a frequency-dependent scattered magnetic field patterns, then the null orientation 

will change with frequency, and the DTAC method will pick up the small magnetic field responses 
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associated with the buried target. In essence, the DTAC method removes the effects of the large-

primary field and layered-earth responses, therefore allowing for the accurate measurements of the 

much smaller target presence.  
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CHAPTER 4  Numerical studies of the DTAC method 

 

Numerical modeling plays an important role in the development of geophysics. It provides 

key information on the design of field surveys, selection of parameters in instrument 

developments, method study and data processing and interpretation. In this chapter, numerical 

methods are employed to understand the characteristics of the vertical-array DTAC method. The 

numerical software used here is the EMIGMA V8.6 software from PetRos Eikon. It is a 

commercial interpretation platform for comprehensive geophysical imaging, modeling and 

inversion. Based on numerical modeling, it is found that the DTAC method has several advantages: 

(1) insensitive to the orientation errors between TX and RX coils; (2) insensitive to the geologic 

noise; (3) surface interferences have little effect on the measurements; (4) high-resolution mapping 

of targets; (5) frequency-domain measurements, or off-time transient measurements, can be used; 

(6) the method can be adapted to a variety of rapidly moving survey applications, including near-

surface targets (civil engineering, water resource, and environmental restoration) as well as deep 

targets (mining and other natural explorations).  

4.1 Introduction to the EMIGMA software 

The EMIGMA software is a commercial interpretation platform for comprehensive 

geophysical imaging, modeling and inversion. It is a 3D electromagnetic, magnetic, gravity, 

resistivity, induced polarization (IP), magnetometric resistivity (MMR), magnetic induced 

polarization (MIP), magnetotelluric (MT), and controlled source audio magnetotelluric (CSAMT) 

interpretation platform (PetRos Eikon, 2011). It offers a wide range of 3D modeling algorithms 
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and also provides associated tools by which to aid in the understanding and interpretation for 

measured data, such as 2D and 3D visualization of profile, simulated and measured data. It made 

its appearance more than 16 years ago as a prompt-based 3D forward electromagnetic modeling 

program that has developed into a state-of-the-art comprehensive geophysical interpretation 

platform (PetRos Eikon, 2015). 

In general, there are five fundamentally different simulation routines that in combination 

provide for a powerful capability for simulating geology and the near-surface realistically in the 

EMIGMA software (PetRos Eikon, 2011). One scattering simulation method is based on Localized 

Non-Linear (LN) approximation (Habashy, et al., 1993). This method was extended later to include 

the effects of susceptibility variations as well as conductivity and permittivity variations (Murray 

et al, 1999). The second algorithm is based upon Inductive Localized Non-linear (ILN) 

approximation (Murray, 1997; Murray et al, 1999). The third one is VH formulation (Walker and 

West, 1991). The fourth algorithm is sphere algorithm (EMSPHERE – copyright PetrosEikon) 

which is solved by a traditional separation of variable capability and is highly accurate but limited 

to a spherical geometry. Finally, the fifth algorithm is free space plate formulation (FS plate), 

which is based upon the formulation by P. Annan in his doctoral thesis (Annan, 1974).  

Like all the numerical solutions in geophysics modeling, the solutions in the EMIGMA 

software have particular strengths and weakness, as shown in Table 4.1. For example, LN and ILN 

algorithms can be used to simulate all kinds of geometrical models, like faults, dike, and anticline. 

However, the LN method is better for current channeling simulation, like in Resistivity or low- 

frequency Electromagnetic method, and the ILN algorithm is good for both current channeling and 

highly inductive responses. The VH and FS formulations can only be used to simulate plate model,  
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Table 4.1 Comparison of five simulation algorithms in the EMIGMA V8.6 software 

Algorith

m 
LN Prism ILN Prism VHPLATE FSPLATE EMSPHERE 

Calculat

ed effect 

Current 

channeling 

Current 

channeling 

and EM 

inductive  

Current 

channeling 

and EM 

inductive 

EM inductive 

Current 

channeling 

and EM 

inductive 

Source 

type 

Dipole, Loop, 

Grounded 

wire, pole 

Dipole, Loop, 

Grounded 

wire, pole 

Dipole, Loop, 

Grounded 

wire, pole 

Dipole, Loop, 

Grounded 

wire, pole 

Dipole 

Receiver 

type 

Magnetic and 

electric field 

Magnetic and 

electric field 

Magnetic and 

electric field 
Magnetic 

Magnetic and 

electric field 

 Max Rx 

points  
>100000 >100000 >100000 >100000 >100000 

Max 

Target 

cell  

>10000 1000 441 (fixed) 19  200  

Max no. 

of target 
19 8 217 >300 >300 

Method 

Gravity, 

Magnetic, MT, 

CSAMT, 

EM/IP/Resisti

vity, CSEM, 

ZTEM 

Gravity, 

Magnetic, MT, 

CSAMT, 

EM/IP/Resisti

vity, CSEM, 

ZTEM 

MT, CSAMT, 

EM/IP/Resisti

vity, CSEM, 

ZTEM 

EM/IP/Resisti

vity 

EM/IP/Resisti

vity 

Note that: (1) These results are all for the EMIGMA V8.6 software; (2) the laptop computer is Dell 

Precision M6700 with 8 GB memory, 64-bit window 7 operating system; (3) CSEM only refers to 

a current dipole (ground wire source) in the EMIGMA V8.6 software; (4) The maximum target 

cell and maximum number of target are calculated with 2 survey points, 1 frequency and one 

receiver component. These results may vary with different computer or different version of the 

EMIGMA program.    
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which can be used as approximation for some geophysical model, like a thin layer or dike. VH 

EiKPlate is for current channeling and inductive responses, and FS EiKPlate is only for simulation 

in a non-conducting environment. The EMSPHERE algorithm can only be employed to simulate 

sphere model, which is also an approximation model for geophysics. All sources can be employed 

to LN, ILN, VH and FS algorithms, and only the dipole can be used for the sphere algorithm. LN 

and ILN techniques can be used in simulations of all geophysics methods. VH plate cannot be 

utilized in gravity and magnetic modeling. FS plate and sphere approaches are only suitable for 

electromagnetic, induced polarization, and resistivity simulations. Every algorithm has its 

strengths and limitation. However, in combination, these five algorithms can solve all kinds of 

geometry model in geophysics simulation and interpretation.  

In this chapter, the algorithms of ILN, LN, FS EiKPlate, and EMSPHERE are used. 

Basically, these are all integral equation methods. For the underground conductive dike model and 

the void model, the ILN algorithm was used. For the underground metal inside a void, the LN 

technique was employed. The cultural interference models (fences and building) were simulated 

using FS EiKPlate. The vehicle was modeled using EMSPHERE method.  

4.2 Data acquisition with the vertical-array DTAC method 

The ideal configuration for the vertical-array DTAC method is sketched in Figure 4.1, 

which shows a schematic of the DTAC transmitter and nulled two-axis receiver. The separation 

between the transmitter and the receiver coils remains fixed in the vertical array. The entire array 

moves along the profile line, continuously recording the fields. The DTAC response can be 

calculated in real time and displayed as a continuous record. 
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Figure 4.1 The transmitter and nulled two-axis receiver of a vertical-array DTAC system. The TX 

and RX coils are moved together along the profile line (Sternberg et al., 2015a). 

Our primary intended application is a rapidly moving system, with the DTAC vertical array 

suspended from a helicopter. A vehicle with a boom can also be used to carry the DTAC vertical 

array. It will be demonstrated in this chapter, the DTAC vertical array is insensitive to a nearby 

vehicle, in spite of being very sensitive to the presence of deep subsurface targets. The rapidly 

moving measuring system requires the use of two receiver coils, which simultaneously measure 

the x and y magnetic fields, rather than the sequential measurement of the three field components 

that was used in the horizontal-array DTAC system (Sternberg and Dvorak, 2013; Dvorak and 

Sternberg, 2013). The use of two separate receivers can be accomplished by using the simultaneous 

calibration procedure that is described in Sternberg et al. (2015b) and Sternberg and Dvorak 

(2002). 
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In this chapter, it has been assumed that five frequencies are recorded, although the number 

of frequencies can vary. In theory, the wider the frequencies span, the more detailed DTAC 

responses we have. We have tried to design five-frequency tuning circuits that allow for the 

efficient simultaneous transmission of all the needed frequencies, however, our current amplifiers 

cannot supply high currents for five frequencies simultaneously. Alternatively, we switched to 

three-frequency tuning circuits in our high-power vertical-array DTAC system, which will be 

discussed in detail in Chapter 6. In this chapter, five frequencies are utilized to remain consistent 

with our published paper (Sternberg et al., 2015a). Two frequency bands are used here, a band of 

low frequencies (500 Hz, 1 kHz, 2 kHz, 4 kHz, and 8 kHz), which are suitable for typical mining 

exploration targets, and a band of higher frequencies (8 kHz, 16 kHz, 32 kHz, 64 kHz, and 128 

kHz), which are suitable for shallower civil engineering targets. All of our numerical computations 

in this chapter will use these low-band and high-band frequencies. 

4.3 Frequency-domain versus time-domain measurements of the DTAC method 

There are significant advantages to using a frequency-domain system (Hodges et al., 2010), 

or equivalently a combined on-time and off-time transient measurement (Smith, 1998; Sattel, 

1998). Note that the vertical-array DTAC system has the ability to overcome limitations in 

previous frequency-domain and on-time measurements caused by variations in primary field 

pickup (see the following section in this Chapter as well as Sternberg et al., 2015b). This makes 

the vertical-array DTAC system ideal to exploit the advantages of recording during the transmitter 

on-time. 

Current AEM surveys of this type are typically acquired using only the off-time transient 

data. Using the off-time transient avoids problems with variations in primary field pickup, since 
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there is no primary field during the measurement. Off-time measurements also greatly reduce the 

measuring system dynamic-range requirement. 

Mitsuhata et al. (2001) describe procedures for Fourier transforming observed off-time 

transient data to the frequency domain. If the source waveform is accurately deconvolved from the 

measured data, and if the signal-to-noise ratio is high enough, then we can recover the frequency-

domain information that is needed for the DTAC processing from off-time transient measurements 

only. Therefore, all the numerical model data shown in this chapter can be compared with 

measured data that are acquired with a frequency domain system or an off-time transient system. 

4.4 Comparison of the conventional EM response with DTAC response 

It is assumed in this chapter that the transmitter is a vertical dipole or a horizontal loop 

above the earth’s surface, and the receiver consists of two horizontal dipoles above the earth 

surface (Figure 4.1) and directly below the transmitter. It is assumed that the transmitter moment 

is 18000 Am2 in all of the simulations in this chapter. This moment is very large compared to 

typical frequency-domain systems. However, as it is going to be demonstrated in this chapter, the 

vertical-array DTAC system is well suited to handle these large moments because of its 

insensitivity to changes in the receiver-coil pickup of the primary field.  

As shown in Figure 4.2, a dike model is located in a half space. The conductive dike is 200 

m along the strike direction perpendicular to the profile line, and is 50-m high and 20-m wide. The 

transmitter is a vertical dipole located 15 m above the ground. The profile line is offset by 75 m 

from the center line of the dike and the horizontal receiver dipoles are 5 m above the ground. The 

dike resistivity is 1 Ohm-m and the background earth resistivity is 25 Ohm-m. This dike could be 

representative of a potential ore body, for example. The ILN algorithm was used and the internal 
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current sampling was 10 × 5 × 5 cells. Following the conventional practice, |Bz| is shown as total 

field minus the primary field. Without this subtraction, the |Bz| field would display as a constant 

line on this plot at a value of approximate 3.60 × 109 fT, which is about the same value of the 

primary field.  The total field minus the primary field can give clear responses for the target 

because of the reduction of primary field. Later in this chapter, we will see that misalignment error 

of TX and RX greatly limits the application of conventional electromagnetic methods, because the 

contamination of huge primary field. However, this misalignment has little influence on DTAC 

method. This is one of the advantages of using the DTAC system. 

 

 

 

 

 

 

 

 

Figure 4.2 The vertical-array DTAC system over a dike model. TX is 15 m above ground and RX 

is 5 m above ground. A 20m × 200m × 50 m dike with resistivity of 𝜌2 locates in a half space with 

resistivity of  𝜌1. Dike is 50 m deep and profile line is 25 m to the end of the dike.  (a) cross section 

of the dike model; (b) plan view of the dike model. 

In Figure 4.3 (a), the conventional EM fields measurements at 500Hz for the conductive 

dike model are shown. In Figure 4.3 (b), the DTAC responses of this conductive dike are shown. 

For this model, the measurement frequency is 500 Hz and the reference null frequency is 8 kHz. 

This time, five profiles are shown with offsets from the center of the dike of 25, 50, 75, 100, and 
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125 m. It is important to note that on Fig. 4.3(b) the DTAC anomalies are of the order 104 fT. This 

is comparable to the order of magnitude of the field components (|Bx|, |By|, |Bz|) in Fig. 4.3(a). As 

we will see in this chapter, there are many advantages to the use of the DTAC method (such as 

minimizing cultural interference, improving robustness of the measurement, and minimizing the 

effect of changes in background geology). These advantages do not come with a significant loss 

in anomaly magnitude. 

  

Figure 4.3 Results for a 1 Ohm-m dike with dimension of 20m × 200m × 50m in the x, y, and z 

coordinate directions where its top is located at 50 m depth in a 25 Ohm-m half space. a) 

Conventional measurements of Bx, By, and Bz, where the profile is offset by 75m from the center 

line of the dike and is perpendicular to the dike strike; b) DTAC responses with profiles 

perpendicular to the dike strike at different offsets from the dike center line (Sternberg et al., 

2015a). 

4.5 Improved robustness in the measurements under typical field conditions 

It is important to note that if we could directly measure just the Bx, By and Bz fields with 

sufficient accuracy, these measurements would provide all the diagnostic information we would 

need for rapid sensing and imaging of subsurface targets and we would not need the DTAC 

method. Unfortunately, for the measurement array that has been described, the Bz fields are 
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typically about seven orders of magnitude greater than our expected noise level. If the orientation 

of the Bz axis is exactly 90 to the Bx and By  axes, then there will be no primary field measured. 

However, we can never orient these axes with the needed precision in typical field environments. 

The following figures show the errors that will occur caused by expected misalignment of the RXs 

in the field. 

  

Figure 4.4 Results for the 1 Ohm-m dike described in the Fig. 4.3 caption, where the profile is 

offset by 75 m from the center line of the dike and perpendicular to the dike strike. a) Bx response 

for perfectly aligned RX coils (0 orientation error - solid line) and with random RX orientation 

errors that have a standard deviation of 0.001 (circle symbols). With the 0.001 error, the pickup 

of the large primary field overwhelms the 50-m deep conductive dike anomaly; b) DTAC response 

with random RX alignment errors for the underground conductive dike model. With a 10 standard 

deviation RX orientation error, there is a negligible error in the DTAC response (Sternberg et al., 

2015a). 

Figure 4.4(a) shows the |Bx| response for a 50-m deep, 1 Ohm-m dike model in a 25 Ohm-

m half space, with a zero degree RX orientation error (solid line) and with random RX orientation 

errors that have a standard deviation of 0.001 (circle symbols). Although it is possible to obtain 

orientation errors of 0.001 in a laboratory environment, it would be very difficult to maintain this 

error level in a field environment. Even with the 0.001 error, the pickup of the huge primary field 
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completely overwhelms the 50-m deep dike-target anomaly. Deeper dike targets would have no 

hope of being detected. 

Figure 4.4(b) shows the DTAC response with random errors in the RX orientation. A 

standard deviation of 0.001 would appear identical to the zero degree error case on this plot. To 

demonstrate the robustness of the DTAC technique, we have shown a calculation that adds a 

random error with a standard deviation of 10. Even with this large orientation error, there is a 

negligible error in the DTAC magnitude response. 

The insensitivity of the vertical-array DTAC measurements to orientation errors is one of 

its greatest strengths. Conventional frequency-domain measurements, where the transmitter and 

receiver are relatively small and rigidly fixed to minimize orientation errors, are still significantly 

improved using the DTAC method, since these arrays exhibit flexure during operational surveys. 

But the most important advantage is that we can now allow even more movement and this opens 

up the potential for using much larger moment transmitters for frequency-domain measurements 

than have been used in the past. 

4.6 Lower false alarm rate because of geologic noise 

Ideally, geophysics would like to measure just a target response. Unfortunately, 

conventional Bz measurements respond strongly to the background resistivity and not just the 

target. Figure 4.5 shows an example of this problem. 

Figure 4.5 (a) shows a plot of the |Bz| total field minus primary field over a 50-m deep dike 

target in a 25 Ohm-m half space. The strike length in this case was infinite, i.e., we used a 2D 

model. The 2D modeling code that we used was ArjunAir from the Amira P223 suite of modeling 

programs (http://p223suite.sourceforge.net/descriptions.html). The 2D code was chosen for this 
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calculation to match the calculations of the varying background resistivity that will be discussed 

next. This dike anomaly is of the order of 60000 fT. We have used an 18000 Am2 vertical dipole  

  

 

Figure 4.5 Comparison of conventional EM measurements over 2D models with DTAC 

measurements over a 3D model with varying background resistivity. The 2D models for each case 

are shown below the plots. a) Bz nulled measurements for a 50 m deep, 1 Ohm-m 2D dike in a 25 

Ohm-m half space at 500Hz. b) Bz nulled measurements for a changing background resistivity at 

500Hz. c) DTAC response for a 50 m deep conductive dike with varying background resistivity 

(Sternberg et al., 2015a). 
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at 15-m elevation and horizontal dipole receivers at 5-m elevation for the calculations in this 

section. 

Figure 4.5(b) shows a plot of the |Bz| total field minus primary field over an earth model 

that has a slowly varying background resistivity. This slow variation in the background resistivity 

is modeled with a series of slabs, as shown in the diagram just below the plot. Each slab has infinite 

strike length and effectively infinite depth. The slab widths vary between 20 and 50 m. Note that 

there is no mining exploration target in this case, such as a dike model, just the small variations in 

the background resistivity. The first point on the left side of this plot is the |Bz| response when the 

background resistivity is 25 Ohm-m. The next point is 25.1 Ohm-m and these variations continue 

across the entire profile. These small changes in background resistivity are what we expect in 

normal geologic environments and over relatively short distances. These changes in background 

resistivity can also be much larger. Note that Fig. 4.5(a) (the |Bz| anomaly over a dike) is virtually 

identical to Fig. 4.5(b) (the |Bz| anomaly over a varying background resistivity). In general, a slowly 

changing background resistivity can masquerade as a complicated and deeply buried ore body in 

conventional |Bz| measurements. 

It is important to note that the DTAC response over a 2D earth of any resistivity is exactly 

zero. Therefore, a comparable plot to Fig. 4.6(b) for DTAC would lead to no effect from a slowly 

changing background over some distance. 

Figure 4.5(c) shows how the DTAC response changes for a dike target with background 

resistivities of 24, 25, 30, and 40 Ohm-m. In this case, it is back to using a dike strike length of 

200 m and the EMIGMA ILN algorithm. Even a change in background resistivity from 24 Ohm-

m to 40 Ohm-m has a small effect on the DTAC dike target response. In other words, DTAC 
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method is insensitive to the geologic noise and as a result, it can lower the false anomaly alarm 

rate.  

4.7 Reduced interference from conductive surface features 

Many EM geophysical surveys are compromised because of interference from surface 

features, such as fences, buildings, and vehicles. In some areas, access restrictions only allow 

surveys along public roadways. Conventional electrical methods surveys along roadways are often 

impossible to carry out because of parked vehicles, power lines, and metal buildings along the 

roadway. Even in remote areas, we often find that our survey lines encounter fences. 

  

Figure 4.6 Results for a 20000 S conductance fence located on the 25 Ohm-m earth’s surface 

taken along a profile line that is offset by 6m from the TX loop. The fence consists of 151 small 

vertical thin plates with the first plate centered at the 0m array location and last plate centered at 

75m array location. The FS plate algorithm is used to model the plates in the EMIGMA software. 

a) Conventional measurements of |Bx|, |By| and |Bz|. b) DTAC response along profiles at varying 

offsets from the TX loop. The 6m offset case is of the order of 100 fT (i.e., the assumed background 

noise level) bear the edge of the fence and much lower along the majority of the fence (Sternberg 

et al., 2015a). 

For the conductive surface-feature modeling, this chapter used conductive sheets in the FS 

EiKPlate EMIGMA program with internal current sampling of order 7. The profile offset is 
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measured from the edge of the transmitter loop. The transmitter is a 6 m × 6 m square loop, 2 m 

above the surface. The receivers are two orthogonal horizontal dipoles 1 m above the surface.  

Figure 4.6(a) shows calculated fields for conventional measurements of |Bx|, |By| and |Bz| 

along a fence located 6 m away from the measurement array. We used a series of 3 m high × 0.5 

m wide conductive sheets in the FS EiKPlate EMIGMA program to model the fence. This is 

realistic for a solid metal fence, for example. The Bz fields mainly consist of the primary field from 

the transmitter at a value of about 8.26 x 1010 fT. As is often done in the conventional EM 

measurements, we have shown the Bz field with the primary field subtracted. The |Bx|, |By| and |Bz| 

anomalies caused by the fence are of the order of 105 to 106 fT. 

Figure 4.6(b) shows DTAC measurements along the same fence located at varying offsets 

from the measurement array. The 6-m offset case is of the order of 100 fT near the end of the fence 

(x=0 m) and much lower along the majority of the fence. If we assume an ambient average noise 

level of the order of 100 fT, the effect from the fence can be ignored for the parameters used in 

this calculation. 

In summary, a comparison between Figs. 4.6(a) and (b) shows that the DTAC method 

lowers the fence response by 3 to 4 orders of magnitude compared with the conventional EM 

measurements of the |Bx|, |By| and |Bz| fields. 

It is important to understand why the vertical-array DTAC method reduces the effect of the 

fence on the B field measurements by 3 to 4 orders of magnitude. In Chapter 3, the fundamental 

differences between surface conductive features versus subsurface conductive or resistive targets 

were analyzed. The plots in that chapter show the fundamental difference in the response for a 

surface object versus a subsurface target, which responds to current channeling. 
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Figure 4.7 shows the DTAC response near a building located at various offsets from the 

measurement array. It again used the conductive sheets in the EMIGMA FS EiKPlate program, 

and all the other modeling parameters are the same as in the fence modeling. The profile offset is 

measured from the edge of the transmitter loop. The DTAC response caused by the building at an 

offset of 6 m is about 100 fT, i.e., a reasonable ambient noise level at these frequencies. 

The conventional measurement response for |Bx|, |By| and |Bz| near the same building and 

the same offset from the measurement array are also calculated. The magnetic field response from 

the building is of the order of 105 to 106 fT. 

In summary, the DTAC method again lowers the building response by 3 to 4 orders of 

magnitude compared with conventional measurements of the |Bx|, |By| and |Bz| fields. 

 

Figure 4.7 DTAC response near a sheet-metal building. The building consists of 295 0.5m × 3m 

thin plates of 20,000 S conductance on the boundaries of the building, which are modeled using 

the FS plate algorithm in the EMIGMA program. The profiles are parallel to one side of the 

building. The DTAC response caused by the building at distances greater than 6 m from the TX 

loop is lowered to about 100 fT, i.e., the assumed noise level at these frequencies (Sternberg et al., 

2015a). 
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Figure 4.8 DTAC responses for a vehicle (represented by a 1.5-m radius sphere) with various 

offsets from the TX loop. The sphere, with a conductivity of 5,000 S/m, is centered at the vertical- 

array location 0 m. The DTAC response caused by the vehicle is again lowered to about 100 fT, 

i.e., the assumed noise level at these frequencies, when the offset is greater than 3 m (Sternberg et 

al., 2015a). 

Figure 4.8 shows the effect on the DTAC magnitude measurements of a vehicle parked 

along the road where the survey is being carried out. We use a 3-m diameter sphere, with 

conductivity of 5000 S/m, to approximate the response caused by the vehicle. We use the 

EMSPhere algorithm in EMIGMA with an internal current sampling of 200 harmonics, where the 

vertical- dipole transmitter is 2 m above the earth and horizontal-dipole receivers are 1 m above 

the earth. The DTAC response caused by the vehicle at an offset 3 m is now about 100 fT, i.e., the 

assumed noise level at these frequencies. 

The conventional measurement response for |Bx|, |By| and |Bz| near the same vehicle are also 

simulated. The magnetic field response from the vehicle is of the order of 105 to 106 fT. 
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In summary, the DTAC method lowers the effect of the vehicle by 4 to 5 orders of 

magnitude compared with conventional measurements of the |Bx|, |By| and |Bz| fields. 

Therefore, the DTAC method can lower the effect of surface interference features by about 

4 orders of magnitude compared with conventional measurements of the |Bx|, |By| and |Bz|. This 

provides an opportunity for EM method operating near these surface features and along public 

roadways. It extends and more importantly increases the accuracy of EM method around these 

areas.  

4.8 High-resolution investigation of deep targets 

The DTAC method has many advantages over conventional EM methods, which have been 

discussed above. But a key factor for a high-resolution EM method is its ability in investigating 

subsurface targets. In this section, various exploration targets are used to illustrate the DTAC 

responses over a wide range of frequencies in order to demonstrate the high-resolution feature of 

the DTAC technique. To make the predicted profile plots more realistic, reasonable noise levels 

are included in the simulations of this section. Average noise levels for frequencies of 500 Hz to 

8 kHz, for Bx and By, were calculated using data from a one-year period (3/17/2007–3/16/2008) 

and during daylight hours (6:00 AM to 6:00 PM). The averages were calculated using the data in 

Sternberg (2010a, 2010b), except that the peak levels during the afternoons (Noon to 6:00 PM) in 

the late-summer monsoon lightning-storm period (6/25/2007–10/3/2007) were excluded. These 

averages were designed to provide a reasonable estimate of the noise levels during normal data-

acquisition periods. These average noise levels were extended to the range 8 kHz to 128 kHz based 

on the plots in Meloy (2003). As shown in Table 4.2, the noise levels for the frequencies used in 
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this chapter are listed. Note that these noise levels are for a 1-Hz resolution bandwidth and may be 

adjusted for other resolution bandwidths, as dictated by the desired survey speeds. 

In Figure 4.9, the conventional |Bx|, |By| and |Bz| data for a dike model are shown. The 

parameters used for these calculations are: transmitter is a vertical dipole 15 m above the surface; 

receiver is a dipole 5 m above the surface. The EMIGMA V8.6 software was used with the ILN 

algorithm and the internal current sampling was 10 × 5 × 5 cells. The profile line was 75-m offset 

from the center line of the dike and perpendicular to the dike strike. The model size and depth, the 

frequencies, and the background resistivity of each plot are given in the figure caption. Both 50 m 

and 100m deep dikes are considered. Both 25 Ohm-m and 1000 Ohm-m background resistivities 

are utilized.  

Table 4.2 Noise levels based on data in Sternberg (2010) and Meloy (2003). 

Frequency 

(Hz) 

Noise 

(fT) 

500 140 

1000 80 

2000 30 

4000 30 

8000 50 

16000 40 

32000 30 

64000 20 

128000 10 

 

For the 25 Ohm-m background resistivity case, the |Bz| total field minus the primary field 

is dominated by the conductive background response. The presence of the dike anomaly cannot be 

identified on these plots at these scales and at most frequencies. For the 1000 Ohm-m background 

resistivity case, the |Bz| field shows a more prominent anomaly at some, but not all frequencies. As 

it has been shown in the section of this paper on “Lower false alarm rate because of geologic 
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noise”, small changes in the background resistivity can swamp the target anomalies we want to 

map and can produce false anomalies that are unrelated to the targets of interest. 

 

Figure 4.9 Field response magnitudes for a dike (20 m × 200 m × 50 m, 1 Ohm-m) at various 

depths and locations in different-resistivity half spaces for a number of frequencies. a) 50 m deep 

dike in a 25 Ohm-m half space; b) 50 m deep dike in a 1000 Ohm-m half space; c) 100 m deep 

dike in a 25 Ohm-m half space; d) 100m deep dike in 1000 Ohm-m half space. The frequencies 

are defined as f1=8kHz, f2=4kHz, f3=2kHz, f4=1kHz, and f5=0.5kHz. The added random noise 

has a 50 fT standard deviation (SD) for 8kHz, 30 fT SD for 4kHz and 2kHz, 80 fT SD for 1kHz 

and 140 fT SD for 0.5kHz (Sternberg et al., 2015a). 
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For the |Bx| and |By| field plots, there is a well-defined dike anomaly in all cases. As has 

been shown in the section of this chapter on “Improved robustness in the measurements under 

typical field conditions”, it may be difficult or impossible to obtain reliable Bx and By field 

measurements under realistic field conditions. Even every small movements of the receiver coil 

will pick up a substantial signal from the very large Bz field, which is dominated by the primary 

field from the TX coil. This pickup of the Bz field in the Bx field measurements can produce false 

anomalies.  

In the case of off-time transient measurements, the Bz field over a conductive earth may 

still be many orders of magnitude larger than the desired Bx and By fields. Therefore, small 

variations in the orientation of the receiver coils may still lead to detection of false anomalies. 

Our goal in using the DTAC method is to effectively obtain the Bx and By field information, 

but without the severe limitations caused by very small movements of the receiver coil. The DTAC 

method overcomes this problem and the following plots will show the DTAC response for various 

targets. 

In Figure 4.10, the DTAC responses for the same models and calculation parameters as 

listed in Figure 4.9 are shown. Since it has been assumed a five-frequency system here, where f1=8 

kHz, f2=4 kHz, f3=2 kHz, f4=1 kHz, and f5=500 Hz, and since we can use any one frequency for 

the reference null-vector frequency and any another frequency for the data frequency, there are a 

total of 20 permutations to display. In order to conserve space, we have chosen to always display 

the following permutations: f5|f4, f4|f3, f3|f2, and f2|f1, where the first frequency listed is the data 

frequency and the second frequency listed is the null-vector frequency. In addition, we have added 
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one more plot, which shows the two-frequency combination that produces the largest DTAC 

anomaly. 

 

Figure 4.10 DTAC magnitude response for a dike (20 m × 200 m × 50 m, 1 Ohm-m) at various 

depths and locations in different-resistivity half spaces for a number of frequencies. a) 50 m deep 

dike in a 25 Ohm-m half space; b) 50 m deep dike in a 1000 Ohm-m half space; c) 100 m deep 

dike in a 25 Ohm-m half space; d) 100m deep dike in 1000 Ohm-m half space. The frequencies 

are defined as f1=8kHz, f2=4kHz, f3=2kHz, f4=1kHz, and f5=0.5kHz. The added random noise 

has a 50 fT standard deviation (SD) for 8kHz, 30 fT SD for 4kHz and 2kHz, 80 fT SD for 1kHz 

and 140 fT SD for 0.5kHz (Sternberg et al., 2015a). 
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It is noted that the DTAC anomalies for the 25 Ohm-m background resistivity case have a 

magnitude that is very similar to the corresponding |Bx| and |By| fields. The DTAC anomalies for 

the 1000 Ohm-m background resistivity case have a magnitude that is smaller than the 

corresponding |Bx| and |By| fields, but is still comparable and produces easily recognized anomalies 

in all cases. It is also noted that the noise levels for the |Bx| and |By| anomalies and for the DTAC 

anomalies are comparable. 

In Figure 4.11, the DTAC responses for a void (1 m × 100 m × 2 m, 1 × 108 Ohm-m), with 

a thin plate (1 m × 100 m, 20,000 S conductance) at the top of the void at various depths and 

locations in different resistivity half spaces for a number of frequencies are listed. The thin plate 

is designed to model metal that may be found in a void pipe, such as pipes or electric wires. The 

transmitter is a 6m × 6m loop, 2 m above the ground, and the receivers are 1 m above the ground. 

The void is modeled using EMIGMA ILN algorithm, with internal current sampling of 20 × 1 × 2 

cells. The metal is modeled using the EMIGMA LN algorithm, with internal current sampling of 

33 × 3 × 1 cells. The profile line is 20 m offset from the center line of the void and perpendicular 

to the void strike. Both 10 m and 30 m deep voids are considered and both 25 Ohm-m and 1000 

Ohm-m background resistivities are included. For some frequencies combinations, the anomalies 

are below the noise level, but other frequencies combinations show very clear and diagnostic 

anomalies. 

Figure 4.12 shows the DTAC responses for a void (1 m × 100 m × 2 m, 1 × 108 Ohm-m) 

at various depths and locations in different resistivity half-spaces for a number of frequencies. The 

same modeling parameters were used for these void examples as were used in Fig. 4.11. However, 

this time there is no metal present inside the void. 
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Figure 4.11 DTAC magnitude response for a void (1 m × 100 m × 2 m, 1×108 Ohm-m) with a thin 

plate (1m × 100m, 20000S conductance) at the top of the void at various depths and locations in 

different-resistivity half spaces for a number of frequencies. a) 10 m deep void in a 25 Ohm-m half 

space; b) 10 m deep void in a 1000 Ohm-m half space; c) 30 m deep void in a 25 Ohm-m half 

space; d) 30m deep void in 1000 Ohm-m half space. The frequencies and their random noise levels 

are identical as in Figure 4.10 (Sternberg et al., 2015a). 
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Figure 4.12 DTAC magnitude response for a void (1 m × 100 m × 2 m, 1×108 Ohm-m) at various 

depths and locations in different-resistivity half spaces for a number of frequencies. a) 10 m deep 

void in a 25 Ohm-m half space; b) 30 m deep void in a 25 Ohm-m half space. The frequencies and 

their random noise levels are identical as in Figure 4.11 (Sternberg et al., 2015a). 

For the 25 Ohm-m background case, the void anomaly is clearly visible at both 10-m and 

30-m depths. We have not shown the 1000 Ohm-m case because there is no anomaly visible above 

the noise floor. It did not seem necessary to show eight plots with nothing but random noise. 

Nevertheless, we will show in the next example that we can indeed map voids in 1000 Ohm-m 

backgrounds, we simply have to use higher frequencies. 

Figure 4.13 shows DTAC responses for voids (1 m × 100 m × 2 m, 1 × 108 Ohm-m) at 

various depths and locations in different resistivity half-spaces for a number of frequencies. In this 

case, we have used frequencies of f1=128 kHz, f2=64 kHz, f3=32 kHz, f4=16 kHz, and f5=8 kHz. 

With these frequencies, it is able to detect 10m and 30m deep voids, with no metal, for at least  
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Figure 4.13 DTAC magnitude response for a void (1 m × 100 m × 2 m, 1×108 Ohm-m) at various 

depths and locations in different-resistivity half spaces for a number of frequencies. a) 10 m deep 

void in a 25 Ohm-m half space; b) 10 m deep void in a 1000 Ohm-m half space; c) 30 m deep void 

in a 25 Ohm-m half space; d) 30m deep void in 1000 Ohm-m half space. The frequencies are 

defined as f1=128kHz, f2=64kHz, f3=32kHz, f4=16kHz, and f5=8kHz. The added random noise 

has a 10 fT standard deviation (SD) for 128kHz, 20 fT SD for 64kHz, 30 fT SD for 32kHz, 40 fT 

SD for 16kHz and 50 fT SD for 8kHz (Sternberg et al., 2015a). 



 

99 

 

some of the frequency combinations. It is important to note that direct measurement of Bx and By 

(if that could be done reliably in a moving platform, with no change in the orthogonality of the Bx 

and By coils) also requires the use of higher frequencies. We can expect that many near-surface 

targets in civil engineering applications, and in particular in the low-resistivity backgrounds, will 

require high frequency band measurements. 

In operational surveys, using the DTAC method, we would expect that all permutations of 

the frequencies would be displayed in a stacked strip chart fashion for each measured profile. The 

complete set of frequencies provides a rich data set that allows for high-resolution modeling of the 

depth, shape, orientation, and resistivities of targets. 

4.9 Summary of this chapter 

In this chapter, numerical model calculations for the vertical-array DTAC system were 

employed to demonstrate the characteristics of DTAC method. Based on these calculations, the 

capabilities of the vertical-array DTAC system and potential applications are summarized as 

following. 

(1) Improved robustness in the measurements under typical field conditions. In 

conventional EM methods, a small error in the receiver orientation may lead to such large errors 

in the response that the subsurface target anomaly cannot be detected. In the vertical-array DTAC 

method, even large errors in the orientation do not affect the measured target response. 

(2) The vertical-array DTAC method is also effective in reducing anomalies caused by 

varying background (or host rock) resistivity. This avoids the occurrence of false target anomalies 

or the possibility that real target anomalies will not be detected because of the varying background 

response. 
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(3) The vertical-array DTAC method is particularly effective for removing the effect of 

surface interference, e.g., fences, buildings and vehicles. There is no need to align the vertical array 

in any particular orientation to eliminate the surface interference. The processing algorithm finds 

the null direction for the surface interference automatically. 

(4) High-resolution electromagnetic soundings. High resolution has been demonstrated by 

the sensitivity of the DTAC anomaly to the different target depth, different background, and 

different frequencies. 

(5) The above four key attributes of the vertical-array DTAC system can be applied to 

frequency-domain measurements, or off-time transient measurements. Current AEM technology 

can be adapted to the computational techniques used in the vertical-array DTAC method. 

(6) The vertical-array DTAC method can be adapted to a variety of rapidly moving survey 

applications. The transmitter moment can be scaled for effective study of near-surface targets (civil 

engineering, water resource, and environmental restoration) as well as deep targets (mining and 

other natural-resource exploration). 
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CHAPTER 5  Experimental results of the low-power DTAC system 

 

It has been shown using numerical modeling in previous chapters that the DTAC method 

is a high-resolution geophysics method for subsurface imaging, which has many advantages over 

conventional EM methods. It is attractive to implement this technique in real geophysical 

applications. In this chapter, a prototype of the DTAC system was designed, built and tested in 

controlled targets. First, this chapter describes the instrumentation and procedures that are required 

to implement the vertical-array DTAC method in a prototype system. Next, it discusses the ability 

of the vertical-array DTAC system to remove the effects of conductive targets that are either on or 

near the earth’s surface. Finally, we experimentally demonstrate that the DTAC method suppresses 

the effects of surface clutter. The results again verified the theoretical studies. DTAC system has 

significantly improved target sensing and imaging capabilities compared with conventional 

measurements.  

5.1 The vertical-array DTAC measuring system 

In this section, the instrumentation and procedures used for collecting vertical-array DTAC 

data will be described.  Figure 5.1 shows a prototype DTAC system block diagram.  There are 

three main parts in the prototype system, TX and Accurate Real-Time Total Error Suppression 

Technique (ARTTEST) method (Sternberg and Dvorak, 2002; Dvorak and Sternberg, 2002) 

Calibration drive units, DTAC vertical array TX and RX coils and digitizer, and DTAC data 

processing units. Starting at the top of this figure, the control computer uses a LabVIEW program 

to create a digital sinusoid wave of multiple frequencies which is sent out to the TX digital-to-  
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Figure 5.1 The vertical-array DTAC system block diagram. It is defined that the positive z 

direction is pointing up from the earth. The bold dashed lines represent cables between the 

separated TX electronics and the DTAC vertical array (Sternberg et al., 2015b). 
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analog converter (DAC) unit. The sampling rate used in the LabVIEW program code is 50kHz in 

this prototype system. The DAC employs two outputs channels. Channel 0 is used to drive the TX 

loop and channel 1 is used for the ARTTEST calibration, as discussed below.  For this prototype 

system, we used a Data Translation DT9832 DAC. At least two data frequencies are required for 

the transmitter, because one must be used as a reference signal to establish the null direction at that 

frequency, and then a different frequency is used to measure the change in the null at that new 

frequency. We can also use an arbitrary number of frequencies with just one reference frequency 

for wide-bandwidth spectral measurements. In addition, two or more calibration frequencies are 

used, which are slightly offset from the data frequencies. We use a technique called the ARTTEST 

method for this calibration. The ARTTEST calibration procedure will be described in more detail 

in a later section. 

The system then amplifies the transmitter signals from DAC channel 0 using a Quantum 

Audio power amplifier. This is followed by a balanced transformer.   The balanced transformer 

drives a balanced coil through the two ends of the coil plus a center tap.   For this prototype 

experimental setup, it used a loop that was approximately 6m diameter with 4 turns.   

Although we used a linear audio power amplifier in this prototype system for initial tests, 

a high-current, high-voltage switching transmitter can be used for deep exploration.  For example, 

the Zonge GGT-30 and ZT-30 transmitters are suitable for driving large loops. Multiple 

simultaneous frequencies can be obtained with these switching transmitters by using pseudo-

random square-wave signals (Duncan et al., 1980; Luo and Li, 2010; Mittet and Schaug-Pettersen, 

2008; Constable and Cox, 1996).  These high-power transmitters can be used with the multi-
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frequency tuning circuit described in Sternberg and Dvorak (2013) for high efficiency or with an 

untuned coil and high-voltage output to overcome the high impedance of an untuned coil. 

Our current prototype system operates in the frequency domain and we will restrict our 

attention to just frequency-domain tests in this dissertation.  The DTAC method can also operate 

in the time domain, including off-time only measurements.   

 

Figure 5.2 Photograph of the prototype vertical-array DTAC system. The loop TX lies in the 

horizontal plane (z-directed magnetic dipole), and the x- and y-directed RXs are positioned at a 

distance of 1m directly under the center of the TX loop and are oriented approximately orthogonal 

to the TX loop. The TX and nulled two-axis RX (vertical array) coils are fixed to a rigid frame and 

are moved together along the profile line. The TX amplifier and power supply are off the frame 

for these measurements and are located to the left of this photo (Sternberg et al., 2015b). 
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Two components of the total field (primary + layered earth responses + secondary target 

response) are picked up by a two-axis RX coil, which is located below the transmitter coil.  Since 

these two RX coils are placed along the axis of the TX loop and are oriented so that they are 

approximately parallel to the planes of the TX loop and the earth’s surface, a large portion of the 

primary and layered earth responses will be suppressed by these approximately nulled RX coils. 

This allows for the measurement of the much smaller secondary target response. The RX coils 

consist of 100 turns of copper wire on a 37 cm plastic cube.  The coil outputs are fed to 

instrumentation amplifiers (TI THS 4524). 

The signals from the primary field monitor reference coil, the two-axis receiver coil, and 

the ARTTEST current monitor are fed to a 24-bit National Instruments analog-to-digital (ADC) 

converter.  This 24-bit ADC then feeds the digital signal to a wireless system operating in the 2.4 

GHz Wi-Fi band.  A wireless router feeds the signal to the data processing computer.  All of the 

DTAC data can be shown in near real-time on the display as data are being collected.  

Figure 5.2 shows a photograph of the transmitting coil mounted on a portable frame.  The 

TX coil is an octagon, which is a close approximation to a circle. On the bottom of the frame is 

the two-axis receiver coil.  The transmitter amplifier and power supply are off the frame for these 

measurements and are located to the left of this photo.  On this frame, except the TX and RX coils, 

preamplifier, ADC and batteries, there are no other metal. In addition, when the frame is moving 

along the profile line during a test, the RX coils are fasten down to the cart very tightly. Although 

this prototype frame is mounted on a simple cart, the system can be adapted to mobile, including 

airborne, applications. 
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5.2 Calibration method for the low-power DTAC system 

In the low-power vertical-array DTAC system, there are three calibration methods used to 

precisely investigate the subsurface targets. They are ARTTEST calibration method, absolute gain 

calibration, and background removal. The ARTTEST method is to reduce the temporal drift errors 

in the system, so that the DTAC system has a high accurate measurement. The absolute gain 

calibration is to ensure the gain and phase of the system constant along the profile and to obtain 

the true magnetic fields of the system. Background removal is to eliminate the influence of 

unintended sources located on the frame. These three methods together increase the resolution of 

DTAC methods and stabilize the system over a long period.  

5.2.1 The ARTTEST calibration method 

In the prototype horizontal-array DTAC tests (Sternberg and Dvorak, 2013), it used a 

single-axis receiver coil that was rotated to three independent angles.  Measurements at these three 

angles were then used to calculate the required null directions.  A single-axis coil has an important 

advantage which is that the coil response is identical at all three measurement angles.  

Unfortunately, a single-axis coil that is mechanically rotated to three angles for each measurement 

location is not feasible with a rapidly moving system.  In order to accommodate a rapidly moving 

system, such as an airborne system, we must simultaneously measure two magnetic components 

(Bx and By).  It has been shown that with the vertical-array configuration of the DTAC system, we 

do not need to measure the Bz field in Chapter 3.  We can instead just use the calculated free-space 

value for Bz. 

Since the system requires two independent coils, the response functions of these coils will 

be different and will vary with time.  In order to calibrate these receiver coil response functions 
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with sufficient accuracy, as required by the DTAC method, we used the ARTTEST method for 

this calibration (Sternberg and Dvorak, 2002; Dvorak and Sternberg, 2002).  This method injects 

a calibration signal at the same time as data are being collected.  This simultaneous calibration 

eliminates any uncertainty caused by equipment response drift with time or temperature changes.  

As shown in Figure 5.1, the ARTTEST calibration signal is injected into the RX coils via a single-

turn coil surrounding the RX coils.  The current that is used to drive the injection coil is also 

monitored with the 24-bit ADC. 

In addition, we must account for relative changes in the transmitter current.  This is done 

with the primary field monitor.  All signals are normalized by this current to remove fluctuations 

in the current caused by temperature changes or power-amplifier variations. 

To better understand the ARTTEST calibration method, the details of this procedure for 

the vertical-array DTAC method (Figure 5.1) are outlined following. Also, the types of time-

varying transfer functions that are removed by the ARTTEST method are theoretically 

demonstrated. Since the ADCs and DACs that are shown in Figure 5.1 do not share a common 

clock signal, a Blackman window is used during the application of the Fast Fourier Transform 

(FFT) to obtain the required frequency-domain signals from the digitized time-domain waveforms. 

Phase coherence between the x- and y- directed RX channels is achieved via the relative ARRTEST 

calibration procedure that is outlined below (Sternberg et al., 2015b). 

1. Source currents 

1.1. 𝐼𝑇𝑋
𝑚 = 𝐺𝑇𝑋

𝑚 𝐴0
𝑚 represents the current flowing through the TX loop at the frequency 𝑓𝑚, where 

the reference frequency is at 𝑓0 = 800𝐻𝑧 and the data frequency is at 𝑓1 = 9 030 𝐻𝑧. 

1.1.1 𝐴0
𝑚 represents the complex valued signal output of DAC channel 0. 
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1.1.2 𝐺𝑇𝑋
𝑚  represents the complex valued transfer function for the TX circuitry at the frequency 

𝑓𝑚. 

1.2 𝐼𝐴
𝑚′

= 𝐺𝐴
𝑚′

𝐴1
𝑚′

 represents the current flowing through the single-loop ARTTEST coil that is 

wrapped around the RX cube at an angle of 45 relative to the x- and y-directed RX coils so that 

the magnetic field that is produced by this loop will couple equal signals into the two RX coils. 

The ARTTEST frequencies 𝑓𝑚′
are slightly offset from the measurement frequencies 𝑓𝑚 , i.e., 

𝑓0′
= 831𝐻𝑧 and 𝑓1′

= 9010𝐻𝑧. 

1.2.1. 𝐴1
𝑚′

 represents the complex valued signal output of DAC channel 1. 

1.2.2. 𝐺𝐴
𝑚′

 represents the complex valued transfer function for the ARTTEST circuitry at the 

frequency 𝑓𝑚′
. 

2. Data fields measured by the x- and y- directed RX coils, i.e., ADC channels 0 and 1, 

respectively.  

2.1. �̃�𝑥
𝑚 = 𝐺𝑥

𝑚𝐶𝑥,𝑇𝑋
𝑚 𝐼𝑇𝑋

𝑚 = 𝐺𝑥
𝑚𝐶𝑥,𝑇𝑋

𝑚 𝐺𝑇𝑋
𝑚 𝐴0

𝑚  and �̃�𝑦
𝑚 = 𝐺𝑦

𝑚𝐶𝑦,𝑇𝑋
𝑚 𝐼𝑇𝑋

𝑚 = 𝐺𝑦
𝑚𝐶𝑦,𝑇𝑋

𝑚 𝐺𝑇𝑋
𝑚 𝐴0

𝑚  represent 

the measured x- and y- directed components of the magnetic field. 

2.1.1. 𝐶𝑥,𝑇𝑋
𝑚  and 𝐶𝑦,𝑇𝑋

𝑚  represent the coupling coefficients between the TX loop and the x- and y-

directed RX coils. These terms model the secondary fields from the target as well as the primary 

field pickup caused by any non-orthogonality between the TX and RX coils.  

2.1.2. 𝐺𝑥
𝑚 and 𝐺𝑦

𝑚 represent the complex-valued transfer functions for the RX circuitry.  

3. ARTTEST signals measured by the x- and y- directed RX coils, i.e., ADC channels 0 and 

1, respectively. 



 

109 

 

3.1. �̃�𝑥
𝑚′

= 𝐺𝑥
𝑚′

𝐶𝑥𝑦,𝐴
𝑚′

𝐼𝐴
𝑚′

= 𝐺𝑥
𝑚′

𝐶𝑥𝑦,𝐴
𝑚′

𝐺𝐴
𝑚′

𝐴1
𝑚′

 and �̃�𝑦
𝑚′

= 𝐺𝑦
𝑚′

𝐶𝑥𝑦,𝐴
𝑚′

𝐼𝐴
𝑚′

= 𝐺𝑦
𝑚′

𝐶𝑥𝑦,𝐴
𝑚′

𝐺𝐴
𝑚′

𝐴1
𝑚′

 

represent the measured x- and y- directed components of the ARTTEST signal. 

3.1.1. 𝐶𝑥𝑦,𝐴
𝑚′

 represents the equal coupling coefficient between the ARTTEST loop and the x- and 

y- directed RX coils. 

3.1.2. Here it is assumed the x- and y- channel RX transfer functions for the ARTTEST frequencies 

equal to those for the data frequencies since 𝑓𝑚′
≈ 𝑓𝑚, i.e., 𝐺𝑥

𝑚′
≈ 𝐺𝑥

𝑚 and 𝐺𝑦
𝑚′

≈ 𝐺𝑦
𝑚. 

4. TX and ARTTEST current monitor signals measured by ADC channels 2 and 3, 

respectively. 

4.1. �̃�𝑇𝑋
𝑚 = 𝐺𝑀𝑇

𝑚 𝐶𝑀,𝑇𝑋
𝑚 𝐼𝑇𝑋

𝑚 = 𝐺𝑀𝑇
𝑚 𝐶𝑀,𝑇𝑋

𝑚 𝐺𝑇𝑋
𝑚 𝐴0

𝑚 represents the TX current monitor signal.  

4.1.1 𝐶𝑀,𝑇𝑋
𝑚  represents the coupling coefficient between the TX loop and primary field monitor 

loop. 

4.1.2. 𝐺𝑀𝑇
𝑚  represents the complex-valued transfer function for the TX monitor circuitry. 

4.2.  �̃�𝐴
𝑚′

= 𝐺𝑀𝐴
𝑚′

𝐼𝐴
𝑚′

= 𝐺𝑀𝐴
𝑚′

𝐺𝐴
𝑚′

𝐴1
𝑚′

 represents the ARTTEST current monitor signal. 

4.2.1. 𝐺𝑀𝐴
𝑚′

 represents the complex valued transfer function for the ARTTEST monitor circuitry. 

5. The ARTTEST relative gain calibration method removes the time variations (drift) 

associated with the amplifier in the TX and RX circuitry, as shown below. 

5.1. The calibrated magnetic fields are obtained by normalizing the measured fields via the 

measured ARTTEST and monitor signals, and multiplying by a parameter to be determined 

absolute gain coefficient 𝐺𝐴𝐵𝑆
𝑚 . 

5.1.1. 𝐵𝑥
𝑚 = 𝐺𝐴𝐵𝑆

𝑚 �̃�𝑥
𝑚

�̃�𝑇𝑋
𝑚

�̃�𝐴
𝑚′

�̃�𝑥
𝑚′ = 𝐺𝐴𝐵𝑆

𝑚 (
𝐺𝑀𝐴

𝑚′

𝐺𝑀𝑇
𝑚 𝐶𝑀,𝑇𝑋

𝑚 𝐶𝑥𝑦,𝐴
𝑚′ )𝐶𝑥,𝑇𝑋

𝑚  
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5.1.2. 𝐵𝑦
𝑚 = 𝐺𝐴𝐵𝑆

𝑚 �̃�𝑦
𝑚

�̃�𝑇𝑋
𝑚

�̃�𝐴
𝑚′

�̃�𝑦
𝑚′ = 𝐺𝐴𝐵𝑆

𝑚 (
𝐺𝑀𝐴

𝑚′

𝐺𝑀𝑇
𝑚 𝐶𝑀,𝑇𝑋

𝑚 𝐶𝑥𝑦,𝐴
𝑚′ )𝐶𝑦,𝑇𝑋

𝑚  

5.2. The ARTTEST relative gain calibration method removes the time-varying errors associated 

with 𝐴0
𝑚, 𝐴1

𝑚′
, 𝐺𝑇𝑋

𝑚 , 𝐺𝐴
𝑚′

, 𝐺𝑥
𝑚, and 𝐺𝑦

𝑚 from the above equations. 

5.3. The terms in the parentheses are the same for both RX channels. Since the ARTTEST relative 

gain calibration method removes both the TX and RX transfer functions, it equalizes the two 

channels. Therefore, a single absolute gain coefficient 𝐺𝐴𝐵𝑆
𝑚  must be determined. 

5.4. The terms in the parentheses are stable with time since they do not model the effects of high-

power amplifiers. This assumes that the ADC channels are stable. Therefore, the calculated 

magnetic fields 𝐵𝑥
𝑚 and 𝐵𝑦

𝑚 will be stable with time.  

5.5. The 𝐶𝑥,𝑇𝑋
𝑚  and 𝐶𝑦,𝑇𝑋

𝑚  terms model the coupling from the TX to the RXs and include the 

secondary fields from the target.  

6. Determine the absolute gain coefficient for the x- and y-directed channels.  

6.1. Rotate the x-directed RX out of null coupling into maximum coupling so that it mainly picks 

up the primary field from the TX ( we inserted a 40 dB attenuator just before the TX’s power 

amplifier to lower the primary signal level to maintain linearity in the RX amplifiers). 

6.1.1. The magnitude and phase (0) of the primary field (𝐵𝑃𝑟𝑖𝑚) can be theoretically calculated 

and treated as a known result. Equating 𝐵𝑃𝑟𝑖𝑚 to the measured values in step 5.1.1 allows one to 

determine the absolute gain coefficient. 

𝐺𝐴𝐵𝑆
𝑚 = 𝐵𝑃𝑟𝑖𝑚

�̃�𝑇𝑋
𝑚

�̃�𝑥
𝑚

�̃�𝑥
𝑚′

�̃�𝐴
𝑚′|

𝑀𝑎𝑥 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔

 

7. Background removal.  
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7.1. Measure the field in a no-target region and subtract this response from all future measurements 

along a profile line. 

7.2. 𝐵𝑥,𝐶
𝑚 = 𝐵𝑥

𝑚 − 𝐵𝑥
𝑚|𝑁𝑜 𝑇𝑎𝑟𝑔𝑒𝑡 

After all these calibrations, the magnetic fields will maximally reflect the information of the 

subsurface target.  

5.2.2 The absolute gain calibration of the system 

The relative gain calibration (ARTTEST Calibration) ensures that the system gain and 

phase equalize and remain constant throughout the measurement profiles.  We also need an 

absolute gain and phase calibration at the start of a series of measurement profiles.   

One absolute calibration method involves taking each receiver coil out of null coupling and 

placing it in maximum coupling with the transmitter coil.  The theoretical maximum coupling in 

free space (which is an accurate assumption in this case) can be easily calculated.  The measured 

gain and phase response at each frequency are then corrected to match the theoretical values.  This 

is a straightforward process, but it does involve removing the coil from its null-coupling position, 

which may be inconvenient in a rapidly moving system. 

Another absolute calibration method involves placing a known target between the 

transmitter and receiver.  For a known target we used a 126 turn, 46 cm diameter coil with shorted 

leads and no external tuning.  By calculating the difference in complex response between shorted 

leads and open leads, we eliminate any effect from induction in surrounding metal on the beam or 

from buried targets.  This calibration coil can be switched on at any time for an absolute calibration, 

and then left in place during survey measurements with the switch open. This makes a convenient 

absolute calibration that can be left in place without any changes to the receiver coil.  Although 
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there is no external tuning, there is still a self-resonant frequency, so the coil response can change 

with changes in temperature.  For high accuracy, the gain/phase response of the calibration coil 

should be measured regularly in the field using an impedance analyzer.  The measured transmitter-

coil/calibration-coil/receiver-coil phase-response is then adjusted so that this phase matches the 

calibration-coil phase, which has been measured on the impedance analyzer.  The measured 

transmitter-coil/calibration-coil/receiver-coil gain response is adjusted so that it matches the 

calibration-coil magnitude, after accounting for the precisely known geometry between the three 

coils.  The calibration-coil absolute calibration is well suited to a moving system. 

In the prototype system, both absolute gain corrections are utilized. Because the 

temperature varies and the changes of the surface conditions, maximum coupling is used more 

frequently as the absolute gain correction.  

5.2.3 Background removal 

A final correction that must be made involves removal of background fields that are caused 

by interference from unintended sources located on the DTAC frame, which are very close to the 

RX coil and associated cables. These background fields may be due to crosstalk from a transmitter 

cable directly to a receiver cable.  Background fields may also be due to frequency-dependent 

fields induced in nearby metal from the transmitted signal.  Later this chapter will show that 

metallic interference at distances of several meters from the measuring system has a relatively 

small effect on the DTAC system.  Nevertheless, metal wires and metal shielding located just 

centimeters from the receiver coil can still have a significant effect on the DTAC response and 

these background effects must be removed. One of the ways to remove the background effect is to 

find a no-target region and subtract any measured response from all future measurements along a 
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profile line.  Since, in general, we do not know where a no-target region is located, this method 

has limitations. 

For an airborne system, the background response can be removed by flying to moderately 

high altitude.  This could be confidently called a target-free region and the measured high-altitude 

response can be subtracted from all future measurements along a profile line. 

The third method for removing the background response is based on the Alternating Target 

Antenna Coupling (ATAC) method outlined in Sternberg et al., (2008) and Krichenko et al., 

(2008).  In these papers they measured the gain/phase response in one direction with a vertical 

array; they then rotated the array 180 degrees about the vertical axis.  By subtracting the 0° and 

the 180° measurements, they were able to remove any interference from the measuring system and 

isolate only the target response.  Conversely, if adding the 0° and the 180° measurements, it is able 

to remove any interference from buried targets and isolate only the beam background response.  

Note that this measurement will actually be double the true background response.  This measured 

background response (divided by two) can then be subtracted from all future measurements along 

a profile line.  It is only needed to occasionally perform this rotation, which is important for any 

continuously moving system. 

All of these background responses require that the background response does not change 

during measurements. This in effect means that crosstalk must not change (all cables must remain 

rigidly fixed in one position) and induction in nearby metal must not change (all components must 

be rigidly fixed).  Keeping the background response as low as possible also helps reduce the effect 

of any change in the background field. 
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5.3 Experimental results of the low-power vertical-array DTAC system 

5.3.1 Scaled measurements using sheet targets 

Controlled targets are used a lot in geophysics instrumentation to verify the efficiency of 

the system, because of the known depths, offsets, orientations, and their theoretical responses. In 

this section, a small-scale test was used so that targets have well-known locations, depths, and 

orientations. A well-controlled test site is essential in order to provide accurate verification of the 

vertical-array DTAC method.  In Sternberg and Dvorak (2013), they used small sheets on the 

surface, or buried at shallow depths, in a modified scale-model to test the horizontal-array DTAC 

system. This turned out to be very effective. 

For the vertical-array DTAC system, the response to a small sheet on the surface, or buried 

at shallow depths, is different.  Figures 5.3 (a) and (b) show the Bx and By fields for a 0.46m by 

1.22m aluminum sheet on the surface of the earth.  Multiple measurements are included at each 

profile location to demonstrate the repeatability of the data as well as the noise level. The measured 

current of high frequency fields are used for both the low-frequency and the high-frequency fields 

on this plot to facilitate the comparison of the Bx and By responses. It is important to note that the 

high-frequency and the low-frequency Bx and By fields are virtually identical for this surface sheet. 

The Bx and By fields show a substantial response to this sheet.  The DTAC results in Figure 5.3 (c), 

however, shows no responses, just noise at the level of 100 to 1000 fT.   

Note that when the secondary target response is small (e.g., measurements at -2.5m and -

3m), small changes in the relative orientations of the TX and RX coils (e.g., caused by the wind 

blowing) can lead to relatively large changes in the measured magnetic fields. However, since 

these small changes in the measurement system affect both frequencies in the same manner (i.e., 
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the X’s and O’s track each other in Figure 5.3), the vertical-array DTAC method removes these 

variations down to the noise level. 

  

 

Figure 5.3 Measured responses for a 0.46 m by 1.22 m aluminum sheet target placed on the earth’s 

surface at a distance of 0.4 m below the RX height at the 0 m TX/RX location. The center of the 

sheet target is offset from the profile line by 1.1 m. (a) Bx fields; (b) By fields; (c) DTAC magnitude 

where the reference and measurement frequencies are 𝑓0 = 800𝐻𝑧  and 𝑓1 = 9030𝐻𝑧 , 

respectively (Sternberg et al., 2015b). 
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Clearly this type of target is not suitable for verifying the prototype system.  The reason 

for this lack of response was discussed in detail in Chapter 3.  This is actually one of the greatest 

strengths of the vertical-array DTAC system. There is a negligible response to these conductive 

surface clutters. 

5.3.2 Tuned, two-axis target coils 

In Chapter 3, it has been shown that the DTAC response is due to a frequency-dependent 

scattered magnetic field associated with the flow of conduction currents within the earth that have 

been influenced by the presence of a target.  However, if a conductive target is located in air so 

that no current channel can take place (i.e., only circulatory eddy currents can flow on the target), 

then the scattered field patterns will be predominately frequency independent and the resulting 

DTAC response will be small. In this section, these fundamental characteristics of the DTAC 

response are used to construct a suitable target that mimics this behavior.  We wrapped two tuned, 

orthogonal 100-turn coils on a 0.37m by 0.37m plastic box.  One coil (the x-coil) was shorted 

through a 4µF capacitor to provide the frequency-dependent response for the low-frequency 

(800Hz) signal.  Another coil (the z-coil) was shorted through a 37nF capacitor to provide the 

frequency-dependent response for the high-frequency (9030Hz) signal.  A 47 Ohm resistor was 

added in series with the 37nF capacitor to lower the Q and reduce variations with time and 

temperature.  The Q refers to the quality factor of the tuned circuit, and is inversely related to the 

bandwidth of the tuned-coil resonant response. The DTAC reference and measurement frequencies 

used are just off the series resonance to also increase stability with time and temperature.  The use 

of two separate resonant coils provides the frequency-dependent scattered magnetic field pattern 

that is required to obtain a large DTAC response.  If only one coil was employed, then this would 
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mimic the case of a conductive plate in free space (surface clutter) which only has circulatory eddy 

currents, thereby yielding a small DTAC response (Discussed in Chapter 3). By having two 

separate coils that resonate at different frequencies and are oriented in different directions, 

polarization ellipses and associated null vectors are created that are also oriented in different 

directions at the two frequencies. This produces a large DTAC response and simulates the complex 

behavior of the conduction currents that flow in the earth when an anomaly is present.  

Figures 5.4 (a) and (b) show the impedance and phase response functions for these coils as 

measured using an impedance analyzer. These response functions will be used in the theoretical 

modeling code, described below. It is found that it was necessary to frequently re-measure the 

response functions during the field measurements to account for the drift in the response with 

  

Figure 5.4 Measured impedances (magnitude and phase) of the two target coils that are tuned to 

resonate near the reference (800Hz) and data (9030Hz) frequencies, which are indicated by the 

vertical dashed lines in the figures. Note that the DTAC measurements are made at frequencies 

that are slightly offset from the resonant frequencies to reduce the effects of temperature changes 

on the resulting measurements.  (a) Low-frequency target coil response; (b) High-frequency target 

coil response (Sternberg et al., 2015b). 
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changing temperature. We measured the response function before and after each profile line, and 

typically used the measurements after each profile line, the reasons for which will be presented in 

the later sections. 

5.4 Numerical simulation of the experiment setup for the tuned target coils 

The layout of the experimental measurements is shown in Figure 5.5.  In order to simulate 

the fields that are measured in the experimental tests, it is required to model both the primary 

magnetic field response of the TX loop and the secondary field response associated with a target 

 

Figure 5.5 Cross section and plan views of the profile geometry. All parameters are the same for 

the following figures unless a change in a parameter is noted in the corresponding figure caption 

(Sternberg et al., 2015b). 
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that is composed of two Target Coils (TCs), where the z- and x-directed TCs are tuned to have 

appreciable magnetic response at frequencies of 800Hz and 9030Hz, respectively.  In order to 

predict the primary field from the finite radius TX loop and the reradiated fields associated with 

the TCs, it must be able to compute the magnetic field associated with a current loop that is oriented 

at different angles in a 3D space. The following calculations were used for each profile location 

(Sternberg et al., 2015b): 

1. Compute the vector components of the primary magnetic field 𝐵𝑇𝑋, produced by the finite radius 

TX loop, at the location of the two tuned target coils (TCs). 

2. Specify the orientations of each TC by using unit vectors (�̂�𝑇𝐶 ) that are orthogonal to the 

surfaces that are bounded by the loops. 

3. Use Faraday’s law, together with the calculated primary field 𝐵𝑇𝑋 and the TC orientations �̂�𝑇𝐶, 

to compute the induced voltages 𝑉𝑇𝐶 for each TC. 

4. Calculate the currents 𝐼𝑇𝐶 that are flowing in each TC by dividing the induced voltage 𝑉𝑇𝐶 by 

the measured impedance 𝑍𝑇𝐶 for each TC. 

5. Find the location of the DTAC RXs in the local coordinate systems of each TC. 

6. Find the secondary magnetic fields produced by the TCs (�̃�𝑇𝐶) at the RX location expressed in 

the local TC coordinate systems. 

7. Use coordinate rotations to find the secondary magnetic fields (𝐵𝑇𝐶) at the location of the RX 

coil in the global coordinate system. 

8. Sum the secondary fields from the two TCs to find the simulated secondary fields that are picked 

up by the two horizontal RXs. 
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5.4.1 Modeling the response for a current loop 

The simulations first define a current loop of radius a, whose center lies at the origin of a 

local coordinate system as shown in Figure 5.6.  After modifying the coordinate system that is 

used by Dennision (2015), the rectangular components of the magnetic fields associated with this 

current loop are expressed as: 

                                     𝐵𝑥′ = 𝐵0
𝛾 cos(∅′)

𝜋√𝑄
[𝐸(𝑚)

1+𝛼2+𝛽2

𝑄−4𝑎
− 𝐾(𝑚)]                              (5-1) 

                                    𝐵𝑦′ = 𝐵0
𝛾 sin(∅′)

𝜋√𝑄
[𝐸(𝑚)

1+𝛼2+𝛽2

𝑄−4𝑎
− 𝐾(𝑚)]                                (5-2) 

                                      𝐵𝑧′ = 𝐵0
1

𝜋√𝑄
[𝐸(𝑚)

1−𝛼2−𝛽2

𝑄−4𝑎
− 𝐾(𝑚)]                                     (5-3) 

where 𝛼 = 𝜌′/𝑎 , 𝛽 = 𝑧′/𝑎 , 𝛾 = 𝑧′/𝜌′ , 𝜌′ = √(𝑥′)2 + (𝑦′)2 , ∅′ = tan−1(𝑦′/𝑥′) , 𝑄 = [(1 +

𝛼)2 + 𝛽2] and 𝑚 = 4𝛼/𝑄 . Also note that 𝐵0 = 𝑁𝐼𝜇0/2𝑎  represents the magnetic field at the 

center of the loop, where a represents the loop radius, N is the number of turns, and I indicates the 

current that is flowing through the loop.  In order to compute the fields in (5-1) to (5-3), it must be 

able to calculate the complete elliptical integrals of the first and second kinds, i.e., 𝐾(𝑚) and 

𝐸(𝑚).  Therefore, Matlab was chosen to use for our numerical simulations. 

5.4.2 Rotation Matrices 

As shown in Figure 5.5, the TCs have moments that lie in the x- and z-directions, while the 

loop in Figure 5.6 has a moment that lies in the 𝑧′ direction.  In the following experiments, TCs 

were rotated at a number of different angles. Therefore, the simulations need to be able to rotate 

the coil coordinate system relative to the global measurement coordinate system.   
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Arfken (1985), Wolfram Mathworld (2015), and Wikipedia (2015a) provide three rotation 

matrices that allow for the rotation of the local coil coordinate system by the angles𝜃𝑥, 𝜃𝑦, and 𝜃𝑧  

about the x, y, and z axes, respectively  

                                               [𝑅𝑥(𝜃𝑥)] = [

1 0 0
0 cos( 𝜃𝑥) sin(𝜃𝑥)
0 − sin(𝜃𝑥) cos(𝜃𝑥)

]                                       (5-4) 

                                               [𝑅𝑦(𝜃𝑦)] = [

cos( 𝜃𝑦) 0 − sin(𝜃𝑦)

0 1 0
sin(𝜃𝑦) 0 cos(𝜃𝑦)

]                                      (5-5) 

                                               [𝑅𝑧(𝜃𝑧)] = [
cos( 𝜃𝑧) sin(𝜃𝑧) 0
− sin(𝜃𝑧) cos(𝜃𝑧) 0

0 0 1

]                                        (5-6) 

 

Figure 5.6 Local coil coordinate system (denoted by primed variables) that is used to calculate the 

magnetic fields associated with the TX coil and the two target coils (Sternberg et al., 2015b). 

A three-dimensional coordinate system rotation matrix can then be constructed by 

multiplying these three matrices, i.e., 

                                          [𝑅𝑥𝑦𝑧(𝜃𝑥, 𝜃𝑦 , 𝜃𝑧)] = [𝑅𝑥(𝜃𝑥)][𝑅𝑦(𝜃𝑦)][𝑅𝑧(𝜃𝑧)]                             (5-7) 



 

122 

 

5.4.3 Summary of the numerical simulator 

In order to apply the rotation matrices, both the local and global coordinate systems must 

be defined with a common origin.  In order to accomplish this, the program takes the original TX 

and RX coordinates along the profile (Figure 5.5) and translates them to a new set of coordinates. 

Since only the TCs need to be rotated, the TCs are placed at the origin of the translated coordinate 

system.  Therefore, for the TX coordinate translation the code employs  

                                    (𝑥, 0𝑚, 1𝑚) ⇒ (𝑥𝑇𝑋 , 𝑦𝑇𝑋 , 𝑧𝑇𝑋) ⇒ (𝑥, 1.1𝑚,𝐷 + 1𝑚)                         (5-8) 

and for the RX we use: 

                                       (𝑥, 0𝑚, 0𝑚) ⇒ (𝑥𝑇𝑋 , 𝑦𝑇𝑋 , 𝑧𝑇𝑋) ⇒ (𝑥, 1.1𝑚,𝐷)                                 (5-9) 

The field at the two-axis RX coil will consist of a superposition of three fields, i.e, the 

primary field coupling from the TX coil and the secondary fields that are reradiated from the two 

TCs.  In the case of a perfectly aligned array, there won’t be any of the primary field picked up by 

the x- and y-directed RX coils, so the primary field can be ignored.  

In order to compute the secondary fields from the TCs, it must first find the current that is 

induced in each TC. After defining the rotation matrix for a TC (i.e., specify𝜃𝑥, 𝜃𝑦, and𝜃𝑧), then a 

unit vector in the direction normal to the plane of that TC can be found in the global coordinate 

system by multiplying a 𝑧′-directed unit vector in the local coordinate system (Figure 5.6) by the 

3-D rotation matrix, i.e., 

                                                       �̂�𝑇𝐶 = [0 0 1][𝑅𝑥𝑦𝑧(𝜃𝑥, 𝜃𝑦 , 𝜃𝑧)]                                   (5-10) 

Next, the integral form of Faraday’s law can be applied to find the induced voltage in the 

TC,  

                                𝑉𝑇𝐶 = −∫ 𝐄𝑇𝑋𝑑𝐥 = 𝑗𝜔 ∬ 𝐁𝑇𝑋�̂�𝑇𝐶𝑑𝑆 ≈ 𝑗
𝑠𝐶

𝜔𝑁𝑇𝐶𝐴𝑇𝐶𝐁𝑇𝑋�̂�𝑇𝐶           (5-11) 
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where𝐁𝑇𝑋  and 𝐄𝑇𝑋 represents the vector magnetic and electric field from the TX loop at the 

location of the TC in the global coordinate system. 𝑉𝑇𝐶 is the voltage that is induced in the TC, 

𝜔 = 2𝜋𝑓 is the angular frequency, 𝑗 = √−1, 𝐶 is the contour that corresponds to the TC loop, and 

𝑆  denotes the surface that is bounded by this contour. Furthermore, the terms, 𝑁𝑇𝐶 , 𝐴𝑇𝐶 =

𝜋(𝑎𝑇𝐶)2 , and 𝑎𝑇𝐶  represent the number of turns, area, and radius of the TC, respectively. In 

equation (5-11), it is assumed that the primary field from the TX is approximately constant across 

the cross-section of the TC. Furthermore, it is assumed that the TC is circular since it is needed to 

use the equations (5-1) to (5-3) to compute the secondary fields that are created by the TC. As long 

as the effective radii for the loop is chosen to provide the same areas (moments) for the square 

(Figure 5.5) and circular (Figure 5.6) loops, then equations (5-1) to (5-3) will provide an accurate 

approximation for the secondary fields at the location of the DTAC RX coils, i.e., 𝑎𝑇𝐶 =

0.37𝑚/√𝜋 .  

since the TX coil has a z-directed moment, the coordinate system doesn’t need to be rotated 

for this case.  Therefore, the 𝐁𝑇𝑋 field is obtained in the global coordinate system by substituting 

𝑥′ = −𝑥𝑇𝑋, 𝑦′ = −𝑦𝑇𝑋, and 𝑧′ = −𝑧𝑇𝑋 into (5-1) to (5-3). The current induced in the TC is then 

obtained by dividing the induced voltage (5-11) by the measured coil impedance (𝑍𝑇𝐶)  

                                                                      𝐼𝑇𝐶 =
𝑉𝑇𝐶

𝑍𝑇𝐶                                                             (5-12) 

Now it knows the current that is flowing in a TC, next it must compute the magnetic field 

that is produced by this current at the location of the two-axis RX coils.  First it needs to find the 

location of the RX in the local coordinate system of the TC, i.e., 
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                                                 [

𝑥𝑅𝑋
′

𝑦𝑅𝑋
′

𝑧𝑅𝑋
′

] = [𝑅𝑥𝑦𝑧(𝜃𝑥, 𝜃𝑦, 𝜃𝑧)] [

𝑥𝑅𝑋

𝑦𝑅𝑋

𝑍𝑅𝑋

]                                            (5-13) 

These coordinates, together with the calculated current (5-12) and the TC coil 

characteristics can be used in (5-1) to (5-3) to find the magnetic field (𝐁′𝑇𝐶) at the RX location 

expressed in the local TC coordinate system.  The desired field at the location of the RX in the 

global coordinate system due to the TC can then be obtained via 

                                 [𝐵𝑥
𝑇𝐶 𝐵𝑦

𝑇𝐶 𝐵𝑧
𝑇𝐶] = [𝐵𝑥′

𝑇𝐶 𝐵𝑦′
𝑇𝐶 𝐵𝑧′

𝑇𝐶
][𝑅𝑥𝑦𝑧(𝜃𝑥, 𝜃𝑦 , 𝜃𝑧)]                  (5-14) 

Finally, the total desired simulation field is obtained by superimposing the fields (5-14) 

associated with the two TCs that are oriented in different directions, as shown in Figure 5.5.   

5.4.4 Parameter used for the two target coils 

In order to model x- and z-directed TCs, the simulations employ the rotation matrices 

[𝑅𝑥𝑦𝑧
𝑇𝐶1(0°, 90°, 0°)] and [𝑅𝑥𝑦𝑧

𝑇𝐶2(0°, 0°, 0°)], respectively. Both TCs have the same effective radii 

(𝑎𝑇𝐶 = 0.37𝑚/√𝜋) which is defined to provide the same areas for the square (Figure 5.5) and 

circular (Figure 5.6) loops. Likewise, both TCs also have the same number of turns, 𝑁𝑇𝐶 = 100.  

The measured impedances of the tuned coils at the two measurement frequencies are shown in 

Figure 5.4.  These measured impedances do change with temperature and must be re-measured 

periodically in the field. 

5.5 Small-scale controlled tests 

This section is going to validate the DTAC method using small-scale controlled tests with 

the TCs. The small-scale setup gives us targets with well-known locations, depths, and 

orientations. A well-controlled test site is essential in order to provide accurate verification of the 

vertical-array DTAC method. Figure 5.5 illustrates the scale-model configuration. The vertical-
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array DTAC system is moving along the x-axis profile line on the cart. To obtain the maximum 

responses, the 9030Hz tuned coil points up (z direction) and the 800Hz tuned coil points along the 

x direction, unless otherwise noted in the test description. To verify that DTAC method is high-

resolution, the TCs are placed at various depths by accessing a buried 1 m diameter high density 

polyethylene (HDPE) pipe located at the center of the profile line. This pipe allows us to easily 

vary the depth, the orientation, and the offset of TCs. Field measurements and simulated results 

shows that the TCs in this air-filled pipe, which is surrounded by earth, produce the same response 

as the TCs in air at the same depths below the receivers. 

5.5.1 Depth variation investigation 

In this case, the TCs was put at different depths in the HDPE pipe to test the resolution of 

the DTAC method. Figure 5.7 shows a test with the TCs at a depth of 0.9m below the RX Coils.  

The horizontal offset of the center of TCs to the center of RXs is 1.1m. Parameters are used as 

discussed above. The circles in the figure show the measured data as the DTAC coil frame on the 

cart is moved along the profile.  The solid line shows the theoretical model response for the target 

coil at this depth.  There is excellent agreement between the theoretically calculated model 

response and the measured response. The circles at the 0m, center of the profile are not matched 

with theoretical data. Possible explanation is that there is a slight offset in the profile, especially 

when this at the 0m, because at the 0m there is low value data, but the data near 0m increase very 

quickly and a small offset could alter the data a lot. In addition, there is poorer repeatability 

between the successive measurements, and the match with the theoretical response is poorer, when 

the TX/RX array is located at 0m that at the other profile locations near the peak response. This 

may be because the secondary fields for the two TCs are destructively interfering with each other  
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Figure 5.7 DTAC magnitude response for the case where the TCs are located at 0.9 m depth. For 

this case, the low-frequency TC is oriented in the x direction and the high-frequency TC is oriented 

in the z direction, as shown in Figure 5.5. The circles shown the measured data as the DTAC coil 

frame on the cart is moved along the profile. The solid line shows the theoretical model response 

for the TCs at this depth. (Sternberg et al., 2015b) 

 

Figure 5.8 DTAC magnitude response for the case where the TCs are located at 1.4 m depth. The 

TCs are oriented as shown in Figure 5.5. The circles shown the measured data The solid line shows 

the theoretical model response for the TCs at this depth. (Sternberg et al., 2015b) 
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at this location, thereby leading to the reduced response at this point, i.e., a partial null. When a 

field is being nulled, it is very sensitive to changes in the relative phase of the two interfering 

signals. Therefore, small phase changes, associated with temperature related changes in the TC 

coil responses, may be responsible for this behavior. 

In Figure 5.8, the depth of the TCs was changed to 1.4m below the receiver coils, but the 

offset and other parameters were identical as in Figure 5.7.  Again there is excellent agreement 

between the theoretically calculated model response and the measured response.  As expected, the 

deeper target has a smaller and broader response than the shallow target. Therefore, the DTAC 

method can effectively determine the depth of targets. 

 

Figure 5.9 DTAC magnitude response for the case where the TCs are again located at 0.9 m depth, 

and same offset as in Figure 5.7. However, this time, the TCs have been rotated 45 degrees about 

the z-axis. So the low-frequency TC is oriented in center line between the x and y direction and the 

high-frequency TC is oriented in the z direction. The circles shown the measured data as the DTAC 

coil frame on the cart is moved along the profile. The solid line shows the theoretical model 

response for the TCs at this depth. (Sternberg et al., 2015b) 
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5.5.2 Targets’ orientation variation investigation 

It is clear that the DTAC method can distinguish the depth variation from the measured 

data. Here, the depth is not changed, but the orientation of TCs are varied. Figure 5.9 shows a test 

with the target coil at a depth of 0.9m below the RX coils, but the target coil has been rotated 45 

degrees about the z axis.  So the low-frequency TC is oriented in center line between the x and y 

direction and the high-frequency TC is oriented in the z direction. Again there is excellent 

agreement between the theoretically calculated model response and the measured response. There 

is a pronounced asymmetry in the response because of the rotated Target Coil.  Therefore, the 

vertical-array DTAC method is sensitive to the orientation of buried targets. 

5.5.3 Null orientation variation results 

In conventional null coupling system, the TX and RX coils are predetermined and fixed in 

typical orientations. Due to the huge primary fields, any misalignment or orientation error could 

lead false anomalies. In this part, the null orientation was changed along the profile randomly. The 

sensitivity of the measured magnetic fields and the DTAC response to small changes in the 

orientations between TX and RX coils are investigated. This test is a repeat of the case where the 

TCs are at a depth of 0.9m, but this time small changes of the TX coil orientation were made at 

each profile location by placing a one-inch thick brick weight on the outer edges of TX support 

spoke, which changed the null coupling between the TX and RX coils randomly. 

This is chosen to simulate a realistic variation by placing weights successively at different 

points around the loop, with a deflection range of ± 2 cm. The response with these changes in the 

null coupling is shown in Figure 5.10. Despite these changes in the null coupling, Figure 5.10 (a) 

shows a virtually identical DTAC response as Figure 5.7.  The changing coupling between the 
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transmitter and the receiver has no effect on the measured DTAC response.  In contrast, Figures 

5.10 (b) and 5.10 (c) show the Bx and By magnetic fields vary with the changing null coupling.   

 

  

Figure 5.10 Investigation of the effects for changes in the TX/RX coupling (null coupling) on the 

measured field and calculated DTAC responses. For this case, the TCs are located at a 0.9 m depth, 

the low-frequency TC is oriented in the x direction and the high-frequency TC is oriented in the z 

direction, as shown in Figure 5.5. (a) DTAC magnitude; (b) Bx fields; (c) By fields. the symbols 

are measured data and the lines are simulated results. (Sternberg et al., 2015b) 
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These fields show wild variations due to the changing primary field signal in the measurements. 

These changes are due to the pickup of primary field in Bx and By fields, because of the large 

magnitude of primary field. Furthermore, there is no indication of any presence of the calculated 

target anomaly (the solid and dashed lines).  This insensitivity to changing null coupling, which 

cannot be avoided in a moving system, is a major strength of the vertical-array DTAC system. 

A close comparison between the theoretical responses in Figure 5.7 and 5.10 (a) shows that 

the partial null (destructive interference between the secondary fields for the two TCs) that is 

located at 0m is deeper in Figure 5.10 (a) than it is in Figure 5.7. since the resonant frequencies of 

the two TCs (Figure 5.4) are sensitive to changes in temperature, the impedances for the TCs must 

be re-measured immediately before and after the experimental tests are carried out to get an 

accurate theoretical model. Usually, the impedance after the experimental tests are used, because 

the TCs are put in the HDPE pipe and it is heated up during the measurements. Therefore, the 

impedances of the heated TCs after tests are more accurate.  

5.6 Surface interference investigation 

In the horizontal-array DTAC method (Sternberg and Dvorak, 2013), the responses from 

surface metal (clutter) could be removed if the TX coil, RX coil and the surface clutter were all 

carefully lined up. With the vertical-array DTAC method, all surface clutters could be removed 

from the measurements because of the symmetry of the vertical array. Some typical surface clutter, 

such as a vehicle and a steel storage trailer are used to validate this behavior. 

5.6.1 DTAC response of a vehicle 

For this test, a Toyota Highlander Hybrid SUV was used.  The vehicle was driven along 

the x-profile line up to 0m horizontal offset from the edge of the TX coil.  Figure 5.11 (a) shows 
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that there is no detectable DTAC response anywhere along this line. Therefore, the vertical-array 

DTAC method suppresses the responses of the vehicle down to the noise level.  

 

  

Figure 5.11 Measured responses for the case where a Toyota Highlander Hybrid SUV, which was 

offset by 1 m from the profile line, was driven along the profile line up to 0m horizontal offset 

from the edge of TX loop. (a) DTAC magnitude; (b) Bx fields; (c) By fields. (Sternberg et al., 

2015b) 



 

132 

 

These measurements were made during the Tucson monsoon season.  Sternberg (2010) 

shows the range of magnetic field levels at our operating frequencies (about 1kHz and 8kHz).  

During the monsoon season, we typically have elevated noise levels.  We can expect noise levels 

anywhere from 100fT to 1000fT.  The noise levels shown on Figure 5.11 (a) and subsequent figures 

are in agreement with these levels. 

Figures 5.11 (b) and (c) show the Bx and By fields as the vehicle approaches the vertical 

array.  The effect of the Highlander vehicle on the Bx and By fields is orders of magnitude greater 

than the effect on the DTAC response. The plots have used the measured high-frequency current 

for both the low-frequency and the high-frequency fields on these plots in order to facilitate the  

comparison of the responses. It is important to note that the high-frequency and low-frequency 

fields are virtually identical for this vehicle when we use the same currents at both frequencies. 

This is a characteristic of high-conductivity surface interference. 

In Figure 5.11 (b) and (c), a conventional method could work if the system is about 2m 

away from the vehicle. However, when the vehicle size or material changes, this distance will have 

to change. For the DTAC method, it can work even when the TX loop 0m offset from the vehicle, 

which provide more flexibility. In addition, it is true that even if the size and material of the vehicle 

changes, DTAC method always has no detectable results. 

5.6.2 DTAC response from a steel storage trailer 

Next, a steel storage trailer was used, which is bigger than the vehicle and has different 

material. Figure 5.12 shows the effect of a steel storage trailer (3.6m long, 2m wide, and 2.2m 

high).  This steel trailer is similar to the construction of steel buildings and gives an ideal example 
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of the effect of these types of structures.  Surface clutter like this can often make it impossible to 

carry out a conventional EM survey.  

 

  

Figure 5.12 Both measured responses (symbols) and simulated responses (lines) for the case 

where a storage cargo trailer, which was offset 1m from the profile line, was backed up along the 

profile line up to 0m from the TX coil. (a) DTAC magnitude; (b) Bx fields; (c) By fields. (Sterbnerg 

et al., 2015b) 
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Figure 5.12 (a) shows no DTAC response from the steel trailer until the trailer reaches 0m 

and increases above the noise floor to 10,000fT.  Also that plotted on this figure is the theoretical 

response for this trailer using the EMIGMA modeling program (Petros Eikon).  The trailer was 

modeled using 23 sheets and the FS EikPlate algorithm in the EMIGMA software. FS EiKPlate 

models a conductive sheet in free space, and is based on the formulation from Annan (1974). The 

23 FS sheets were chosen as a good approximation to the side and roof on the actual trailer. The 

conductance of each sheet was 20000S.  

Figures 5.12 (b) and 5.12 (c) show the Bx and By fields. The effect of the cargo trailer on 

the Bx and By fields is orders of magnitude greater than the effect on the DTAC response. The plots 

have again used the measured high-frequency current for both the low-frequency and the high-

frequency fields on these plots in order to facilitate the comparison of the responses. It is important 

to note that the high-frequency and low-frequency fields (both measured and EMIGMA) are 

virtually identical for this vehicle when we use the same currents at both frequencies. This is a 

characteristic of high-conductivity surface interference. 

The theoretical modeling using the EMIGAM program and the measured data for this 

surface clutter both show very low DTAC responses compared to the Bx and By fields. This verifies 

that the EMIGMA program is accurately calculating the DTAC clutter response and can be used 

to predict the clutter response in full-scale operational scenarios. 

5.7 Summary of this chapter 

In this chapter, an experimental verification of the vertical-array DTAC system’s 

measurement capabilities has been provided. To demonstrate the accuracy of the vertical-array 

DTAC method, this chapter has compared the measured and calculated responses for a variety of 
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precisely known, small-scale targets. These controlled tests definitely verify the features that are 

simulated in the numerical studies. Also, these theoretical, numerical and experimental results 

point out that the DTAC method is a high-resolution and low false anomaly geophysics method 

that could be applied in real geophysical surveys. 

Based on these studies in this chapter, it is found that the vertical-array DTAC method 

provides the following capabilities: 

1) High-resolution electromagnetic soundings. High resolution has been demonstrated by 

sensitivity to target depth and target orientation in the scaled-target tests. 

2) Improved robustness in the measurements under typical field conditions.  In 

conventional EM methods, a small error in the receiver orientation may lead to such large errors 

in the response that the subsurface target anomaly cannot even be detected. In the vertical-array 

DTAC method, even large errors in the orientation do not affect the target response.   

3) The vertical-array DTAC method is particularly effective for removing the effect of 

surface interference, e.g., fences, buildings and cars.  There is no need to align the vertical array 

in any particular orientation in order to eliminate the surface interference. The processing 

algorithm finds the null direction for the surface interference automatically. 

4) The vertical-array DTAC method can be adapted to rapidly moving surveys, including 

helicopter surveys.  The transmitter moment can be scaled for effective study of near-surface 

targets (civil engineering, water resource, and environmental restoration) as well as deep targets 

(mining and other natural-resource exploration).   
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CHAPTER 6  Experimental results of the high-power DTAC system 

 

With the depletion of mineral resources, exploration for deeper ore bodies will be essential 

in sustaining current production levels. From an EM geophysical exploration point of view, deeper 

ore bodies present technical challenges as the response of these bodies may be smaller than the 

background noise levels. The main strategy to overcome this issue has been to use large high-

power transmitters to increase the depth of penetration by producing larger fields at greater depths 

(Nabighian and Macnae, 1991). In addition, deeper ore bodies would require high-resolution 

compared to the near-surface investigation. A high-resolution EM method which is sensitive to 

smaller targets would be attractive. Based on the previous studies of the vertical-array DTAC 

method, a high-power DTAC system shows promise in meeting these requirements. 

The vertical-array DTAC system can be adapted to rapidly moving platforms, e.g., 

helicopter. Moving the DTAC source to high elevation will lower the measured secondary 

magnetic fields, especially with receiver coils moved to the high elevation too, if the moment of 

the transmitter keeps unvarying. In other words, if the vertical-array DTAC system is moved to an 

airborne platform, a high-power transmitter is required to increase the SNR.  

To meet the above requirements, in this chapter, a high-power DTAC system was designed, 

developed and tested. Compared with the low-power system, the high-power system has some 

specific features which should be handled very carefully. For example, to transmit high-power 

signal, a large-diameter, multiple-turn and large-current TX loop must be developed. This TX loop 

requires special material because of the increasing diameter and the increasing number of turns 
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which together increase the weight of TX loop and frame. A large current means a high-power 

amplifier. Particularly when dealing with high frequency, to cancel the reactance of the loop, a 

tuning circuit is required.  

In addition, because of the interference of the electromagnetic fields on electronic 

components, locating pre-amplifier, ADC, and other electronic components near the large 

electromagnetic fields generated by the high-power TX loop decreases the SNR. This problem was 

addressed using experimental tests and corresponding strategies were developed.  

In order to verify the efficiency of the high-power system, experimental tests with 

controlled target and field targets were done. The results indicated that the high-power system 

keeps the advantages of the low-power DTAC system and has deeper investigation. Therefore, this 

high-power system has potential applications for deeper targets and in airborne systems.  

6.1 Multi-frequency, large-moment TX system 

A multi-frequency, large-moment TX system requires a large product of current, turn, and 

area of the loop, a tuning circuit, a high-power amplifier and a corresponding multi-frequency 

signal generator. Each part is essential for developing a high-power TX system. Usually, a large- 

diameter loop is required for a large-moment TX loop. However, loops with too large a diameter 

require a large space to deploy the survey, which may be a severe restriction. As a result, a 

compromise needs to be made. Also, a large current is necessary, but transmitting a large current 

to a loop is quite difficult for high frequencies. Therefore, tuning the TX loop is important in the 

large-moment TX loop design. After the physical TX system was built, it is required that the 

impedances at the tuned frequencies are low enough to run high current without consuming too 
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much power. Even so, a high-power amplifier is required. And finally, generating the correct 

waveform and sending it into the system is a key step to drive the system. 

6.1.1 Multiple-turn, large-diameter TX loop 

If possible, we want the diameter of the TX loop to be as big as possible and the number 

of turns to be as large as possible. However, considering our test site, a 6-meter diameter octagon 

was designed. More turns mean more weight on the frame. As a compromise, a 30-turn TX loop 

was designed. For a-30 turn TX loop, generally there are two methods to wind the wire around the 

octagon frame, bundled or spaced, as sketched in Figure 6.1. The bundled case is easier to build. 

In Figure 6.2, the inductance and resistance of a 30-turn bundled TX loop are shown. The wire 

used in this loop is 12AWG copper wire. The inductance and resistance of this loop are increasing 

gradually up to the self-resonant frequency. The inductance from 100Hz to 10kHz is 17.9mH, 

which is reasonable. The resistance at low frequency is 3.4 Ohm and at 10kHz is 5.2 Ohm. 

However, one problem for this kind of loop is that the resonant frequency is too close to 10kHz, 

the highest operating frequency we want to use. This will make the signals near 10kHz unstable. 

If higher frequencies are needed, this loop cannot meet the requirements. Another problem is the 

impedance of this loop at 10kHz is about 1125 Ohm. It requires an 8kV source to drive the 

designed 8A current at this 10kHz in this loop, if no tuning circuit is used. If multiple frequencies 

are needed, more than 8kV is necessary. This is not practical for the DTAC system.  

A simple circuit model was used to simulate the 30-turn TX loop, as sketched in Figure 

6.3. The impedance of the model can be defined as  
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where Z is the impedance of the whole circuit, L represents the inductance of the loop, Rs represents 

the resistance of the loop, Rp expresses the parallel resistance, Cs models the stray capacitance, and 

𝜔 is the angular frequency. Our goal is to lower the impedance of the loop as far as possible. 

However, after winding the loop, the inductance and the resistance of the loop is fixed. The only 

way to lower the impedance is to lower the parallel resistance and stray capacitance, which means 

reducing the coupling between each turn of the TX loop. Therefore, winding a TX loop as sketched 

in 6.1 (b) could be the choice.  

Figure 6.4 shows the inductance and resistance of an evenly spaced 30-turn TX loop. In 

this loop, 10 AWG copper wire was used. One obvious result is the resistance of this 10 AWG 

loop at low frequency is 1.9 Ohm and at 10kHz is about 3.2 Ohm. The inductance of this loop 

decreases to 15.0 mH due to the separation between wires. Another big change is the self-resonant 

frequency increases about 20kHz to 62kHz. Both of these indicate that spacing evenly does reduce 

 

Figure 6.1 Two sketches for winding a TX loop. (a) All wires are bundled together; (b) All turns 

are spaced evenly.   

(a) (b) 
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Figure 6.2 Measured inductance and resistance of a 30-turn bundled TX loop using the impedance 

analyzer. The wire used in this 30-turn bundled TX loop is 12 AWG copper wire. Resonant 

frequency of this loop is 43kHz. (a) Inductance of the 30-turn bundled TX loop; (b) Resistance of 

the 30-turn bundled TX loop. 

 

Figure 6.3 The circuit model for the TX loop. L represents the inductance of the TX loop, Rs 

represents the resistance of the TX loop, Rp expresses the parallel resistance and Cs models the 

stray capacitance.  
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Figure 6.4 Measured inductance and resistance of a 30-turn evenly spaced TX loop using the 

impedance analyzer. The wire used in this 30-turn evenly spaced TX loop is 10 AWG copper wire. 

Resonant frequency of this loop is 62kHz. (a) Inductance of the 30-turn evenly spaced TX loop; 

(b) Resistance of the 30-turn evenly spaced TX loop.  

the unwanted parallel resistance and stray capacitance, which makes the evenly spaced TX loop 

more suitable for our high-power TX system. 

6.1.2 Tuning circuit 

In typical frequency-domain geophysical applications, with a large-moment TX loop, a 

capacitor is added in series with the TX loop in order to cancel out the large inductive reactance 

of the loop, thereby reducing the input impedance of the tuned TX loop to the resistance of the 

loop. This allows for larger currents to be driven in the TX loop for a given source voltage, thereby 

increasing the TX moment.  However, this simple capacitive tuning circuit only allows for the 

transmission of a single frequency at a time or multiple frequencies within a narrow band about 

the tuning frequency (Bosnar, 2002). It is possible to make wideband measurements by 

sequentially switching in different tuning capacitors; however, this method is less efficient than 
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methods that allow for the simultaneous collection of multi-frequency data. This can be 

problematic for airborne applications where both the TX and RX coils are moving. 

In order to collect multiple frequencies simultaneously, many geophysical systems use 

separate tuned TX loops for each frequency.  These tuned TX loops are often oriented in such a 

way that they don’t interact with each other (i.e., they are null coupled to each other).  However, 

it is difficult to realize large-moment TX loops when separate TX loops are employed because 

large loop areas are typically required to achieve a large moment.  Furthermore, it is difficult to 

design a TX antenna with more than three loops that don’t interact with each other. 

In a different approach, Esteve et al. (2005) show a type of circuit that can be used for 

tuning an inductive load at multiple frequencies. While they applied this tuning circuit to an 

industrial application, the same idea can also be applied to geophysical TX loops.  Therefore, 

Sternberg and Dvorak (2013) adapted this approach and used it to realize a balanced dual-

frequency tuning circuit (Figure 6.5) for a stationary TX loop in the previous DTAC system.   

After knowing the correct parameters of the TX loop, we can build the tuning circuit to 

cancel the reactance of the TX loop. More frequencies can provide more information about the 

subsurface. However, tuning circuit with more frequencies require more consideration on the 

selections of the inductors and capacitors, accounting for the high voltages and currents in these 

components. In addition, transmitting multiple frequencies into one tuning circuit requires 

attention to the interaction between different frequencies caused by the components. Furthermore, 

the frequency bandwidth is critical in the DTAC application. Wide-band frequencies give us better 

results than narrow-band frequencies. Through a lot of calculations and simulations, we decided 

to use a three-frequency tuning circuit for our current system. 
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Figure 6.5 A balanced dual-frequency TX tuning circuit. (Sternberg and Dvorak, 2013). 

Also, from our simulations, we found a circuit as shown in Figure 6.6 is practical, which 

has the reasonable voltages and currents for each component, if we input an 8A current into the 

TX loop. The values of the inductors and capacitors used are shown in Table 6.1. The resistance 

of the inductors and the TX loop are different at different frequencies, which can be illustrated in 

Figure 6.4 (b) as an example. The resistances of R1, R2 and R3 (R1 and R2 are the resistance of 

the inductors in the tuning circuit, and R3 is the resistance of the TX loop as in Figure 6.6) at tuned 

frequencies are 1.1 Ohm, 1.8 Ohm and 1.2 Ohm at 200Hz; 1.7 Ohm, 4.4 Ohm, and 1.2 Ohm at 

2010Hz; and, 6.8 Ohm, 22 Ohm, and 2.0 Ohm at 5700Hz, respectively.   

In Figure 6.6, there are inductors which must be built by ourselves. For the inductors, ones 

with high-permeability ferrite cores are easy to construct, but inductors with high-permeability 

ferrite cores typically can’t handle large currents, because they saturate even at relatively low 



 

144 

 

currents or low numbers of turns. Alternatively, an inductor with lower permeability powder core 

was also considered. Inductors with lower permeability powder cores (distributed air-gap cores)  

 

Figure 6.6 Half side of the designed 3-frequency tuning circuit for the 10 AWG 30-turn evenly 

spaced TX loop. The other side is identical. LTX and R3 are the inductance and resistance of TX 

loop. L1 and L2 are the inductances of the toroid. R1 an R2 are the resistances of the toroid. C1 

and C2 are the capacitors. R1, R2 and R3 at tuned frequencies are 1.1 Ohm, 1.8 Ohm and 1.2 Ohm 

at 200Hz; 1.7 Ohm, 4.4 Ohm, and 1.2 Ohm at 2010Hz; and, 6.8 Ohm, 22 Ohm, and 2.0 Ohm at 

5700Hz, respectively.   

Table 6.1 The values of inductors and capacitors used in the tuning circuit sketched in Figure 6.6. 

Inductor Capacitor Value 

L1  8.9 mH 

L2  19.3 mH 

 C1 200 nF 

 C2 650 nF 

 C3 18000 nF 
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Figure 6.7 Measured impedance of the tuning circuit in Figure 6.6. The impedance is the result of 

the tuning circuit, the TX loop and a 100 ft twisted high-voltage fence wire.  

are typically designed to be used for the output filters on switching power supplies.  For such 

applications, one typically has a relatively small to moderate ripple current that is riding on the 

larger, desired DC output current.  The DC component leads to DC wire losses, but has negligible 

core losses.  On the other hand, the ripple current can lead to large core losses if it is large enough.  

In AC current applications, as we require in the high-power DTAC system, these large core losses 

can greatly reduce the power handling capabilities of powder cores. Air-core inductors have the 

advantage that they won’t saturate and produce harmonics in high-power applications. Therefore, 

air-core inductors were used in the tuning circuit. In our first tuning circuit design, the solenoidal 

inductors were used, which didn’t meet our requirements. Then we switched our inductors to 

toroids. 
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Using the tuning circuit in Figure 6.6 and the evenly spaced TX loop, the measured 

impedances are plotted in Figure 6.7. For the three tuned frequencies, the impedances are quite 

low, which provide the chance for us to transmit high currents. Using this tuning circuit and the 

low-inductance TX loop, we are able to transmit about 8A currents into the circuit at three tuned 

frequencies while consuming quite large power, which give us a moment of about 6800 Am2. 

Another important feature of this tuning circuit is the inductors are all toroids. At first, we tested 

solenoidal inductor because it’s much easier to wind a solenoid than a toroid. However, one big 

problem of the solenoidal inductor is it radiates quite large EM fields. When the DTAC system is 

moving toward the tuning circuit, the interference can be clearly seen from the data. One solution 

is keeping the frame and tuning circuit a large distance so the radiation decays to a very low level 

at the frame location. This idea will lead the whole system requiring a large operating space, which 

may not be practical in many geophysics surveys. Another solution is using EM shielding, e.g.,   

                

(a)                                                                                   (b) 

Figure 6.8 Comparison of EM fields comparison a solenoid and a toroid. The EM filed of a 

solenoid emits out and the EM field of a toroid contains in the core. (a) EM field of a solenoid; (b) 

EM field of a toroid.  
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putting the tuning circuit in one or multiple metal boxes. This metal shield brings up another 

problem for the solenoidal inductors, which are easily affected by metal close to them. As a result, 

we switched to toroidal inductors. 

A comparison of EM fields for these two kinds of inductors is shown in Figure 6.8. The 

EM field of a solenoid is transmitting out and EM field of a toroid is primarily contained in the 

cores. Therefore, the radiation of a toroid will be much smaller with the same moment compared 

with a solenoid. As a result, four toroids were designed and built. It is impossible to wind a toroid 

without at least some gap. So there is always some EM fields leaking out from the toroid. However, 

compared with solenoid, the inductance of a toroid almost has no variation when it’s close to metal, 

which allows us to use a small metal box for tuning circuit shields. After switching to toroidal 

inductors, in our tests, RX coils can work even at about 10m away from the tuning circuit. To keep 

our data more reliable, in our tests, a 20m distance between RX coils and tuning circuit is our limit.   

6.1.3 High-power amplifier 

After tuning the TX loop, the TX system has impedances of 8.4, 10.9 and 20.5 Ohm at 200, 

2010, and 5700Hz respectively. If we run an 8A current into the TX loop, 67, 87V and 164V 

outputs should be utilized at 200, 2010, and 5700Hz. With three frequencies simultaneously, the 

peak output voltage will be higher. If we calculate the power of this output, it is more than 2.5k 

watt, which requires a high-power amplifier.  

In our system, two AE TECHRON 7224 AC/DC power amplifiers were used in series to 

provide the power for the TX loop and tuning circuit. The AE TECHRON 7224 is a DC plus audio 

bandwidth AC signal source that can be used to simulate ripple, noise, drop outs, surges and ground 

as required by a variety of standards for DC powered electronics in the military, aviation and 
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automotive industries. This amplifier can output 11.5 A RMS current for an 8 Ohm load, which 

fits our requirements for 8A currents at two low frequencies and 6A current at high frequency. It 

is not safe to run an amplifier at its maximum output for a long time, e.g., 8 hours. In order to make 

sure our system could run for a long time, two TECHRONs in series was used. In our experimental 

tests, we run currents of 4, 4, and 2 A at 200, 2010, and 5700Hz respectively, which produce 

moments of about 3400, 3400, and 1700 Am2 at 200, 2010 and 5700Hz. Compared with our low-

power DTAC system, these moments are about 70 times larger.  

6.1.4 Signal generator 

After developing the suitable TX loop and the tuning circuit and finding the right 

amplifiers, the TX system is ready to run. The last step is sending a multiple-frequency signal to 

the system.  

In the vertical-array DTAC system, the LabVIEW system design software is used as the 

programming language. The LabVIEW software is a system-design platform and development 

environment for a visual programming language from National Instruments. In this system, it was 

utilized to control the DAC and ADC of the DTAC system for sending our signal and receiving 

data. For the TX part, the sine wave generating function was used in the code. The sum of several 

different frequency sine waves produces the multi-frequency waveform, which is sent out to the 

TX system.  

6.2 The data receiving system 

In the previous section, a multi-frequency signal was generated and sent out to the earth. 

When the EM field interacts with the subsurface targets, a secondary field is produced, which can 

be picked up on the earth’s surface. The receiving system includes the RX coil, preamplifier, 



 

149 

 

filters, feedline cables and data acquisition program. Because of the large moment of the TX loop, 

the huge primary field leads to some limitations for the RX system design, especially the 

preamplifier locations and feedline cables. Some strategies were used to reduce the interference of 

this huge EM field.  

6.2.1 RX coil 

A 96-turn RX coil was built using 20 AWG copper wire. These RX coils were wound in a 

balanced mode in two segments with each segment of 48 turns. The RX coil was wound on an air-

core cube made from fiber glass. The dimensions of the RX coil are 0.52 m × 0.52 m. The total 

area of the RX coil is 24 m2. The winding schematic is shown in Figure 6.9. A balanced receiver 

coil is needed in our system. The balanced RX coil produces far less ground noise and increase the 

reliability of our data. Mostly importantly, it gives considerably less false signals for the subsurface 

targets. In addition, a balanced coil let us use the differential preamplifier in our system, which 

together reduce the false signals. 

 

Figure 6.9 Illustration of the winding method (Partially reproduced from Genaille, 1963). DTAC 

RX coils borrow the winding method, and they are air-core coils. C.T. means central tap. 
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Figure 6.10 Inductance and resistance of the 96-turn balanced RX coil. The wire used in this 96-

turn balanced RX coil is 20 AWG coper wire. Resonant frequency of this coil is 48kHz. (a) 

Inductance of the 96-turn balanced RX coil; (b) Resistance of the 96-turn balanced RX coil.  

The inductance and resistance of the 96-turn balanced RX coil are shown in Figure 6.10. 

The inductance of the RX coil is 7.3mH and resistance is 9.7 Ohm from 100Hz to about 10kHz. 

These values are quite low compared with our previous 100-turn normal winding RX coil, which 

has inductance of 18.6 mH and resistance of 20.7 Ohm from 100Hz to 10kHz. For the same EM 

fields, this reduced inductance and resistance could give us larger signals and a higher SNR. The 

self-resonant frequency of this RX coil is about 48kHz. For our operating frequency, with the 

highest at 9kHz, this self-resonant frequency has negligible effect. It is clear that in Figure 6.10 

the inductance is constant from 100Hz to 10kHz and the resistance is unvarying in this band with 

negligible increasing near 10kHz. This good performance would give us a reliable data and also 

let the preamplifier design and filter design more reasonable.  

RX coils are search coils, which are one of the oldest and most well-known types of 

magnetic sensors. Their transfer function results from the fundamental Faraday’s law of induction 
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                                                  𝑉 = −𝑛
𝑑Φ

𝑑𝑡
= −𝑛𝐴

𝑑𝐵

𝑑𝑡
= −𝜇0𝑛𝐴

𝑑𝐻

𝑑𝑡
                                        (6-2) 

where Φ is the magnetic flux passing through a coil with area A and a number of turns n. Assume 

that the TX loop are flowing with all the same currents at different frequencies, so the magnetic 

fields are identical for different frequencies. As a result, because the high-frequency signals have 

short periods, they will have higher induction voltages in the search coil. As shown in Figure 6.11, 

the voltage responses of a typical search coil increases with the increasing frequencies. If this kind 

of response was received at the preamplifier and then sent to the ADCs, this may lead to the signal 

at high frequency exceeding the linear range of the ADCs. Because of this feature, 100Hz low-

pass filters are used in the RX system. 

 

Figure 6.11 Typical frequency characteristic of an induction coil sensor (Tumanski, 2007). 

6.2.2 Preamplifier 

The signal picked up by the RX coil is very low in magnitude. In order to increase the SNR 

and send the signal to the ADC before more noise contamination, a preamplifier is required. The 
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preamplifier prepares the small magnetic signals for further processing. A preamplifier is often 

placed close to the RX coil to reduce the effects of noise and interference (Wikipedia, 2015c). It 

is used to boost the signal strength to drive the cable to the main instrument without significantly 

degrading the SNR. However, because of the huge primary field near the RX coils, if we locate 

the preamplifiers close to the RX coils, there may be large coupling of fields directly into internal 

components of the preamplifiers. We therefore moved the preamplifier close to the ADC unit, 

which means relatively far from the RX coils. But this did eliminate the influence of the TX signals 

on the preamplifier. In our applications, the ITHACO 1201 preamplifier was used as a research 

stage preamplifier because of the easy access to change the filter. It is a voltage preamplifier 

designed to provide all of the features required of a modern laboratory preamplifier. It features 

high impedance differential or single-ended input. One benefit of using it is the selection of the 

filter.  

Before the preamplifiers, feedline cables are used to transmit the signal from RX coils to 

preamplifiers and also send the current to the TX loop. In the DTAC system, 18AWG twisted pair 

shielded (T.P.S.) cables are utilized as feedline for receiving RX signals.  

6.2.3 Data acquisition and processing 

The RX received signal is amplified by the preamplifier and sent back to ADCs. The ADCs 

transfer the measured data into digital form which is easy to process and document. In this system, 

the LabVIEW software is used as the data acquisition and processing program. The data received 

by the ADCs are time-domain waveforms. In the LabVIEW program, an FFT is used to transform 

them to the frequency domain. The frequency-domain data are saved and processed to calculate 

the DTAC responses.  
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In the data acquisition code, sometimes when the ADC and DAC are not synchronized, a 

Blackman window is used to reduce the spectral leakage, which causes high noise and high phase 

error. The reason for this is that the waveform isn’t an integer number of periods, so the waveform 

is not continuous and there is sharp transition. This window increases the SNR and keeps all ADC 

channels having a constant difference.  

6.3 Calibration procedures for the high-power DTAC system 

In the low-power vertical-array DTAC system, ARTTEST calibration method, absolute 

gain calibration, and background removal calibration method are used to precisely investigate the 

subsurface targets. In the high-power vertical-array DTAC system, absolute gain calibration and 

background removal methods are still used, but the ARTTEST calibration coil is removed, because 

it induces large coupling into the RX coil. A coil with any misalignment, under the huge primary 

field induces interference to the RX coil, especially when it is close. Another calibration method 

utilized a lot in this system is the ±90-degree rotation, which is a background removal method as 

mentioned in Chapter 5.  

±90-degree rotation 

The ±90-degree rotation method was a background removal method. It is used when a 

target-free location cannot be found. Through rotating the frame +90 and -90 degrees, the 

measured Bx and By fields have reverse secondary-field responses, which can be averaged to 

eliminate the subsurface target responses. This method was used in the ATAC method (Sternberg 

et al., 2008; Krichenko et al., 2008). This technique could remove any interference from buried 

targets and isolate only the DTAC frame background responses, which can be used to remove this 

background response.   
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The technique can be understood as follows. Assume the magnetic field received by a RX 

coil at +90 degrees is defined as  

                                            𝐵+90
𝑇 = 𝐵+90

𝑃 + 𝐵+90
𝐼 + 𝐵+90

𝑁 + 𝐵+90
𝑆                                               (6-3) 

and the magnetic field received at -90 degrees is given by  

                                            𝐵−90
𝑇 = 𝐵−90

𝑃 + 𝐵−90
𝐼 + 𝐵−90

𝑁 + 𝐵−90
𝑆                                               (6-4) 

where BT is the total magnetic field received by RX coil, BP is the primary field, BI is the magnetic 

interference from the frame, BN is the magnetic noise, and BS is the secondary field induced by 

subsurface targets and possible targets on frame. Because the TX loop and RX coils are fixed in a 

null orientation, it is reasonable to assume the primary field and the interference field are unvarying 

for ±90-degree rotation. It is true that the noise is varying and cannot be equal for ±90-degree 

rotation, but this would not affect the responses for subsurface targets using a high SNR system. 

According to equation (6-2), if we assume the system is at the same location for ±90-degree 

rotation, the voltage received by the RX coil will be different signs. As a result, the average of 

equation (6-3) and (6-4),  

                       𝐵𝐵𝐾𝐺 = (𝐵+90
𝑇 + 𝐵−90

𝑇 )/2 =  (2𝐵𝑃 + 2𝐵𝐼 + 𝐵+90
𝑁 + 𝐵−90

𝑁 )/2                           (6-5) 

is the response of the true frame background. In equation (6-5), BBKG is the background field.  

However, one problem with this technique is if during the rotation the relative orientation 

of TX and RX coils are changed, then there will be false anomalies appearing in the data, especially 

when this orientation error induces different secondary fields from the frame. One advantage of 

the DTAC method is that it is insensitive to the orientation errors. But as a geophysics method, it 

must be sensitive to the secondary field variations. Therefore, a wrong background with false 

secondary fields will influence the DTAC responses. This will be severe if multiple ±90-degree 
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rotation are used in the profiles. Therefore, one key factor is to keep the orientation of the TX and 

RX coils fixed and reduce the possible secondary field induced by targets on the frame. 

6.4 Experimental results using controlled targets 

Based on the previous analysis, the high-power vertical-array DTAC system was designed, 

which is a modification of Figure 5.1. The control unit we used is the NI PXIe 1062Q, which 

includes the control computer, PXI 4461 DAC and PXI 4462 ADC. The ADC and DAC are both 

24 bits.  Here, the three-frequency tuning circuit was used. Currents of 4A, 4A and 2A at 200Hz, 

2010Hz and 5700Hz respectively were transmitted in our experimental tests.  

 

Figure 6.12 The photo of the frame for the high-power vertical-array DTAC system. The evenly 

spaced TX loop is taped by Gorilla tape, and RX coils are mounted in the center of the frame.  

TX Loop 

RX Coils 
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The built frame is shown in Figure 6.12. The evenly spaced TX loop was taped using 

Gorilla tape to reduce the movement of wires during tests. There are top and bottom guy wires to 

hold the TX loop as rigid as possible. Most of the frame was built using fiber glass material. There 

is minimal metal on the frame. 

This system is towed by a truck, which is about 20m away from the frame. This moveable 

system was applied in many experimental tests. In this section, two typical profiles are 

demonstrated to verify the capability of this system. They are a tuned target coil profile, and a 

buried aluminum sheet profile.  

6.4.1 Experimental results of the tuned, two-axis target coils 

The tuned target coils are the same dimensions and same number of turns as in the low- 

power vertical-array DTAC system, but the capacitors are changed. The impedances and phase of 

these tuned target coils are shown in Figure 6.13. The two tuned frequencies are near 250Hz and 

1600Hz.  In this profile, the setup was a little different from Figure 5.5. This time, the target coil 

was placed on the ground, not in the HDPE pipe. So the profile is 1.63 m offset from the RX center 

and 0.5 m deep from the RX center. The dipole of the high-frequency tuned target coil was aligned 

in the y direction and the dipole of the low-frequency tuned coil was directed in the x direction. 

Three frequencies were transmitted in this profile, which are 200, 2010, and 5700Hz with currents 

of 4, 4, and 2A respectively. The impedances and phases of these tuned target coils at three 

operational frequencies are listed in Table 6.2. These parameters are the direct input to the 

MATLAB code we used for simulations. The DTAC responses of this profile was shown in Figure 

6.14. In this profile, the system was stationary and the tuned target coil was moved along the 
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profile. The DTAC system had a clear response for the target coils and a good match with the 

simulated data.  

Because the currents of the transmitted three frequencies are different, it will be misleading 

if the fT results are shown here. Therefore, ppm plots are used here and for the following tests so 

that different-frequency data are comparable and current difference is not a problem.  

Table 6.2 Impedance and phase of the tuned target coils at DTAC operational frequencies 

Coil Frequency (Hz) Impedance (Ohm) Phase (degree) 

Low-frequency 

tuned 

200 6.92 -45.21 

2010 83.00 86.58 

5700 238.93 88.75 

High-frequency 

tuned 

200 519.97 -89.39 

2010 27.94 79.53 

5700 209.20 88.62 

  

Figure 6.13 The measured impedance and phase of the tuned target coils. The two tuned 

frequencies are 250Hz and 1600Hz. (a) Impedance of the tuned target coils; (b) Phase of the tuned 

target coils. 
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Figure 6.14 Measured and simulated DTAC responses of the tuned target coil profile. The target 

coil is 1.63m offset from the RX coil and 0.5 m deep. The symbols are the measured results and 

the lines are the simulated results. There are good matches between measured and simulated data.  

For the DTAC magnitude, the simulated and measured data match quite well along the 

profile. The value at the center of the profile is not as low as simulated, because of the huge 

variation at the center even a small offset will cause data mismatch. There are some mismatches 

after 6m away from the center, probably because of noise. The DTAC magnitudes have a good 

match from -5m to 5m. At the ends of the profiles, the DTAC method has little offset from the 

simulated data. Note that in this test the background removal at a point was used. There was no 

±90-degree rotation. The high-power vertical-array DTAC method accurately detected the 

presence of the tuned target coil.  

6.4.2 Experimental results of the buried aluminum sheet 

The second controlled target used was a highly conductive aluminum sheet. As shown in 

Figure 6.15, one aluminum target was buried underground. The aluminum sheet (3.2 m × 0.61 m) 
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was buried at 3 m deep. The aluminum sheet has a conductance of 70000S. The profile was along 

the edge of the aluminum sheet. Based on the previous measurements at this site, we assumed that 

the earth is homogenous and isotropic with a resistivity of 100 Ohm-m. There are two trailers 34m 

north of the aluminum sheet. One power line is about 50m south of the aluminum sheet. Later in 

this chapter, we will see that these surface interferences have minimal influence on the 

measurements for this aluminum sheet. There are two HDPE pipes south of the sheet, one is 10m 

away and another is 23m away. Because of their high resistivity (we assume they have the same 

resistivity as the air) and shallow depth (top to earth surface is about 50 cm), the DTAC system at 

this frequency range has no responses of these void targets, as discussed in Chapter 4.  

 

 

 

 

 

 

 

 

Figure 6.15 Sketch of the profile for the buried aluminum sheet. The 3.2m × 0.61m 70000S sheet 

was buried 3m deep. The profile was along the edge of the target from a plan view. (a) The cross 

section of the profile configuration; (b) The plan view of the profile configuration.  

In this test, the ±90-degree rotation background removal method was used. The whole 

system was towed by a Ford F150 truck from south (negative) to north (positive) along the profile. 
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The whole system didn’t move continuously, but stopped at each location for data acquisition. The 

responses of the aluminum sheet are shown in Figure 6.16 and Figure 6.17.  

  

  

Figure 6.16 Measured and simulated magnetic fields for the aluminum sheet. The profile locations 

are sketched in Figure 6.15. Lines are simulated results and symbols are measured results. Real 

magnetic fields are almost identical at different frequencies and not associated with the aluminum 

sheet due to the contamination of primary fields. Low-frequency imaginary magnetic fields have 

better match with the simulated data than those of the two high frequencies. (a) Real Bx responses 

of the aluminum sheet; (b) Imaginary Bx responses of the aluminum sheet; (c) Real By responses 

of the aluminum sheet; (d) Imaginary By responses of the aluminum sheet.  
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Figure 6.17 Measured and simulated DTAC results for the aluminum sheet. The profile locations 

are sketched in Figure 6.15. Lines are simulated results and symbols are measured results. 200Hz 

and 5700Hz are data frequencies and 2010Hz is the reference frequency. The noise level of this 

system is below 1ppm. DTAC results match the simulated data quite well on the negative side of 

the profile, but not on the positive part.  

The DTAC frame was moved from -15 to 15 m along the profile. The simulated results are 

obtained using VH EiKPlate algorithm in EMIGMA V8.6 software. Because of the contamination 

of the primary fields, the real magnetic fields have no response associated with the aluminum 

sheet, as shown in Figure 6.16 (a) and (c). The low-frequency imaginary magnetic fields matched 

the modeling results quite well along the profile, but the two high-frequency magnetic fields were 

affected more by noise, including natural noise, cultural noise and frame noise. Obviously, the 

DTAC responses provided clear imaging of the aluminum sheet, as demonstrated in Figure 6.17. 

There are good matches between the measured data and the simulated data on the negative half 

part of the profile. On the positive part, the measured data are lower than simulated data. At first, 
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we thought these mismatches were caused by our DTAC system, such as preamplifier, filters, 

tuning circuit, crosstalk, metal on the frame and so on. A lot of modifications were made to 

understand these mismatches. However, mostly we got the same results.  

We assumed the aluminum sheet was located in a homogenous and isotropic earth with 

resistivity of 100 Ohm-m. This earth model may be the cause for the mismatches in Figure 6.17. 

We next consider that there are other targets around the profile line. We focused on a sand pit that 

is located near our test line and which is used for Ground Penetrating Radar (GPR) testing. Because 

the sand pit is quite dry, since it is covered, the sand pit is modeled as a very high-resistivity target.  

 

Figure 6.18 Simulated results of the aluminum sheet with a 1.3m × 2.4m × 1m sand pit. The center 

of the aluminum sheet is at (0, 1.6m, -3m), and the center of the block is at (4.8m, 4.9m, -0.5m). 

The profile configuration is similar as in Figure 6.15. Due to the addition of the sand pit, the DTAC 

responses of the aluminum sheet are asymmetric. 

The sand pit is simulated as a block with a resistivity of 10000 Ohm-m. The block is 1.3m 

× 2.4m × 1m in x, y, and z direction (x direction is along the profile, and z direction is vertical.). 
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The center of the aluminum sheet is at (0, 1.6m, -3m), and the center of the block is at (4.8m, 4.9m, 

-0.5m). The simulated results of the aluminum sheet with a high-resistivity sand pit are shown in 

Figure 6.18. In this simulation, the sheet used the VH EiKPlate algorithm and the block used ILN 

prism algorithm. The internal sampling of the prism used the default values.  

The additional target distorts the symmetric responses of the aluminum sheet. Compared 

Figure 6.18 with Figure 6.17, the simulated data on the negative locations are virtually identical, 

and the simulated data with sand pit are lower on the positive locations. This model with the 

additional target produces a response that is similar to the measured DTAC response.  

In summary, the tuned target coil and the buried aluminum sheet clearly indicate this high-

power vertical-array DTAC system is capable of detecting the subsurface targets with high-

resolution.  

6.5 Field test results using the high-power vertical-array DTAC system at Avra Valley 

Based on experimental tests, the high-power vertical-array DTAC system is capable of 

high-resolution measurements. In this section, the DTAC system was tested on a field target 

located at the University of Arizona, Avra Valley Geophysical Test site, where a concrete pipe 

was buried.  

6.5.1 Location and geological background 

The Avra Valley geophysical test site (Sternberg et al., 1992) is located in the southern 

portion of Avra Valley, about 20 miles southwest of Tucson (Figure 6.19). There are a wide variety 

of subsurface targets buried including various metal containers simulating buried waste and water 

injection basins. The site has been used by many groups to test geophysical techniques. The 

average elevation of the area is 760 meters (2500 ft) above sea level. The site can be reached by 
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taking Ajo Way (Highway 86) from Tucson and turning south just past mile marker 158, onto a 

dirt road to the south.  

The area is a low-relief alluvial surface, crossed by occasional small dry washes and 

dipping gently to the north-northwest. Some of the area is subject to occasional flooding. The 

vegetation is sparse and mainly mesquite and cactus. The climate is arid, characterized by low 

precipitation, high summer temperatures and low humidity. The average annual precipitation is 

less than 10 inches.  

 

Figure 6.19 The location of Avra Valley Geophysical Test site. The DTAC survey was done near 

the point (32° 6'40.88"N, 111°12'41.49"W). 

The basin-fill sediments are divided into two stratigraphic units. The upper unit is 19-120 

meters (about 300 - 400 ft) thick alluvium. It consists of lenses of sand and gravel of irregular 

thicknesses interbedded with silt and clay. The lower unit changes in composition depending on 
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location within the basin. In the central and southern parts of the valley volcanic gravels and quartz 

sands predominate, eventually interbedded with caliche. In the northern part of the valley it is 

formed mainly from silty clay, occasionally gypsiferous (Whallon, 1983).  

6.5.2 Concrete pipe for the DTAC survey at Avra Valley 

The target we used for the DTAC system is a concrete pipe at Avra Valley (Figure 6.20). 

The pipe has a diameter of approximately 1 m and was buried 3m deep to the center of the pipe. 

At the present time, the north access to the pipe is partly filled with dirt. At the south access to the 

pipe, we intentionally filled all of the access hole with dirt, after covering the entrance with 

plywood. Mostly, the pipe is surrounded by sand and clay, which is quite homogenous along the 

profile. This simple geologic structure gives the DTAC system results that are easy to interpret, 

which can be used to validate the efficiency of the system. Also, the DTAC responses of this single 

target could be utilized to verify that the asymmetric responses of the aluminum sheet are caused 

by the addition of sand pit, not by system errors. In addition, the surface of the test site is quite flat 

and wide enough which is convenient to move the DTAC system. 

  

Figure 6.20 The photos of the concrete pipe at Avra Valley Geophysical Test Site. (a) The photo 

of the pipe about 10 years ago. (Sternberg, 2009); (b) The surface of the pipe in August 2015.  

(a) (b) 
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Figure 6.21 Sketch of the profile for the concrete pipe at Avra Valley Geophysical Test Site. (a) 

The cross section of the profile; (b) The plan view of the profile.  

6.5.3 Responses of the concrete pipe using the non-continuous moving DTAC system 

A profile as shown in Figure 6.21 was carried out to investigate the concrete pipe. The 

profile was crossing the concrete pipe, 8m to the one end of pipe and 19m to other end. The first 

profile was carried out using the non-continuous moving DTAC system, i.e., we stopped at each 

location for data acquisition and then moved to next station. At each station, when the data were 

recorded, there was no movement of the frame, except wind blowing sometimes.  

The magnetic fields for this pipe are shown in Figure 6.22. Three frequencies of 200Hz, 

2010Hz and 5700Hz were utilized in this test. The currents for them are 4A, 4A, and 2A 

respectively. For comparison, ppm plots were displayed. The real Bx fields have responses 

associated with the concrete pipe near the top of the pipe, but away from the top, they seem 

dominated by the contamination of primary fields. The imaginary Bx fields also have responses 

related to the concrete pipe near the center of the profile. And again, low-frequency fields have 

better responses than those of the high-frequency. The real By fields are contaminated by the 
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primary fields and have no relationship with the concrete pipe virtually. The imaginary By fields 

have a lot of noise along the profile.  

  

  

Figure 6.22 Measured magnetic fields for the concrete pipe. The profile was sketched in Figure 

6.21. Three frequencies of 200Hz, 2010Hz and 5700 with currents of 4A, 4A, and 2A respectively 

were transmitted. Real magnetic fields are almost identical at different frequencies and not 

associated with the concrete pipe except real Bx due to the contamination of primary fields. 

Imaginary fields are affected by the concrete pipe. (a) Real Bx responses of the concrete pipe; (b) 

Imaginary Bx of the concrete pipe; (c) Real By of the concrete pipe; (d) Imaginary By of the concrete 

pipe. 
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Figure 6.23 Measured DTAC results for the concrete pipe. The profile locations are sketched in 

Figure 6.21. 200Hz and 5700Hz are data frequencies and 2010Hz is the reference frequency. The 

noise level of this system is below 1ppm.  

The DTAC responses are shown in Figure 6.23. There are clear responses for the concrete 

pipe on the DTAC plots. The peak values appear near 0m, the center of the profile, where the top 

of the pipe locates. And away from 0 m the responses are decreasing, which indicate the influence 

of the pipe is declining. The noise of the data was below 1 ppm, same as in Figure 6.17. During 

the data acquisition, the whole system was towed from East to West. There were some small 

deviations along the profile as shown in Figure 6.21, because of the small slope of the surface. We 

therefore pried the frame back to the designed profile several times. The DTAC responses of this 

target were still symmetric and clearly related to the concrete pipe.  

In theory, a single symmetric target will produce a symmetric DTAC response, which is 

the characteristic of the DTAC system. Because the concrete pipe is located in a homogenous 
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background, the DTAC responses are symmetric. This proves that the DTAC system is functioning 

correctly. It is a high-resolution EM system which can precisely locate information about 

subsurface targets. More importantly, it proved that the responses to the aluminum sheet were 

correct.  

6.5.4 Responses of the concrete pipe using the continuous moving DTAC system 

We have shown that the non-continuous moving DTAC system can investigate subsurface 

targets with high resolution. But doing a profile of 50m long and 50 stations with starting and 

stopping, plus multiple measurements at each site required about 1 hour, which is too long for our 

ultimate objective. We hope the system can still have good investigation capability when it’s 

moving at higher speed. A profile was run to test the capability of this high-power DTAC system 

while continuously moving.  

The profile is identical to Figure 6.21. Frequencies, currents, and configuration are 

identical to the non-continuous moving DTAC system. For the same long profile, this continuous 

moving system only needs 15 minutes including ±90-degree rotation. The speed of the whole 

system is about 1 mph, i.e., about 0.5m/s. The magnetic-field responses for this profile are shown 

in Figure 6.24. Compared with Figure 6.22, the imaginary parts are very similar, because they are 

mainly caused by the concrete pipe. The real components are very different. The real magnetic 

fields of the continuous moving system show no responses from the concrete pipe, but are heavily 

contaminated by the primary field. This is easy to understand because the whole system was 

moving continuously and the system was shaking along each measurement.  

The DTAC responses of this profile are shown in Figure 6.25. Clearly, the DTAC system 

detected the concrete pipe very well.  The peak values appear near 0m, the center of the profile, 
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where the top of the pipe locates. And away from 0 m the responses are decreasing, which indicate 

the influence of the pipe is declining. The noise level of the data was below 1 ppm, which was a 

little higher than the noise in Figure 6.23 and Figure 6.17. One reason is the continuous moving 

  

  

Figure 6.24 Measured magnetic fields for the concrete pipe using a continuous moving system. 

The profile was sketched in Figure 6.21. Three frequencies of 200Hz, 2010Hz and 5700 with 

currents of 4A, 4A, and 2A respectively were transmitted. Real magnetic fields are almost identical 

at different frequencies and not associated with the concrete pipe due to the contamination of the 

primary fields. (a) Real Bx responses of the concrete pipe; (b) Imaginary Bx of the concrete pipe; 

(c) Real By of the concrete pipe; (d) Imaginary By of the concrete pipe. 
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Figure 6.25 Measured DTAC results for the concrete pipe using a continuous moving system. The 

profile locations are sketched in Figure 6.21. 200Hz and 5700Hz are data frequencies and 2010Hz 

is the reference frequency.  

system brings some contamination of the primary field into the DTAC data. So the noise level in 

Figure 6.25 includes not only the noise but also some contamination of the primary field. Another 

reason is that the RX coils are not stable at each measurement, which may induce noise in the 

DTAC responses. Beside the noise difference, the peak responses of Figure 6.25 are lower than 

those of Figure 6.23. This possibly was caused by the misalignment of the profile. Because when 

the whole system was moving forward continuously, the frame deviated away from the designed 

profile and we cannot pry it. As discussed in numerical analysis of the conductive dike in Chapter 

4, different offsets from the dike could give different DTAC responses. Maybe the offsets near the 

pipe top were different from the designated profile, which caused the lower DTAC responses. 
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However, even with the high noise level, and lower peak values, the continuous moving DTAC 

system can locate the concrete pipe accurately. It is an operational system which could be modified 

on high-speed measurements. 

Though there were good responses for this concrete pipe, currently we don’t have a good 

model to simulate the responses of it at this time. So there are no comparisons between the 

measured data and the simulated data. It is possible that the magnitude of the real and imaginary 

parts of the Bx and By have different magnitudes between measured and simulated data, but the key 

results are obtained using the system. Because the pipe contains some metal remesh inside the 

concrete, finding a model to simulate this pipe is challenging. Future work is required for this 

target to find a suitable simulated model. 

6.6 Surface interference responses using the high-power vertical-array DTAC system  

It has been shown that the DTAC method is insensitive to the surface interference, e.g., 

fence, vehicle, and building. The experimental results of the low-power system proved this feature 

(Chapter 5), as well as numerical studies (Chapter 4). Whether a high-power TX loop would 

change that characteristic is to be discussed in this section. Three targets were used to test the 

sensitivity of the high-power DTAC system to surface interference. They are a Ford F150 truck, 

power line, and fence.  

6.6.1 DTAC responses of a vehicle 

For this test, a Ford F150 truck was used.  The vehicle was driven along the y-axis from 

0m horizontal offset from the edge of the TX loop to the edge of the vehicle and then up to 100m 

away, where it definitely had no influence on the DTAC measurements. 

The secondary magnetic fields of this truck are shown in Figure 6.26. Because the truck  
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was driven along the y-axis, the real Bx fields are basically contamination of primary fields. Real 

By fields were decreasing when the vehicle was driven away. It decreased to the noise level at 

about 5m, if we use a noise level of 1ppm. The imaginary fields were decreasing along the profile  

  

  

Figure 6.26 Measured magnetic fields for the Ford F150 truck. The frame was stationary, and the 

truck was driven away from frame. Three frequencies of 200Hz, 2010Hz and 5700 with currents 

of 4A, 4A, and 2A respectively were transmitted. Real magnetic fields are almost identical at 

different frequencies due to the contamination of primary fields. Imaginary fields decreased along 

the profile. (a) Real Bx responses of the truck; (b) Imaginary Bx of the truck; (c) Real By of the 

truck; (d) Imaginary By of the truck. 
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Figure 6.27 Measured DTAC results for the Ford F150 truck. The frame was stationary, and the 

truck was driven away from frame. Three frequencies of 200Hz, 2010Hz and 5700 with currents 

of 4A, 4A, and 2A respectively were transmitted. 200Hz and 5700Hz are data frequencies and 

2010Hz is the reference frequency.  

and are not affected by the vehicle after 5m. As a summary of the four plots, 5m is the distance 

where conventional methods are not affected by this truck. 

The DTAC responses of this truck are illustrated in Figure 6.27. The values were declining 

with the truck driven away. If we assume a noise level of 1 ppm, the DTAC system is not affected 

by the truck after 2m, which is much smaller than the conventional methods. It is true that the 

high-power system requires a larger distance to not be affected by the truck than the low-power 

system. The conventional methods have responses of about 100 ppm at 2 m, when the truck is 

close to the frame. The DTAC method has responses of about 0.5 ppm at the same location, which 

is more than 40dB lower than the responses of the conventional methods. From about 18m to 30m, 

the DTAC responses increase and then decrease. Because they are all below 1ppm, this probably 
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is due to the drift of the DTAC system. Compared with conventional methods, the high-power 

vertical-array DTAC system is insensitive to the vehicle.  

6.6.2 DTAC responses of a power line 

For this test, a residential power line was used. There are three cables including a ground 

wire in this power line. The whole system was towed away along x-axis from 0m horizontal offset 

from the power line to 35m away, where power line definitely had no influence on the DTAC 

measurements. 

The secondary magnetic fields caused by the power line are shown in Figure 6.28. The real 

magnetic fields of this power line are contaminated by the primary fields because the tough terrain 

along this profile. It is hard to tell where the DTAC system are not affected by the power line from 

the real magnetic fields. The imaginary magnetic fields of this power line are decreasing along the 

profile and are still affected by the power line at 15m at 2010Hz and 5700Hz, if we assume the 

noise level is below 1ppm. Therefore, from the magnetic fields, it is hard to determine where there 

is a safe distance for the conventional methods operating near a power line. Compared with Figure 

6.26, the real magnetic fields are much higher and imaginary magnetic fields are decreasing 

slower. One reason for this is the rough terrain along the profile. Another reason is the influence 

of the power line, which generates EM fields. Because there are other surface interference features, 

a fence at 20m and a buried HDPE pipe at 25m, the magnetic fields after 15m are not shown in 

Figure 6.28.  

 The DTAC responses of this power line are illustrated in Figure 6.29. The values were 

decreasing with the system moving away from the power line. If we assume that the noise level is 

0.1 to 1 ppm, DTAC system is not affected by the power line after 8m, which is much smaller than 
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the conventional methods. The conventional methods have responses of about 1000 ppm along the 

profile. The DTAC method has responses of about 30 ppm at 0m, which is more than 20dB lower  

  

  

Figure 6.28 Measured magnetic fields for the residential power line. The frame was towed from 

south to north away from the power line. Three frequencies of 200Hz, 2010Hz and 5700 with 

currents of 4A, 4A, and 2A respectively were transmitted. Real magnetic fields are almost identical 

at different frequencies due to the contamination of primary fields. Imaginary fields decreased 

along the profile. (a) Real Bx responses of the power line; (b) Imaginary Bx responses of the power 

line; (c) Real By responses of the power line; (d) Imaginary By responses of the power line. 
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Figure 6.29 Measured DTAC results for the residential power line. The whole system was towed 

away from the power line. Three frequencies of 200Hz, 2010Hz and 5700 with currents of 4A, 4A, 

and 2A respectively were transmitted. 200Hz and 2010Hz are data frequencies and 5700Hz is the 

reference frequency.  

than the responses of conventional methods, and has responses of about 0.4ppm after 8m, which 

is more than 60dB lower than conventional methods. 

6.6.3 DTAC responses of a fence 

For this test, a fence with four posts was used. The fence was connected by metal wires. 

The fence was built by us at our test site. It’s about 5m long. From the numerical analysis in 

Chapter 4, we know that along the fence the DTAC method only has a small response. The DTAC 

system has a response at the end of the fence. So this short fence can be used to test the DTAC 

response of a fence. The whole system was towed away along x-axis from 0m horizontal offset 

from the fence to the edge of the TX loop and then up to 48m away, where the fence definitely had 

no influence on the DTAC measurements. 
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The secondary magnetic fields caused by the fence are shown in Figure 6.30. The real 

magnetic fields of this fence are contaminated by the primary fields at the level between 100ppm 

and 1000ppm. Again, it is hard to tell where the DTAC system is not affected by the short fence  

  

  

Figure 6.30 Measured magnetic fields for the fence. The frame was towed from south to north 

away from the fence. Three frequencies of 200Hz, 2010Hz and 5700 with currents of 4A, 4A, and 

2A respectively were transmitted. Real magnetic fields are almost identical at different frequencies 

due to the contamination of primary fields. Imaginary fields decreased along the profile. (a) Real 

Bx responses of the fence; (b) Imaginary Bx of the fence; (c) Real By of the fence; (d) Imaginary By 

of the fence. 
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Figure 6.31 Measured DTAC results for the fence. The whole system was towed away from the 

fence. The fence is about 5 m long and connected by metal wires. Three frequencies of 200Hz, 

2010Hz and 5700 with currents of 4A, 4A, and 2A respectively were transmitted. 200Hz and 

2010Hz are data frequencies and 5700Hz is the reference frequency.  

from real magnetic fields, if we assume the noise level is 0.1 to 1 ppm. The imaginary magnetic 

fields of this fence are decreasing along the profile and are not affected by the fence after 4m at 

200Hz and 2010Hz, and are still influenced at 8m at 5700Hz. It is difficult to determine where is 

a safe distance for the conventional methods operating near a fence, especially when wide-band 

frequencies are used.  

The DTAC responses for this short fence are illustrated in Figure 6.31. The values were 

declining with the system moving away from the fence. If we assume the noise level is 0.1 to 1 

ppm, the DTAC system is not affected by the fence after 3m, which is much smaller than with the 

conventional methods. The conventional methods have responses of about 500 ppm along the 

profile and real By fields decrease to about 100 ppm after 4m. The DTAC method has responses 
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of about 3 ppm at 0m, which is more than 40dB lower than the responses of the conventional 

methods, and has responses of about 0.4ppm after 3m, which is more than 60dB lower than the 

conventional real Bx results and about more than 40dB lower than the conventional real By 

responses.  

6.7 Summary of this chapter 

In this chapter, a high-power vertical-array DTAC system was designed, built and tested. 

The transmitter, tuning circuit, preamplifier, RX coils and calibration method are analyzed. 

Controlled tuned target coils and buried sheet are used to verify the accuracy of the system. Field 

tests of a concrete pipe also demonstrate the capabilities of the high-power DTAC system. 

Responses to surface interferences (vehicles, power lines, and fences) again demonstrate the 

DTAC method is not as sensitive to surface interference as the conventional Bx/By measurements. 

Based on these analysis and tests, several conclusions are made. 

1). A high-power transmitting system was designed and tested. With the tuning circuit, a 

30-turn 6-m diameter transmitter loop with a moment of 3400 Am2 at multiple frequencies was 

built and tested.  

2). The high-power vertical-array DTAC system is a high-resolution instrument. It can 

accurately map the tuned target coils, buried aluminum sheet and concrete pipe. Different profiles 

have different DTAC responses which indicates the DTAC method can detect the depth and 

orientation information of the subsurface target.  

3). The high-power vertical-array DTAC system is affected by the heterogeneous earth. It 

can be used to investigate the heterogeneity of the subsurface targets.  It can detect multiple 

subsurface target simultaneously. 
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4). The high-power vertical-array DTAC system is capable of investigating subsurface 

targets in engineering and mining conditions. The concrete pipe is representative of some 

engineering and mining targets. The success of the DTAC system with this target demonstrates 

the capability of the system.  

5). The high-power vertical-array DTAC system can be implemented in a mobile system. 

It has the capability to image the underground targets from continuous moving platform.  

6). The high-power vertical-array DTAC system is relatively insensitive to surface 

interference, e.g., vehicle, power line, and fence. This advantage extends the application range of 

the DTAC system to some areas where conventional methods cannot be effective.  

7). The high-power vertical-array DTAC system can be implemented in an airborne 

system. The high-power transmitter is a key part for an airborne system.  
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CHAPTER 7  Conclusion 

 

The DTAC method was analyzed using its theoretical background, numerical responses 

and experimental results in this dissertation. A low-power system was developed to verify the 

characteristics of the DTAC method. And a high-power system was built to illustrate the capability 

of the DTAC system. According to these results, the advantages of the DTAC method were 

demonstrated and several important features were found. 

7.1 High-resolution EM method 

The theoretical analysis proved that the DTAC method has no response over 1D and 2D 

structures, so the method can null out the effect of layered earth and long strike targets, because 

the null vectors of these target are frequency independent. This increases the possibility of finding 

much smaller subsurface targets.  

The DTAC method can effectively identify the geologic information of the subsurface 

target. This has been demonstrated by sensitivity of the DTAC method to target depth and 

orientation in the scaled-target tests. 

Several calibration methods are employed in the DTAC system in order to reduce the noise 

and unintended magnetic fields, e.g., background removal, absolute gain correction, ARTTEST 

method, and ±90- degree rotations. These methods boost the resolution of the DTAC system. 

The accurate control of the Bx and By orientation increases the capability of the DTAC 

system to measure low signals from small subsurface targets, because the deeper the null the 

system has, the lower the signal it can detect.  
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7.2 Robustness in the DTAC measurements 

The DTAC method is relatively insensitive to surface interference, e.g., fences, buildings, 

power line and vehicles, because these targets only have EM induction and don’t have current 

channeling and the EM induction are frequency independent.  

The DTAC method is insensitive to the orientation errors, because the primary changes 

caused by the orientation errors are frequency independent. Therefore, in the vertical-array DTAC 

method, even large orientation errors between TX and RX coils will not affect the responses of the 

subsurface targets. 

The vertical-array DTAC method is relatively immune to the geologic noise caused by 

varying background (or host rock) resistivity. This reduces the occurrence of false anomalies or 

the possibility that real target anomalies will not be detected because of the varying background 

response. 

7.3 Multi-frequency, high-power TX system 

A 30-turn 6m diameter TX loop was built which is tuned to low impedances at multiple 

frequencies using a tuning circuit. With the high-power amplifiers, 8A current can be transmitted. 

The moment of this TX system could be up to 6800Am2.  

The tuning circuit was designed to lower the impedance of the TX system. Capacitors and 

toroids are used in the tuning circuit. Capacitors and toroids are able to tolerate high voltages and 

high currents to meet the high power. High-power amplifiers are required for transmitting high 

currents to the TX loop, even with low impedances. Two AE TECHRON industrial amplifiers in 

series are utilized in this system. The signal flowing in the TX loop is generated using a sine 

function in the LabVIEW program.  
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7.4 Application of the DTAC system 

The DTAC system is capable of investigating subsurface targets, e.g., metal sheet and 

concrete pipe. It can be inferred that the DTAC system can be applied to surveys of mining 

exploration, engineering investigation, groundwater detection, geothermal exploration and so on.  

In this dissertation, the DTAC method is applied to frequency-domain measurements. 

However, the time-domain system could also be used. Current AEM technology can be adapted to 

the computational techniques in the DTAC system. 

With a high-power TX system, the vertical-array DTAC method can be adapted to a variety 

of rapidly moving survey applications, e.g., moving vehicle and helicopter.  

7.5 Future development of the DTAC method 

Our current research focus on making the DTAC method operational and providing a new 

high-resolution EM method for geophysical investigation. More tests of the DTAC system are 

required to make the system more stable and portable.  

Several tests have been done. However, these tests just proved the fundamental capabilities 

of the DTAC system. There are many specific conditions in geophysical surveys, which may be 

encountered only in field tests. And these conditions may provide new ideas or new requirements 

for the DTAC method.  

A fast moving system will enhance the applications of this DTAC method. The high-power 

TX system has been developed. It is ready to be implemented on a fast moving platform, e.g., a 

helicopter.  
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There are currently no numerical and inversion algorithms specifically designed for the 

DTAC system. In the future, new modeling algorithms for the DTAC method will enhance the 

resolution and the accuracy of the data interpretation using the DTAC method. 
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