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ABSTRACT 

 

 

We developed a prototype geophysical system that currently has a dynamic range of 
134dB. We also calculate the full potential of our design to achieve a dynamic range of 
the order of 200dB, which is much higher than what is currently offered by state-of-the-
art technology in geophysical instrumentation. We have been successful in reducing 
measurement errors that are common limiting factors in achieving high measurement 
sensitivity in practice. We reduced the measurement error caused by mechanical 
deformations of the measurement apparatus from 70PPM to less than 1PPM. As a result 
of developing a novel measurement method for using a rotating antenna array and digital 
nulling, we achieved a level of temporal drift of less than 0.5PPM over a 50 minute time 
period, which is a significant improvement compared to the drift of greater than 400PPM 
for the state of the art geophysical instrumentation. We also used a method of 
simultaneous calibration of the secondary fields in order to correct the measured data for 
the long-term gain variations in the system response. As a result, we reduced the 
percentage error in the RE and IM components of the target response measured over a 
105-minute period of time from 5% and 80% to 0.5% and 2%, respectively. We have 
gained a substantial reduction of the measurement errors caused by the background 
response of the earth by using the antenna array in a vertical orientation relative to the 
earth’s surface. We demonstrated that our measurement method increases survey 
efficiency because of a more informative set of data. We tested our prototype system with 
a section of steel pipe, which is a standard target used to determine the sensitivity of 
commercial metal detectors. The measurement results showed that our current system 
will detect this particular target at a 2.0m depth below the earth’s surface, which is 0.5m 
better than the 1.5m detection depth achieved by the EM61-MK2. When the full potential 
of our design is realized, we estimate the projected depth of detection to increase to 9m, 
which is six times greater than the detection depth achieved by the EM61-MK2. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 General description of the measurement technology and its applications 

 

Our research is based on measurement technology that utilizes electromagnetic fields to 

study buried objects. The measurement information obtained in this way can be used to 

analyze physical properties of the objects, as well as to determine their locations, shapes, 

and orientations. Generally, this type of instrumentation involves an antenna array with 

single or multiple transmitter and receiver antennas. Usually these antennas are closely 

spaced and are configured in a certain way depending on the specific application 

requirements.     

Some applications of interest may require broad-band measurements within the 

frequency range from Hertz to gigaHertz. Some applications may also require 

transmitters with a considerable amount of power. To prevent interference with 

commercial radio stations and other communication systems, the Federal 

Communications Commissions (FCC) regulates the allowed levels of the transmitted 

power. For very low frequency signals, the measurement instruments are allowed to 

operate at high power levels only at frequencies below 10kHz, whereas for high signal 

frequencies, high power radiation is permitted only within Industrial Scientific and 
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Medical (ISM) bands designated by the FCC at 6.78MHz, 13.56MHz, 27.12MHz, 

40.68MHz, 915MHz, 2.45GHz and 5.8GHz.   

An important application of this type of instrumentation is in the field of geophysical 

exploration. This includes natural resources exploration, water resource exploration, and 

environmental site characterization. Another application of these measurement 

techniques is in the field of civil engineering, where it is used in nondestructive testing 

for assessing damage in the inner structures of buildings, bridges and highways. This 

measurement technology is also used on a much smaller scale in the field of medical 

imaging for noninvasive diagnostic techniques. In the area of security this type of 

measurement instrumentation may be utilized for through-wall and through-foliage 

imaging, where it is impossible to detect and identify hidden objects using conventional 

optical methods. In recent years this measurement technology has also been found to be 

valuable in the field of archeological exploration, where nondestructive methods of 

investigation play an important role.         

 

1.2 Specific area of geophysical application 

 

In recent years there have been significant advances in electromagnetic methods of 

geophysical exploration. Measurement techniques employed in this field often require 

high accuracy, large depth of investigation and wide bandwidth. They are designed for 

investigation of the structure and physical properties of the layered earth, as well as for 

the study of localized subsurface anomalies and buried targets with various conductive, 
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magnetic, and dielectric properties. In practice, when measuring the inherently weaker 

signals produced by smaller or deeper anomalies in the earth, these methods require 

recording instruments with large dynamic ranges.  

Our research was focused on the geophysical application of the measurement 

technology, in particular for near-surface investigations. We chose this area as a 

representative example to demonstrate the proof of principle of the proposed innovation 

in a traditional measurement method. Thus, we concentrated our efforts on development 

and testing of a measurement setup that involves a single antenna array operating at a 

single frequency, as we discuss in more detail in Section 1.5.    

  

1.3 Major criteria of the system performance 

 

The performance of the measurement instrumentation that is used in the field of 

geophysical exploration may be characterized by the following criteria. The first criterion 

is the system sensitivity, which refers to the smallest measurable signal. This parameter is 

closely related to the dynamic range of the instrument, which is typically specified as the 

smallest detectable secondary signal with respect to the largest primary signal. Usually, 

dynamic range is defined in units of dB or parts-per-million (PPM). Thus, one of the 

characteristics of a high performance measurement system is its high sensitivity and large 

dynamic range. 

Another important criterion is the stability of the system over time, which is 

commonly evaluated in terms of the time dependent drift in the instrument response. The 
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time variations in the system response directly affect the measurement accuracy, and 

therefore, can become a significant limiting factor in the system performance, as we 

demonstrate in Section 1.4.3. In practice, substantial system drift can be caused by the 

mechanical instability of the antennas and by the time-varying changes in the system 

electronics. Overcoming the drift problem is one of the greatest challenges in the design 

of a high-performance measurement system.  

One more key criterion in instrument performance is the efficiency of the transmitter 

(TX) and receiver (RX) antennas. On the one hand, it is desirable to a have high 

sensitivity RX and a high power TX in order to increase the dynamic range of the system. 

On the other hand, it is also desirable to make the instrument compact for easy 

transportation and operation. Hence, it is required for the TX and RX antennas to have 

high moments and, at the same time, to be moderate in size. 

 

1.4 Current state of the art instrumentation 

 

Modern advancements in the technology used in geophysical exploration have led to 

significant improvements in the performance of measurement instrumentation. Many 

traditional surveying methods have been refined to increase their efficiency and to 

achieve higher depth, resolution, and accuracy of investigation. Because of the 

considerable progress in computer technology, geophysical instrumentation uses high 

speed acquisition and processing of vast amounts of data. The advanced computer 

technology also led to the development of more sophisticated algorithms to enable faster 
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interpretation analysis of measurement data. At the present time, the cutting edge 

technology has been implemented in design of geophysical instrumentation by several 

manufacturers in this field, such as Geonics, Geophex and Zonge Engineering. 

Traditionally, this instrumentation is categorized as either time-domain electromagnetic 

(TDEM) instrumentation or frequency-domain electromagnetic (FDEM) instrumentation 

based on the two fundamentally different classes of electromagnetic techniques. In the 

following sections we present an overview of the TDEM and FDEM techniques and point 

out their advantages and limitations. 

 

1.4.1 Time-domain electromagnetic (TDEM) technology 

 

TDEM technology is based on measuring the time-domain response of the layered earth 

or isolated targets buried underneath the surface. In this case, the TX antenna is energized 

with the periodic “on-and-off” current waveform in the shape of a modified symmetrical 

square wave. During the on-cycle of the TX current, a static magnetic field is established 

in the earth. Then, during the off-time of the TX current the electromotive force induced 

in the ground causes the flow of eddy currents both in the earth and in nearby buried 

conductors. Because of the resistive loss, these secondary currents decay with time, 

generating a decaying secondary magnetic field at the surface. During this period of time, 

when the primary magnetic field is turned off, the time-decaying secondary magnetic 

fields are measured at the surface with the RX antenna. The absence of the large primary 
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field makes it relatively easy to detect subsurface conductive bodies or to measure the 

conductivity of the earth itself.  

One of the common TX and RX antenna configurations used in the TDEM systems is 

where the RX coil is placed at the center of the TX coil near the earth surface, as shown 

in FIGURE 1.1. When the TX current is shut off, rapidly terminating the primary 

magnetic field, eddy currents are nearly instantaneously produced in the vicinity of the 

TX wire so as to maintain the magnetic field in the earth everywhere at the same value 

that was established just before the cutoff. As time progresses these horizontal loops of 

eddy currents diffuse to greater depths and expand in radius as illustrated in FIGURE 1.1. 

Thus, measurement of the decaying magnetic field at the location of the RX antenna as a 

function of time is equivalent to the measurement of earth’s conductivity as a function of 

depth. 

 
 
FIGURE 1.1. Illustration of the measurement principle used in the TDEM systems. 

 

When compared with the FDEM, the TDEM technique has some advantages and 

disadvantages. The greatest advantage of the TDEM systems is that the measurements are 

TX RX 

I_1 @ t = t1  

I_2 @ t = t2 

I_3 @ t = t3 
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made in the absence of the large primary field. Because of this, the measurement 

accuracy is unaffected by small changes in orientation of the TX and RX antennas, which 

makes the TDEM systems very stable and robust. For this reason, the TDEM systems can 

be built very compact, easy to use and time-efficient.  

A major disadvantage of the TDEM technique is the limitation of the dynamic range. 

Since the measurement data are analyzed in the time-domain, it becomes very 

challenging to filter out the strong interference that may be caused by nearby power lines. 

Also, the accuracy of the measurement data with higher frequency content is reduced 

because of the increasing background response of the earth. Another significant 

disadvantage of the TDEM approach is that it requires very large bandwidth, which is 

associated with the pulse-like TX waveform. Measurement of the anomalous transient 

magnetic field can begin as early as a few microseconds after the TX turn-off, which 

translates into signal frequencies on the order of hundreds of kilohertz. Because of the 

FCC restrictions on the power levels of the signals transmitted over wide bandwidth, the 

TDEM systems must be limited in TX power, which in turn limits the depth of 

investigation. One more significant limitation of the TDEM systems is that because of 

making measurements during the TX off-time, they can measure only the quadrature-

phase response and ignore the in-phase response, which is very important in detection of 

conductive objects buried in the earth.   

  One example of a modern state of the art TDEM technology is the EM61-MK2 by 

Geonics Limited. The EM61-MK2 that is shown in FIGURE 1.2 is a time-domain metal 

detector, which detects both ferrous and non-ferrous objects. It consists of portable 
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coincident loop TX and RX antennas with an additional RX antenna above the TX coil 

for estimation of the target depth. The small antenna on the tripod above the EM 

induction loops is a GPS antenna for positioning information. This system uses TDEM 

technology to discriminate between moderately conductive earth materials and very  

 

FIGURE 1.2. Picture of the Geonics EM61-MK2 time-domain metal detector, from 
Geonics catalog. 
 

conductive metallic targets. After each pulse in the TX current, secondary magnetic fields 

are induced briefly in moderately conductive earth, and for a longer time in metallic 

targets. Therefore, the EM61-MK2 system waits for a short period of time until the 

immediate earth response dissipates, and then measures the prolonged response of the 

buried metal. In this case, the time-decay of the secondary magnetic field generates a 

signal within each of the two RX coils, which confirms the presence of metal. The 

differential data obtained from the two RX coils is used to reduce the effects of 

background noise and to calculate the apparent depth to the target. 

The EM61-MK2 metal detector provides multiple measurements of the decay of the 

secondary magnetic field. Data from multiple time gates are used to provide a more 

complete measurement of the response decay rate for improved target characterization 
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and discrimination. The availability of data from earlier time gates results in significant 

improvement in detection of smaller targets, since the decay rate of the secondary field 

associated with smaller targets is relatively quick.  

  

1.4.2 Frequency-domain electromagnetic (FDEM) technology 

 

FDEM technology is based on measuring the frequency-domain response of the layered 

earth or isolated targets buried underneath the surface. In this case, the TX current varies 

sinusoidally with time at a fixed frequency. Some instruments, however, are designed to 

operate at multiple frequencies at the same time, in which case the current waveform is 

composed of the sinusoids corresponding to the selected frequencies. The alternating 

current in the TX loop generates an alternating magnetic field in the ground, which 

induces the eddy currents. The strength of the eddy currents is a function of the medium 

conductivity σ. These currents produce the secondary magnetic field that is measured by 

the RX antenna. Thus, in FDEM systems the measurements are made by the RX in the 

presence of the primary TX field. 

A conventional measurement setup used in FDEM systems is shown in FIGURE 1.3. 

In general, the secondary magnetic field generated by the eddy currents induced in the 

earth is a complicated function of the coil spacing S, the operating frequency f, and the 

earth conductivity σ. However, FDEM systems can be designed to operate at low values 

of induction number defined by θ = S(σµω/2)1/2 << 1 , in which case the strength of the 

secondary magnetic field becomes directly proportional to fσS2. Under these constraints, 
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the depth of investigation is limited only by the coil separation S. FIGURE 1.4 shows an 

example of two orientations of the coplanar array over the earth. This figure also shows 

how the relative contributions to the secondary magnetic fields from a single thin layer 

varies with the depth of that layer normalized by the coil separation S. 

 

FIGURE 1.3. Illustration of the measurement principle of electromagnetic induction used 
in FDEM systems, from Grant and West, 1965. 
 

 

 
 

FIGURE 1.4. Illustration of the response of a thin layer as a function of the depth and coil 
separation, from Geonics technical note 6. The horizontal axis Z represents the ratio of 
the layer depth to the coil separation S. The response is plotted for the vertical dipole as 
ΦV and for the horizontal dipole as ΦH.  
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When compared with TDEM, the FDEM technique has some advantages and 

disadvantages. The greatest advantage of the FDEM systems is that it becomes possible 

to achieve a much larger dynamic range in the presence of noise, due to the narrow-band 

filtering in the instrument. Because of easy control of the operational bandwidth, the 

FDEM systems can use much higher TX power, without violating FCC regulations, when 

operated at very low frequencies below 10kHz and at higher frequencies within the ISM 

bands. These capabilities of the FDEM systems play an important role in achieving high 

dynamic range. Another advantage of the frequency-domain technology is that FDEM 

systems measure the in-phase and quadrature-phase components of the data, which 

provides more information about the target properties. It is also important that 

measurements can be made at multiple frequencies and over a very broad bandwidth, 

which also allows a more detailed characterization of the target.  

The major disadvantage of the FDEM technique is that measurements are made in the 

presence of the very strong primary field. Overcoming this limitation presents the 

greatest challenge in achieving high performance of the FDEM systems. The amount of 

reduction in the primary field at the location of the RX antenna directly contributes to the 

increase in dynamic range of the FDEM system. The common approach to reduce the 

primary field at the RX antenna is to orient the TX and RX coils orthogonal to each other, 

which is called geometric nulling. The long-term stability of the geometric null is very 

important for the system performance. Because the primary field is very large, small 

variations in the geometric alignment of the TX and RX coils can cause a substantial 

change in the level of signal measured by the RX, which will result in a false anomaly. 
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Therefore, the sensitivity and the measurement accuracy of state-of-the-art FDEM 

systems is largely dependent on the degree of stability of the geometric null over long 

periods of time, which is commonly characterized by the long-term drift of the system.  

We include three examples of current FDEM technology, the Geonics EM31-MK2 

and EM34-3, and the Geophex GEM-2, which are shown in FIGURE 1.5. The EM31-

MK2 is a ground conductivity meter designed for single frequency operation. It maps 

geological variations, ground water contaminants or any subsurface feature associated 

with changes in ground conductivity. It is designed to estimate ground conductivity and 

 

a)  b)  c)  
 

FIGURE 1.5. Examples of the FDEM systems: a) Geonics EM31-MK2, b) Geonics EM 
34-3 (from Geonics catalog), c) Geophex GEM-2 (Won, 2003).  
 

magnetic susceptibility from the quadrature-phase and the in-phase components of the 

measurement data. The in-phase component is also useful for the detection of buried 

metallic structures and waste material. This instrument has been used successfully in 

measurements of the conductivity of layered earth at moderate depths of several meters, 

which makes it ideal for geotechnical and environmental site characterization studies. 

Important advantages of the EM31-MK2 are the speed with which the surveys can be 
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performed, the precision in measuring small changes in conductivity and continuous read 

out and data collection during survey.    

The EM34-3 is another example of a ground conductivity meter, which is designed to 

operate at multiple frequencies. This instrument is cost-effective and simple-to-operate. It 

has been particularly successful in applications involving exploration of potable 

groundwater resources and mapping of deeper ground water contaminant plumes. The 

EM34-3 uses three frequencies of 6.4kHz, 1.6kHz and 0.4kHz at three coil separations of 

10, 20 and 40m to provide variable depth of exploration down to 60 meters. The coils can 

be used in either vertical or horizontal orientations relative to the earth surface. In the 

horizontal coplanar configuration the EM34-3 is very sensitive to vertical geologic 

anomalies and is widely used for groundwater exploration at depths up to 30 meters of 

fractured and faulted bedrock.   

A recent addition to the family of compact FDEM sensors is a new generation of  

portable, digital, broadband electromagnetic sensors developed by Geophex. Their GEM-

2 system is shown in FIGURE 1.5-c. It is built with a fixed 1.67m separation between the 

TX and RX antennas. It has a 30Hz data rate at 3-5 simultaneous frequencies and a 

bandwidth of 330Hz to 48kHz, and a maximum TX moment of 3Am2 at 330Hz. The 

primary incentive for such a small sensor is its portability and measurement speed. The 

GEM-2 is widely applied in geological, environmental and geotechnical surveys because 

it combines cutting-edge technology with simplicity of use.  

Most traditional sensors, like the EM34-3, have separate TX and RX antennas 

designed for preset frequencies so that the depth of exploration can be varied by changing 



 32 

the separation distance between the TX and RX coils. The GEM-2 sensor is designed to 

measure the earth response at multiple frequencies at a fixed TX-RX geometry using only 

one set of coils for all frequencies. This technique of electromagnetic spectroscopy 

(EMIS) has been successfully applied for low induction number measurements to better 

characterize the conductive targets in terms of the material properties, target shapes and 

sizes. In most practical cases, the depth of exploration of the layered earth for the GEM-2 

has been estimated to be up to 30m. The compact packaging of the GEM-2 is possible 

because of the primary field cancellation at the RX antenna, which is achieved by a 

‘receiver bucking’ scheme. Through the physical layout of the coils, the primary field at 

the RX antenna is reduced by a factor of 100-1000, which results in a 40-60dB increase 

in the dynamic range.  

 

1.4.3 Examples of the drift limitation in the GEM-2 system 

 

When the primary field at the RX coil is nulled out geometrically, the stability of the TX 

and RX coil alignment becomes very important. Small changes in the TX and RX coil 

geometry can lead to substantial temporal drift of the system, which directly affects the 

measurement accuracy of the instrument. The GEM-2 is designed to minimize this 

temporal drift.  The GEM-2 mounting structure contains three coils that are precisely 

maintained in their relative separations amongst each other. These coils are permanently 

entombed in a “ski” structure made of synthetic materials that has a low thermal 

expansion coefficient and, therefore, their relative locations are firmly fixed. The sensor 
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is designed to “linearly” expand or contract following the ambient temperature. This 

linear expansion precisely maintains the relative positions and, therefore, the bucking 

condition. This feature is unique for this design. Another important feature is the way the 

console (which is a large chunk of metal) is designed and mounted on the ski.  The 

console is located where the field gradient is minimum so that its slight displacement 

would cause little shift in the signal.  There are no moving parts in the console.  The 

battery is internal and not removable (Geophex, GEM-2 manual). 

As an example of the typical temporal drift in the state of the art GEM-2 sensor, we 

included a series of plots in FIGURE 1.6 (from personal communications with B. 

SanFilipo at Geophex, 2006). These plots represent the in-phase and quadrature-phase 

components of multi-frequency data acquired over ~40 minute period of time. The 

acquired data were first processed to remove the high frequency interference, which 

resulted in a net sampling rate of 1Hz for the plots in FIGURE 1.6. These plots indicate 

that the amount of temporal drift is varying with frequency. For the most part, it appears 

to be between 50 and 150PPM for frequencies below 14kHz. A much larger drift of up to 

500PPM is indicated for the in-phase component of the data at 47kHz. In addition, all 

plots show that the variance in the drift is consistent at approximately 100PPM for all 

frequencies.  
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FIGURE 1.6. Plots of the temporal drift in the GEM-2 sensor. The data record length is 
approximately 40 minutes, from personal communications with B. SanFilipo at Geophex, 
2006. 
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1.5 Introduction of a new array rotation measurement technique designed to overcome 
system drift 

 

As a way of overcoming the drift limitation of the current state of the art technology in 

FD geophysical instrumentation, we propose a new array rotation method of making 

measurements. This new technique can be incorporated into the broadband measurement 

technology that is currently being used in the many different areas discussed in Section 

1.1.  We designed the prototype instrument particularly for a narrowband geophysical 

application for the demonstration of a proof of concept. Thus, we used a null-coupled 

array with closely spaced transmitter and receiver coils that were operated at a single 

frequency of 8kHz. In our experimentation, we used this array primarily in the vertical 

orientation with respect to the earth’s surface. By making relative measurements at 

different rotation positions of the array we devised a new technique of reducing 

instrument drift and improving the long-term stability and measurement accuracy of the 

system.  

 

1.5.1 Design objectives 

 

The major goal of our design was to develop a new scheme for reducing the long-term 

drift in FD systems, which has become a severe limiting factor in the performance of the 

current state of the art technology, as was illustrated in Section 1.4.3. In order for this 

new measurement technique to be practical, it must be easy to implement and easy to use. 

In order for this new measurement method to be efficient, it must be reliable and 
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consistent in producing the measurement data. In addition, this measurement data must be 

ready for easy and speedy interpretation. 

Another important goal of our design is to increase the dynamic range of the 

measurement system. The current state of the art technology in the FD geophysical 

instrumentation, based on FIGURE 1.6, provides a short-term measurement accuracy of 

approximately 100PPM, which corresponds to a dynamic range of 80dB. The long-term 

accuracy may be no better than a part per thousand. Our objective is to demonstrate a 

measurement accuracy better than 1PPM, which is equivalent to a dynamic range of 

greater than 120dB. We believe that it is possible to increase the sensitivity up to 200dB 

(or 0.0001PPM). We will demonstrate that this goal can be accomplished by 

implementing three stages of primary field nulling: geometric nulling, electronic nulling, 

and digital nulling. In order to maintain a deep stable null we have developed a new drift 

removal procedure. 

Finally, it is also desired for the complete measurement system to be suitable for 

making measurements in typical field conditions. Thus, the instrument has to be portable 

and robust, so that it can withstand transportation from site to site. It has to be designed 

for easy and quick set up and calibration for making measurements. In addition, it is 

highly desirable for the measurement procedure to be automated as much as possible and 

to be simple to operate. 
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1.5.2 Possible geophysical applications 

 

The primary purpose of our research was to demonstrate the proof of principle of this 

new measurement technique that uses array rotation. Therefore, we tested our system 

mainly to show that it can be used to measure target responses in actual field conditions. 

Hence, this measurement instrument can be used in geophysical exploration to detect 

localized anomalies, such as conductive objects, situated at various depths under the 

earth’s surface. In addition to target detection, this instrument can also be used to 

characterize the target in terms of its material properties, its shape and its size.  

One of the advantages of this new measurement technique is that it allows one to 

make measurements in any direction about the rotation axis of the array. We believe that 

data obtained from the multi-directional measurements can be used to determine the 

location of a target in 3D space, as well as to discriminate between multiple targets. This 

capability of the measurement system would be valuable in many areas of geophysical 

investigation that focus on subsurface mapping. However, this application of our 

measurement method will require further development of the measurement procedure and 

of the data interpretation algorithm.   
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CHAPTER 2 

A SUMMARY OF THE KEY FEATURES OF THIS NEW  
SUBSURFACE SENSING SYSTEM  

 

 

2.1 Alternating Target-Antenna Coupling (ATAC) nulling principles 

 

As we pointed out in CHAPTER 1, the focus of our research was on the development and 

demonstration of a novel measurement technique, which uses a rotating antenna array for 

frequency-domain near-surface soundings. The null-coupled configuration of the TX and 

RX antennas in frequency-domain sensors is a common practice used for reducing the 

primary field coupling in order to improve the dynamic range of the system. However, 

this is the first time that rotation has been used to reduce drift in the nulled antenna array. 

As a proof of principle, we designed our system for a narrow-band, low frequency 

application, using a two element antenna array, where the TX and RX magnetic dipoles 

are closely spaced and orthogonal to each other. 

 

2.1.1 Examples of ideal measurement setup 

 

First we consider the ideal measurement setups depicted in FIGURE 2.1. In these cases 

we assume perfect orthogonality between the TX and RX dipoles that does not change 

with time, which implies that the primary field at the RX antenna is always zero. We also 

assume that the surface of the earth is not tilted and that the orientation of the antenna 
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array relative to the earth surface is perfectly perpendicular in (a) and is perfectly parallel 

in (b).  

 

FIGURE 2.1. Diagram of the orthogonal antenna arrays in vertical (a), and in horizontal 
(b) orientations above the surface of the earth. 
 

Because of these ideal conditions, the vertical array in (a) is in null coupling with 

respect to the earth for any orientation of the TX dipole in x-y plane. Therefore, in this 

orientation, the array does not see the flat earth. Hence, the response of a target buried 

underneath the earth’s surface can be easily measured by moving the array down the 

survey line. These measurements of the target response do not require rotation of the 

antenna array.  

When the array is placed horizontally over the earth, as shown in (b) of FIGURE 2.1, 

it will be coupled to the earth. The strength of the background response of the earth in 

this case will depend on the orientation of the TX dipole in the y-z plane. As a result, this 

array will not only measure a response of the target buried underneath the earth’s surface, 

but also the background response of the earth. Therefore, the total measured response will 

consist of the sum of the target response and the earth’s response. As we will discuss 

later, the earth’s response can be removed from the measurements by rotating the 

z 

x 

(a) (b) 
TX 

TX 

RX RX 
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transmitter to two symmetrical orientations relative to the earth’s surface and subtracting 

the two results. 

 

2.1.2 Imperfections in practical measurements 

 

When implementing one of the antenna arrays in FIGURE 2.1, there are two major issues 

that have to be considered: the misalignment of the TX and RX antennas and the tilting of 

the array relative to the earth’s surface. These issues reflect imperfections in the geometry 

of the measurement setup in FIGURE 2.1 that are typically encountered in practice. 

Considering the effects of these imperfections, we can identify three linearly independent 

components of the magnetic field at the RX antenna as the primary field HP, the 

secondary field due to the earth HSE, and the secondary field due to the target HST. Then, 

the total field measured with the RX antenna in practice can be expressed as 

( ) ( ) ( )STSTSESEpPRX HHHHHHH ∆++∆++∆+=       (2.1) 

where the ∆ quantities denote the changes in the fields.  

The last two terms in (2.1) represent the secondary response of the target that we 

desire to measure. In this case the change in the secondary response of the target denoted 

by ∆HST is only a function of the array position and orientation with respect to the target. 

We discuss these terms in more detail later in Section 2.1.5 of this chapter. 

 The non-zero HP term in (2.1) is caused by any misalignment of the TX and RX 

antennas, which leads to a residual primary field at the RX antenna. Furthermore, in 

practice, the mechanical stability of the TX and RX antennas in the array is very limited. 
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Therefore, this residual primary field typically varies with time, as signified by the ∆HP 

term in (2.1), which leads to a drift in the system response. We discuss how we deal with 

the problem of system drift by using a rotating antenna array in Section 2.1.3. 

When implementing the vertical array in FIGURE 2.1-a, a non-zero HSE term in (2.1) 

is commonly attributed to the tilting of the axis of the antenna array relative to the surface 

of the earth. In the case of the horizontal array in FIGURE 2.1-b, a non-zero HSE term in 

(2.1) will be present due to the strong coupling of the array to the earth. For both types of 

arrays, the changes in HSE denoted by the ∆HSE term in (2.1) will depend only on the 

orientation and rotation position of the arrays with respect to the earth’s surface.  

 

2.1.3 Imperfect alignment of the TX and RX coils 

 

As we pointed out in Section 2.1.2, one limitation in implementing antenna arrays in 

practice is the imperfection in the geometric null between the TX and RX antennas as 

illustrated in FIGURE 2.2. As will be discussed in CHAPTER 4, a reasonable level of the 

geometric null that can be achieved in practice, and will remain stable during use in the 

field, is approximately 40dB. Therefore, when using a high power TX, an additional 

stage of electronic nulling becomes necessary to further reduce the primary field at the 

RX antenna, so that the RX output signal will remain within the linear range of the ADC. 

Typically, electronic nulling using simple manual-adjustment attenuators can provide 

approximately 40dB of additional cancellation of the primary field at the RX antenna.  
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FIGURE 2.2. Illustration of the imperfections in the geometric null between the TX and 
RX antennas.  
 

Generally, the misalignment of the TX and RX antennas is very small, and does not 

significantly change the coupling between the array and the earth, as compared to the 

ideal case in FIGURE 2.1. Misalignment only has a significant effect on the much larger 

primary field. Thus, the sensitivity of the large primary field to the imperfections and 

instability of the geometric null results in the system drift, which is the most significant 

limitation in implementing the antenna array in practice. As we discussed in CHAPTER 

1, this is one of the most challenging aspects in the design of a high performance 

measurement system. Therefore, we developed an innovative technique of making 

measurements using array rotation in order to overcome this limitation. The HP and ∆HP 

terms in (2.1) are removed by the digital-nulling (rotation) procedure discussed in detail 

in CHAPTER 5. The basic principle of this procedure involves taking three consecutive 

measurements starting with the array positioned at the reference rotation angle Φ0, then at 

the rotation angle Φ0 + Φ1, and then back at the reference rotation angle Φ0. FIGURE 2.3 

shows the magnitudes of three measurements denoted by y1, y2 and y3 taken at times t1, 

t2 and t3, respectively. From this information we estimate the drift-free data y5 by 

z 

x 

TX 

RX 
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subtracting from y2 the amount of drift y4 at t2, which is computed by linear interpolation 

between the two reference measurements y1 and y3 according to 
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FIGURE 2.3. Illustration of the basic principle of the digital-nulling (rotation) procedure. 
 

Because all three measurements are made within a short period of time (i.e., 10 to 20 

seconds), we can neglect the effects of the long-term system drift and assume a piecewise 

linear short-term drift for these calculations. As we discussed in CHAPTER 1, for typical 

current state of the art technologies the system drift over a period of time of many hours 

can be >1000 PPM. We have learned from experience that by using only the first two 

measurements y1 and y2 in (2.2), the long-term system drift can be reduced from >1000 

PPM to <10 PPM. Then, the remaining short-term drift can be further reduced to <1 PPM 

when using all three data points as shown in FIGURE 2.3.    
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2.1.4 Imperfections in alignment of the array relative to the earth 

 

Another complication encountered in practice when taking the measurements is the tilted 

surface of the earth as illustrated in FIGURE 2.4. In such cases the background response 

of the earth, that is denoted by HSE in (2.1), will be measured as a false anomaly when 

using the array in either the vertical or horizontal orientations. The magnitude of this 

false anomaly will depend on the TX/RX separation, operating frequency, earth 

properties, tilt angle β, and array rotation angle α. The effects of these parameters on the 

magnitude of the earth response is discussed in more detail in CHAPTER 3.  

 

FIGURE 2.4. Illustration of the antenna arrays over the tilted surface of the earth. 
 
 

When we compare the horizontal array in FIGURE 2.4-b with the ideal setup in 

FIGURE 2.1-b, the strength of the background response of the earth is approximately the 

same in both cases. When the earth surface is tilted only in one direction along the axis of 

the array, as shown in FIGURE 2.4-b, a symmetric array rotation by the angles α = ±45º 
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can be used to cancel the background response of the earth for any tilt angle β. In this 

case, the earth responses at both rotation positions will be the same because of rotation 

symmetry. However, the target response will be different. Therefore, by subtracting the 

two measurements taken at these rotation positions, the earth response is canceled out, 

while the target response is not. However, the earth tilt in the direction across the array 

axis, which is also encountered in practice, makes it more challenging to remove the earth 

response in (2.1) by using array rotation. In that case it is more difficult to determine the 

proper rotation angles at which the earth response will be the same.  

Because of the imperfect geometric null, the vertical array in FIGURE 2.4-a will have 

a non-zero HSE term in (2.1), unlike the ideal case in FIGURE 2.1-a where the array in 

this orientation was completely decoupled from the earth. Typically, the strength of HSE 

will vary from site to site along the survey line. In addition, because of the tilt in the 

earth’s surface, the coupling between the TX and RX antennas and the earth will change 

at different rotation positions of the array. This means that the ∆HSE term in (2.1) will be 

a function of the array rotation angle α. One of the reasons we chose the vertical array 

orientation for our initial proof-of-concept tests is that the background response of the 

earth is significantly reduced compared to the horizontal array configuration. However, 

the remaining amount of coupling of the vertical array to the earth can not be easily 

removed by using array rotation.  
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2.1.5 Measuring the target response in the presence of the earth 

 

When we use array rotation, as described in FIGURE 2.3, we subtract the measurements 

defined in (2.1) that are made at the two distinct rotation positions of the array to obtain 

the final data as  

STSEPRXRXRX HHHHHH ∆+∆+∆=−= )2()1(        (2.3) 

The ∆HST term in (2.3) represents the difference in the coupling between the target and 

the antenna array for those two rotation angles. Thus, we measure the change in the 

coupling between the target and the TX and RX antennas that occurs when the array is 

positioned at different rotation angles.  

As we discussed in Section 2.1.4, the earth’s response in FIGURE 2.4 is significantly 

stronger for the horizontal array in (b) than it is for the vertical array in (a). Therefore, 

when trying to measure the target response in (2.3), the reduction in the earth’s response 

is achieved by making the measurements at the rotation positions of the array that are 

symmetric relative to the earth’s surface. The optimal difference in array rotation angle 

for the horizontal array is 90º, i.e., when α = ±45º. In that case, the measured change in 

the target response ∆HST, will strongly depend on the target geometry, orientation and 

location relative to the array.  

In the case of a vertical array in FIGURE 2.4-a, we chose the difference in rotation 

angle to be 180º. This is equivalent to reversing the sign of the primary field at the 

location of the target. Therefore, subtracting the measurements that are taken at these 

rotation angles of the vertical array results in a doubling of the target response in (2.3), 
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i.e., ∆HST = 2HST. A more detailed discussion on the interpretation of the target response 

is included in CHAPTER 3.  

As an example of measuring the target response with the vertical array, we computed 

the response of a conductive sheet buried in the ground, as shown in FIGURE 2.5, using 

the EM1DSH modeling program (Hoversten and Becker, 1995). For this calculation we 

neglected the primary field term in (2.3). In order to show the non-zero response of the 

earth in these computations, we used a 2.5º tilt in the axis of the array in FIGURE 2.5 

relative to the earth’s surface. The plots of the real and imaginary parts of the resultant 

data in FIGURE 2.6 demonstrate how the ∆HST term in (2.3) varies along the profile line 

in comparison with the ∆HSE term.  

 

 

FIGURE 2.5. Diagram of the setup for computing the response of a small conducting 
sheet buried under ground, using EM1DSH. The conductivity*thickness of the sheet is 
105.  
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FIGURE 2.6. Simulation results from computing the response of a conductive target 
buried under ground when using the vertical array. The secondary field due to the earth is 
shown as H_SE, and the secondary field due to the target is shown as H_ST. 
 
 
 
2.2  Gain calibration of the system 

 

Apart from the short-term drift, in practice, variations are also present in the gain and 

phase of the system response that occur over a long period of time of many hours of 

continuous measurements. Since these variations apply to the primary-field and the 

secondary-field coupling, they have a multiplicative effect on the overall response of the 

system. Therefore, we used static and dynamic calibration to compensate for the long-

term deviations in the system response as discussed in detail in CHAPTER 5. In practice, 

these calibration procedures are applied to the measurement data after the effects of the 

primary field had been removed by digital nulling described in Section 2.1.3. Because of 

that, the correction for the time-varying gain of the system response is applied only to the 

secondary field data. 
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2.2.1 Absolute static calibration of the system 

 

The static calibration is carried out in a target-free environment typically once a day, 

prior to the survey measurements, to provide the system calibration in an absolute sense. 

This procedure involves measuring the response of the known standard target placed at 

the specific fixed location near the array, as shown in FIGURE 2.7. For the standard 

target we used a small spool of wire with 25 turns. This calibration coil was not tuned and 

its ends were shorted together.  

The impedance of the standard target was measured with an HP4192 impedance 

analyzer. Then, it was used to compute the expected target response in FIGURE 2.7. The 

magnitude and phase of this predicted response were always used as standard values for 

comparing the target response measured during the static calibration. Therefore, the static 

calibration is applied to compute the system initialization constants that contain 

information about the immediate state of the time varying gain of the system relative to 

the desired standard.  

 
 

FIGURE 2.7. Standard target used for static calibration of the system. 
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2.2.2 Dynamic calibration of the system using the ARTTEST method and current 
monitoring 

 
 
Typical geophysical surveying requires taking continuous measurements over prolonged 

periods of time of several hours. We have found from our experience that the TX and RX 

response can have substantial variations over a period of time of many hours. In practice, 

the static calibration can not be applied repeatedly during the survey because it requires 

an anomaly-free environment. Therefore, a continuous monitoring of the system response 

is needed for proper correction of data for the changes that occur in the time-varying gain 

of the system over a long period of time. After the system initialization, we continuously 

monitor the changes in the absolute calibration using the ARTTEST method (Sternberg 

and Dvorak, 2002) for the RX and the direct monitoring for the TX as described in detail 

in CHAPTER 5.  

The basic principle of the ARTTEST method is to inject into the RX antenna a 

constant calibration tone that is offset in frequency from the primary TX signal as shown 

in FIGURE 2.8. The frequency offset is made small so that the RX response at the 

frequency of the calibration tone will accurately represent the RX response at the main 

operating frequency. Then, the time variations in this calibration tone measured with the 

RX will correspond to the time variations in the response of the RX. This type of 

dynamic calibration allows for monitoring of the changes in the RX over long periods of 

time, which is used for the continuous gain-correction of the measurement data. 



 51 

 

FIGURE 2.8. Illustration of the ARTTEST method of dynamic calibration. 
 

In order to monitor the changes in the gain of the TX, we directly sample the TX 

current flowing in the TX antenna, as shown in FIGURE 2.9. In this case, the time 

variations in the TX current accurately represent the gain changes in the overall TX 

circuit. Therefore, by continuous monitoring of the time variations in the TX current we 

can determine the proper gain-correction coefficients for the measurement data. 

 
 

FIGURE 2.9. Illustration of the direct monitoring of the TX. 
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CHAPTER 3 

MODELING THE ELECTROMAGNETIC RESPONSE  
OF THIS NEW MEASUREMENT SYSTEM 

 

 

In this chapter we introduce the free-space modeling tools that we developed to simulate 

the various measurement settings and predict the behavior of our system in an idealized 

environment. We state our assumptions regarding the practical operating conditions and 

explain our reasoning for the approximations that we made during the system design 

phase. We then introduce the EM1DSH integral equation algorithm (Hoversten and 

Becker, 1995) that we used to model the non-idealized practical measurement conditions. 

We consider how conventional models for various kinds of targets can be incorporated 

into our modeling approach. Finally, we include several simulation results to demonstrate 

the capabilities of our measurement system to not only detect, but also to locate and 

discriminate between targets in a 3D space. 

 

3.1 Free-space approximation used in modeling the target response 

 

3.1.1 Approximation of the magnetic dipole in free space 

 

When we consider a small loop antenna in an unbounded medium with constitutive 

parameters ε0 and µ0, we can say that this antenna is operating in free-space conditions 

(Paul at al, 1998). Generally, these circumstances lead to great simplifications in the 
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antenna analysis, which is always highly desirable. Even though the ideal notion of free 

space is just a theoretical concept, this condition can be approximated in practice when 

the antenna is moved far enough from a conductive media that could significantly alter its 

characteristics. 

An additional simplification for the loop antenna analysis results from using an 

approximation of the coil with an infinitesimal magnetic dipole, which assumes a 

constant distribution of current in the loop antenna. In general, to satisfy this condition it 

is necessary to keep the total length of wire in a multi-turn loop much smaller than half of 

the wavelength. Furthermore, to ensure the validity of the magnetic dipole 

approximation, the radius of the loop must remain much smaller than the distance to the 

nearest observation point (Paul at al, 1998).  

The proximity of the antenna to the observation point is used to subdivide the whole 

space into a near-field region and a far-field region, based on the operating frequency. 

Thus, for small wire antennas, the border line is commonly defined at a radial distance 

equal to one wavelength (Paul at al, 1998). Unlike the far-field approximation, where the 

analysis is based on the wave propagation, the near-field analysis deals with the induction 

fields, which are predominate in that region (Harrington, 1961). According to the quasi-

static approximation, which is used in the near-field region, the primary magnetic field in 

free space generated by a source loop of alternating current is everywhere in phase with 

that current (West and Macnae, 1991). We chose to work in a very low frequency range 

to allow for deeper penetration into the earth. To comply with FCC regulations for 

unlicensed operation, the transmitter frequencies must be below 10kHz. Therefore, we 
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decided to use 8kHz as our operating frequency. Thus, our analysis, modeling and 

simulations were confined to the induction-field region, and electrically small antennas 

with sufficient separation between them so that they could be treated as independent 

magnetic dipoles in free space. 

 

3.1.2 Basic principle of the Free Space Modeling (FSM) approach 

 

This mathematical analysis is based on the approximation of an isolated magnetic dipole 

in free space. As a fundamental building block of the free-space modeling (FSM) 

approach, we used a simplified arrangement of a magnetic dipole source at the origin and 

an arbitrary observation point P at a distance r away from the origin, as shown in 

FIGURE 3.1. In order to compute the E and H fields at an observation point P due to a 

magnetic dipole source with moment IS, we start with the basic set of equations in their 

complete form (Harrington, 1961) 
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In these equations I denotes the current in the loop, S denotes the area of the loop, k 

stands for the wave number, which is defined by ω(ε0µ0)
1/2, and η designates the free 
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space impedance of 377Ω. At this point we have not made any specific approximation 

that limits us to the induction field region.  

 

FIGURE 3.1. Geometry for the free-space modeling (FSM) approach. 

 

In order to use equations (3.1), (3.2) and (3.3), we estimated the ranges of the position 

vector r and the wave number k for our choice of the operating frequency. Thus, we 

confined our measurement range to 1m ≤ |r| ≤ 10m, and calculated k to be 1.68E-4 rad/m 

for the chosen operating frequency of 8kHz. These quantities of k and r imply that the 

1/r3 term will be the dominant term for the H field in (3.1) and (3.2), and the E field will 

be much smaller than the magnetic field. 

Within our range of interest we expect the phase of Hr to be either 0º or 180º, 
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case, the electrical distance kr will be much smaller than one degree, and thus e-jkr ≈ 1. 

We plotted the magnitudes of the E/η and H fields in FIGURE 3.2 to show that for 1m ≤ 

|r| ≤ 10m the E/η field is expected to be significantly weaker than the H field. 
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models the free-space interactions between the magnetic dipoles, which represent the 

transmitter, receiver and targets, exclusively via magnetic field induction defined by 
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FIGURE 3.2. Comparison between the magnitudes of the E/η and H fields produced by a 
unity moment magnetic dipole at θ = 45º in free space at 8000Hz.  
 

 

3.1.3 Description of the FSM algorithm 

 

In light of the discussion in the previous section, we now introduce the Free-Space 

Modeling (FSM) algorithm that we developed to investigate the capability of our system 

to measure the target response. We included FIGURE 3.3 as an illustration of the testing 

set up that was used to simulate the actual measurement process. Since in this 
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arrangement we assumed a perfect geometric null between the TX and RX, we were not 

concerned with the primary field coupling and focused only on computing the response 

of the target.  

 

 

FIGURE 3.3. Illustration of the FSM algorithm. 

 

We placed the TX dipole at the origin as a matter of convenience, and separated the 

TX and RX dipoles by 0.5m, which was the same distance as in our prototype antenna 

array. To ensure accurate prediction of the measurement results, we set the terms MTX and 

MRX in FIGURE 3.3 to the actual values of the TX and RX moments that were 

determined during our system design.  

Because of the simplifications, our FSM algorithm was geared towards the 
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that could be modeled by magnetic dipoles of known moments. For this reason, many of 

our simulations involved a specially designed test resonant coil (TRC) with known 

moment, MTRC, described by  
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                  (3.7) 

This way we were able to make direct comparisons between the calculated and measured 

data as needed for the validation of the new measurement technique. 

Based on the diagram in FIGURE 3.3, we formulated a two-step algorithm to 

calculate the RX voltage VRX_T generated by the electromotive force (EMF) due to the 

response of an arbitrary target of moment MT. As a first step, we considered the coupling 

between the TX as a source dipole with the current ITX, and the target as a receiver dipole. 

To simplify our computation, we transformed these two dipoles into a new coordinate 

system of x' y' z', so that the source-dipole was placed at the origin and oriented in the 

direction of z', consistent with FIGURE 3.1. Then, by using (3.1) and (3.2) directly, we 

evaluated the total magnetic field due to ITX at the location of the target. Next, we 

calculated the dot product of this magnetic field vector with the target dipole vector to 

obtain Hn
T, which was used to determine the current induced in the target, IT, according to  

T

TT
T
n

T Z

NAHj
I 00µω−

=       (3.8) 
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At this point, because of the dipole approximation, we assumed a uniform distribution of 

the magnetic field across the entire area of the target coil.  

As a second step, we considered the coupling between the target as a source with the 

total current NTIT, and the RX dipole as a receiver. After repeating the same procedure of 

the coordinate system transformation, we used (3.1) and (3.2) again to evaluate the total 

magnetic field due to the NTIT at the location of the RX dipole. Then, similar to step one, 

we calculated the dot product of the magnetic field vector with the RX dipole vector to 

get the Hn
RX, which was used to calculate the VRX_T according to 

RXRX
RX
nTRX NAHjV 00_ µω−=          (3.9)  

In addition to our definition of the target moment in (3.9), we identified the TX and 

RX moments as  

TXTXTXTX AINM =        (3.10) 

AmpRXRXRXRX GQANM 0ω−=        (3.11) 

To specify a purely real transmitter current, we set the MTX phase equal to zero. The 

phase of MRX in (3.11) was set to -180º for proper modeling of the tuned RX coil. This 

results from the initial -90º phase due to the jω factor in the coil’s derivative response 

plus another -90º phase, which resulted from measuring VRX_T across the impedance of 

the tuning capacitor.  

To summarize (3.6) through (3.11), we write our basic FSM scenario (see FIGURE 

3.3) using transfer functions as 

RXRXTTTTXTXTRX MGMGMV ∗∗∗∗= //_ 2            (3.12) 
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       (3.13) 

To account for the doubling of the target response due to the rotation of the vertical array 

by 180º, we included an additional factor of two in (3.12). A conventional way of 

interpreting the target response is to consider the secondary magnetic field produced by 

the target when it is excited by the primary magnetic field. Thus, by conventional 

understanding, the phase response of the target MT in our FSM notation corresponds to 

the phase of the current IT induced in the target, as shown in (3.8). Therefore, we added 

an extra +180º in (3.13) to cancel the phase of the MRX, so that the phase response of the 

target computed by FSM in (3.13) will be consistent with the conventional interpretation 

of the phase response of the target as: Arg{MT} = -90º – Arg{ZT}. As we have pointed 

out in Section 3.2.2, due to the near-field region condition, the combined phases of GTX/T 

and GT/RX in (3.13) can only be either 0º or 180º, depending on the target orientation.  

The FSM algorithm was implemented in the Labview programming environment, as 

we discuss in Section 4.1.4. As an example, we include FIGURE 3.4 to show the front 

panel display of the FSM program. This particular display shows the calculated response 

of the calibration coil discussed in Section 5.4.2. 

 

3.1.4 Definition of the measurement direction for the vertical array 

 

Based on the discussion of array configuration in Section 3.1.2, we defined a 

measurement direction as the reference orientation of the TX dipole in the x-y plane at an 
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angle Φ, as shown in FIGURE 3.5. As a matter of convenience, we decided to set up our 

rotating array for four measurement directions in 45º increments with reference positions 

at Φ1=90º, Φ2 =135º, Φ3 =180º and Φ4 =225º. This approach allowed for scanning the 

space over 360º for the maximum target response at each location on the profile line.  

 

 
 

FIGURE 3.4. Display of the Labview front panel of the FSM program. 
 

 

 

FIGURE 3.5. Definition of the measurement directions for the vertical rotating array. 
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Since the main focus of our work was on the capability of our system to measure the 

characteristic response of the target, we concentrated for the most part on bidirectional 

measurements with the TX dipole along the x and y axes. However, we believe that 

multidirectional data from a series of profiles will provide sufficient information not only 

to determine the location of a single target, but also to discriminate between multiple 

targets in a 3D space, as we demonstrate with the FSM results later in this chapter. 

 

3.1.5 Characteristics of the expected targets 

 

In view of the intended purpose of our design to measure the target response, and in 

keeping with our FSM approach, we considered potential target candidates to be any 

object that could couple to the transmitter and receiver exclusively via magnetic field 

induction. Thus, it was required for the target to sustain an electric current density J 

induced by the magnetic field H. Consequently, based on Faraday’s law and Ampere’s 

law defined by 

( )HE µµω ′′−′−=×∇ jj           (3.14) 

( )EEH εεωσ ′′−′+=×∇ jj       (3.15) 

the strongest target response is expected from objects made of materials with high 

conductivities, including both magnetic and nonmagnetic metals. In this case, the phase 

of the target response can be used to distinguish target types based on the differences in 

the material’s conductivity and permeability (Yamazaki at al, 2002). 
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Our FSM analysis was focused primarily on using a small resonant coil with known 

parameters as a magnetic dipole target. However, the same FSM approach of dealing 

with magnetic dipoles can be extended to model targets with common shapes, such as a 

thin sheet or a spherical body. Thus, later in this chapter we included two examples 

where we consider conducting sheet and solid conducting sphere targets. Since very large 

targets and targets with arbitrary shapes can not be easily modeled with simple dipoles, 

our theoretical investigation did not cover these cases. However, in CHAPTER 6 we do 

include our findings from measuring the response of a 5m long steel pipe, which is a 

standard type of target used to determine the sensitivity threshold for conventional metal-

detector systems (Geonics EM61-MK2). 

 

3.2 Integral equation modeling of the target response 

 

In Section 3.1.3 we introduced the FSM tool that we developed for studying the system 

response in ideal free-space conditions. We also used the EM1DSH modeling program 

(Hoversten and Becker, 1995) for investigations of the responses of targets buried in the 

earth. The EM1DSH algorithm is formulated in the frequency domain and is designed to 

compute the electromagnetic response of a layered-earth, as well as the electromagnetic 

response of multiple infinitely-thin conductive sheets embedded within the lower half-

space of a two-layer earth. The assumption of a thin-sheet in this case is valid when the 

conductor plate thickness is less than half the skin depth in the conductor or, in other 

words, when the tangential electric field on the sheet is approximately constant across the 
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full thickness of the sheet. It was shown in (Sternberg and Yang, 1999) that thin-sheet 

modeling used by EM1DSH can be applied to interpret the electromagnetic responses of 

non-sheet-like targets as well.  

This algorithm was an extension of the Ph.D. Dissertation work of Quiang Zhou 

(1989). It was developed to provide a general solution for the excitation sources 

anywhere above, on, or in the earth. It was also constructed to evaluate the layered-earth 

Green’s functions for the currents on the sheets induced from external dipole sources, 

which is critical to the accuracy of the integral-equation formulation. An integral 

equation is one for which the unknown quantity appears in an integrand. An important 

use of these equations is to obtain approximate solutions. Because integration is a 

summation process, the errors in some elements of the summation may be compensated 

for by errors in other elements. Since all elements do not contribute equally to the 

summation, it is important that only the elements contributing the most to the summation 

be correct. When computing the response of a conductive sheet, EM1DSH uses 

numerical integration to evaluate the total secondary fields produced by the electric 

currents that are induced over the entire surface area of the sheet.     

A solution for either electric or magnetic dipole sources anywhere in a layered 

medium was previously developed by Ki Ha Lee of Lawrence Berkeley Laboratory 

(1988) as the EM1D code, which is based on the Sommerfield solutions for the layered 

medium. Because EM1D includes the displacement currents in the solution, it provides 

accurate results for the layered field solutions up into the 100MHz frequency range. It 

also gives accurate solutions for all combinations of source and receiver geometries. The 
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EM1DSH algorithm is a combination of the EM1D code and the solutions for the cross 

coupling of sheet currents. Thus, the EM1DSH program can compute either only the 

layered response of an N-layered earth including the displacement currents, or it can 

compute the two-layer response with embedded thin sheets without displacement 

currents.  In particular, the EM1DSH code is used to compute the primary fields on the 

sheets and to evaluate the contributions of currents in the sheets at the receiver locations. 

We include an example of the input and output files generated by EM1DSH in Appendix 

B.   

The currents contained by the sheets are computed using an integral-equation 

approach. In this process the individual sheet targets are subdivided into a number of 

discrete cells of rectangular shape. As the number of cells increases, a greater 

computational accuracy is achieved and results converge. Generally, the minimum 

number of cells required depends on the conductor size as compared to the background 

induction number or the operating frequency and the host rock conductivity. For accurate 

results, the cell size should be smaller than the shortest distance between the source and 

target or between the target and receiver. For our simulations we used 10x10 cells to 

model a 0.5 by 0.5m square sheet. 
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3.3 Practical considerations in the modeling 

 

3.3.1 Magnetic dipole in the presence of the earth 

 

For accurate prediction of the measurement results, we had to consider two aspects 

related to the presence of the earth: the effect of the earth on the secondary response of 

the target buried in the earth, and the secondary response of the earth compared to the 

primary coupling between the TX and RX. The elctrical properties of the earth are 

typically dependent on frequency. One parameter that is used to characterize media is the 

wave number k  

µσωεµω jk −= 22        (3.16) 

At very low frequencies or for high conductivities, where ωε << σ, the displacement 

currents can be neglected and the wave number can be approximated by 

( )
2

1
µσω

jk −=        (3.17) 

Based on the operating frequency of 8kHz, the 50 Ωm resistivity of the local soil 

(Palacky, 1987), and the traditional assumption of a nonmagnetic earth (Stanley at al, 

1978), we computed the value of the skin depth (West and Macnae, 1991) to be 

m40
2

00

≈=
ωσµ

δ      (3.18) 

This means that in our application, with depths of investigation <5m, the attenuation of 

the magnetic field within the earth will be small. Therefore, at this level, the TX field 
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strength at the target location within the earth can be approximated by that in free space. 

To validate this assumption, we used the EM1DSH modeling program to compute the 

response of the conducting sheet buried under ground, as shown in FIGURE 3.6. The 

simulation results in FIGURE 3.7 indicate that at 8kHz the response of a small 

conductive sheet does not change significantly over a wide range of resistivity of the 

medium. Therefore, in typical measurement conditions with soil resistivities between 

30Ωm and 100Ωm, the response of a highly conductive target can be approximated by 

the free-space conditions. 

 

FIGURE 3.6. Diagram of the set up for computing the response of a small conducting 
sheet buried under ground using EM1DSH. The conductivity*thickness of the sheet is 
105.  
 
 

To illustrate the response of a uniform conductive half-space, such as the earth, for an 

array with two magnetic dipoles representing the TX source and the RX, we include 

FIGURE 3.8 (West and Macnae, 1991). This figure shows how the proportion of the 

secondary field, H(S), and the primary field, H(P), changes for various array geometries as 

a function of the response parameter β = σµωr2, which is the induction number squared. 
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FIGURE 3.7. Simulation results for a small conducting sheet buried under ground 
obtained with EM1DSH at 8kHz. 
 

 
 

FIGURE 3.8. Normalized amplitude of the magnetic field generated by a magnetic dipole  
on the surface of a conductive half-space, from West and Macnae, 1991. 

 

In our case, we estimated β << 1, which indicates that the contribution of the 

secondary field due to the response of the earth is much smaller than the primary 

coupling between the TX and RX for all array geometries specified in FIGURE 3.8. 

Therefore, these array arrangements can be approximated using free-space conditions. 

However, because of the wave-tilt (Frischknecht at al, 1991), which is inevitable in the 
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case of the vertical dipole source, cases I and IV may not be suitable for the applications 

involving geometric nulling between the TX and RX. In practice, depending on the depth 

of the geometric null, the response of the earth caused by the wave-tilt may still be 

comparable to the nulled primary field. In this case, for the horizontal null-coupled array, 

additional measures have to be taken to cancel the effect of the earth, as we discuss later 

in this chapter. 

 

3.3.2 Discussion on the geometry, orientation and rotation of the array 

 

The most important innovation of our design was utilizing rotation of the antenna array to 

eliminate system drift. Since this issue does not pertain to the interactions between the 

target and the array, we postpone the detailed discussion of this important subject until 

CHAPTER 5 and assume a drift-free system in the analysis of this chapter. Because of 

the array rotation, we devised a technique of measuring the change in the target response, 

rather than following the traditional approach of measuring the target response directly 

(Frischknecht at al, 1991, Spies and Frischknecht, 1991, Nabighian and Macnae, 1991, 

Palacky and West, 1991, Dyck, 1991). We chose the rotation angle change to be 180º, 

which is equivalent to reversing the sign of the TX field at the target location. Then, by 

subtracting measurements taken at two rotation angles 180º apart, we are able to double 

the target response.  

In order to make the implementation of our measurement system more 

straightforward, we chose to use only one transmitter TX and one receiver RX. 
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Moreover, we judged that it was sufficient to only have a two element array to prove the 

basic principle of the devised measurement approach and to demonstrate its potential 

capabilities. During the initial stage of our design we had to choose between the four 

different array configurations shown in FIGURE 3.9. In all four cases the dipole elements 

are arranged in orthogonal orientations to produce a geometric null for elimination of the 

primary field coupling between the TX and RX (Swift, 1987).  

 

 

FIGURE 3.9. Diagram of the possible configurations for the antenna array.  

 

From our preliminary examination of FIGURE 3.9 (a) and (b), we determined that 

having only two antenna elements may not be sufficient for easy implementation of the 

horizontally positioned array if we want to minimize the effects of the homogeneous 

earth, which is a required condition for our measurement scheme. This is also illustrated 

by case IV in FIGURE 3.8, which shows that the array is strongly coupled to the earth in 

horizontal orientation. We discuss one possible solution of this problem for the horizontal 

array later in this chapter. 
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After exploring the remaining alternatives, we were compelled to choose case (d) in 

FIGURE 3.9 with a horizontal TX dipole and a vertical RX dipole. One benefit of having 

a vertical orientation of the RX dipole is that its coupling to the target anywhere in space 

is not affected by the rotation position. In addition, the vertical orientation of the RX 

dipole ensured the reception of the smallest amount of ambient noise (Vozoff, 1991), 

which is also independent of the rotation angle. 

In the ideal case when the array axis is perfectly perpendicular to the surface of the 

earth, the most attractive feature of this vertical array is that the TX dipole always 

remains absolutely parallel to the earth’s surface, while the RX dipole always remains 

absolutely perpendicular to the surface and directly underneath the TX, which results in a 

null coupling of the antenna array to the earth. Furthermore, array configuration is also 

null coupled to a layered earth. Because of these advantages, we can approximately 

model the behavior of such a vertical array over the earth in FIGURE 3.9-d by assuming 

free-space conditions.  

 

3.4 Uniqueness of the target response in view of the measurement directions and the 
target orientation and location 

 

To gain a better understanding of the capabilities of the vertical null-coupled array to 

measure the response of a single dipole target, we utilized our FSM algorithm to simulate 

the test set-up depicted in FIGURE 3.10. For these computations, we decided to use the 

measurement profile along the x-axis, with the TX dipole oriented in the x and y 

directions. We judged these two measurement directions to be sufficient for the 
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preliminary investigation of the target response. For the initial setting, we used a vertical 

target dipole at x = 0m, y = 1m, and z = -1m. Then, we explored the changes in the target 

response with variations in the target depth, denoted by its z-coordinate, and in the target 

range, denoted by its y-coordinate. To get more insight about the effect of the target 

orientation on the array’s response, we performed additional simulations for the target 

dipole oriented in x and in y directions.  In all FSM computations, we used the measured 

values for the TX moment, the RX moment and the moment of the TRC target, to 

simulate the actual measurement system.   

 

 

FIGURE 3.10. Diagram of the profile set up for computing the TRC response by using 
FSM. 
 

We include our FSM results for the x-directed TX dipole and the three orthogonal 

orientations of the TRC. The magnitude and phase plots in FIGURES 3.11 - 3.13 show 

the response of the TRC dipole oriented in x, y and z, respectively. The (a) and (b) plots 
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in each figure illustrate the changes in the target response that result when varying the 

depth (z-coordinate) and the range (y-coordinate) of the target from 1m to 3m. These 

results indicate several distinct features that relate to the target location and orientation. 

The plots in FIGURES 3.11 and 3.13 in particular show that with the increases in depth 

and range, the shape of the magnitude of the target response changes, with its nulls 

moving further apart. Since these nulls correspond to the reversals in the phase, their 

locations are very characteristic of the specific position of the target relative to the profile 

line.  
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FIGURE 3.11. FSM results for the x-directed TX dipole and the x-directed TRC dipole. 
Plots in (a) and (b) represent variation of the TRC location in z and in y, respectively.  
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FIGURE 3.12. FSM results for the x-directed TX dipole and the y-directed TRC dipole. 
Plots in (a) and (b) represent variation of the TRC location in z and in y, respectively.  
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TX dipole in x, TRC dipole in z, TRC at y=1m
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FIGURE 3.13. FSM results for the x-directed TX dipole and the z-directed TRC dipole. 
Plots in (a) and (b) represent variation of the TRC location in z and in y, respectively.  
 

We also include our FSM results for the y-directed TX dipole and the three 

orthogonal orientations of the TRC in FIGURES 3.14 – 3.16. Similar to the previous 

results for the x-directed TX, these plots indicate the same correlation between the 

position of the target, and the shape and the null locations of the magnitude plots. Based 

on the plots of both the magnitude and phase, we conclude that the target response is 

unique not only for each orientation and location of the target, but also for each TX 

polarization. 
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FIGURE 3.14. FSM results for the y-directed TX dipole and the x-directed TRC dipole. 
Plots in (a) and (b) represent variation of the TRC location in z and in y, respectively.  
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FIGURE 3.15. FSM results for the y-directed TX dipole and the y-directed TRC dipole. 
Plots in (a) and (b) represent variation of the TRC location in z and in y, respectively.  
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FIGURE 3.16. FSM results for the y-directed TX dipole and the z-directed TRC dipole. 
Plots in (a) and (b) represent variation of the TRC location in z and in y, respectively.  
 
 

To explore the uniqueness of the target response further, we performed additional 

simulations with FSM to determine whether we could distinguish between the responses 

of the same TRC target located to the left and to the right of the profile line. For these 

simulations we used the same two TX polarizations i.e., with the TX dipole in x and y. 

We specified the range for the target location in x, y and z to be from -5m to +5m with 

increment steps of 10cm, excluding the origin, and the range for the target dipole 

inclination in θ and φ, defined in FIGURE 3.10, to be from 0º to 90º with increment steps 

of 10º.  
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We computed the response of the target in two measurement directions at every 

[x,+y,z] position for each orientation [θi, φj], and compared it with the response of the 

target at the same locations, except for –y, and for all possible combinations of [θi, φj]. 

Thus, for any given target orientation and location on one side of the profile line, we 

searched for a match in the target response for all possible target orientations and at the 

same target location, but on the opposite side of the profile line. For these computations, 

we considered the two responses to be matching provided that the magnitude and phase 

both agreed within a 10% margin.  

The simulation results indicated no matching cases suggesting that the target 

responses computed for both measurement directions for targets located on the opposite 

sides of the profile line are in fact distinct, independent of the target orientation.  These 

findings along with the results shown in FIGURES 3.11 through 3.16 imply that data 

collected from the bidirectional measurements along a single profile line will contain 

enough information to determine the quadrant in which the target is located. However, in 

order for this to be true in the actual measurement environment it will be needed to know 

approximately the expected phase response of the target. In this regard, all metallic 

objects will appear as predominantly inductive targets with the phase response of -90º, as 

opposed to the +2º that we used for the tuned TRC target in the FSM simulations.  

We believe that increasing the number of the measurement directions will allow us to 

further narrow down the location of the target. In the following example we simulated a 

four-directional measurement of the TRC response, as shown in FIGURE 3.17, with the 

TX dipole at φ1 = 90º, φ2 = 45º, φ3 = 0º, φ4 = -45º, and the TRC dipole oriented at θ = 90º 
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and  φ = 30º. The computation results shown in FIGURE 3.18 indicate that the target 

response is different in each measurement direction. This means that survey data obtained 

with multidirectional measurements can be used to determine the approximate direction 

towards the target. Here, we did not plot the real part because for the TRC with negligible 

phase, the TRC response has negligible real component, as shown in (3.13).  

 

FIGURE 3.17. Diagram of the profile set up for computing the TRC response using the 
four-directional measurement. 
 

Using multidirectional measurements has important advantages in geophysical 

exploration. When used in multiple directions, this array rotation measurement technique 

allows scanning of the 3D space for targets at each location along the survey line. This 

capability of the measurement system significantly increases the survey efficiency by 

providing a vast amount of data in the least amount of time. It also allows one to map 

targets that are off to the side of the profile line, in situations when it may not be possible 

to go over the targets directly. Following this approach, however, will require 

development of a special algorithm for interpreting the data obtained from the 

multidirectional measurements. Furthermore, these measurements may also be extended 
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to multiple profiles in a form of a grid, in which case the procedure of locating the target 

can become more accurate. 
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FIGURE 3.18. FSM results for the response of the inclined TRC computed for the TX 
dipole in four directions. 
 

 

3.5 Discriminating between the multiple dipole targets 

 

Another possible application of the multidirectional measurement method discussed in 

the previous section, is the discrimination between discrete targets. Based on the 

argument for the uniqueness of the target response and its diagnostic nature, we believe 
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that it may be possible to use the data from multidirectional measurements not only to 

locate an individual target, but also to distinguish between multiple targets. Since this 

aspect was not the primary focus of our research, we did not pursue this issue beyond the 

FSM simulations and test measurements for the simple case of a single profile with two 

targets shown in FIGURE 3.19. Further discussion on the agreement between the 

measurements and the FSM results is included in CHAPTER 6. 

 

 

FIGURE 3.19. Diagram of the profile set up for computing the response of two TRC 
targets using the four-directional measurement. 
 

 

The simulation results for the setup in FIGURE 3.19 are plotted in FIGURE 3.20. For 

this computation we superimposed the responses of the two identical TRC dipoles in 

vertical orientation placed at two designated locations along the profile line, 1.6m apart 

from each other. Because the phase of the TRC response was close to zero, the response 

of the TRC defined in (3.13) was predominantly imaginary. Thus, we decided to plot 
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each measurement direction of the TX. The plots in FIGURE 3.20 show that response of 

the TRC 1 is distinct from the response of the TRC 2. Though response of the TRC 1 is 

weaker than response of the TRC 2, the TRC 1 can be detected from the combined profile 

data because it results in the asymmetry of the combined response. This particular 

application of discriminating between multiple targets will require development of the 

specific profile grid that will be necessary to obtain sufficient amount of data for 

distinguishing the weaker target response from the stronger one. It will also be necessary 

to develop the algorithm for proper interpretation of the measurements in order to 

accurately locate the multiple targets. 
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FIGURE 3.20. FSM results for the TX dipole in four directions and the two TRC targets. 
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3.6 Dipole approximation for a small conducting sheet 

 

For the general case of electromagnetic (EM) induction in the presence of a conductive 

host, there are two types of induced current flow that can produce a secondary magnetic 

field (West and Macnae, 1991) as shown in FIGURE 3.21. Thus, in addition to the closed 

vortex type of current that is induced in a conductive body in free space, there will also 

exist galvanic current flow, which enters the target body by direct contact with the host 

medium. For a system with magnetic field coupling between the TX and RX, the galvanic 

current induced in the medium will result in a background response from the conductive 

host.  

 

 

FIGURE 3.21. Diagram of the vortex and the galvanic induction in conductive object due 
to the magnetic dipole source, from West and Macnae, 1991. 
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Traditionally, the modeling of a conductor in free space for induction problems is 

based on the case of an elementary circuit of a closed loop of wire with resistance R, 

inductance L and time constant defined by  τ = L/R (West and Macnae, 1991). It has been 

shown that any finite size vortex of eddy currents may be decomposed into a set of 

predetermined current patterns called basis current paths (West and Macnae, 1991). 

Hence, the induction problem for a conductive target is often analyzed in terms of the 

eigencurrents, which represent the independent sets of basis current paths. In this case, an 

eigencurrent set behaves collectively as if it were a single current flowing in an isolated 

circuit, with a distinct time constant and self inductance associated with each 

eigencurrent (West and Macnae, 1991).  

As an example, we included FIGURE 3.22 that shows a set of eigencurrents induced 

in a thin rectangular sheet with the length to width ratio of two (West and Macnae, 1991). 

Although in theory, an infinitely large set of eigencurrents is required for exact 

representation of the induced currents in a continuous conductor, in practice, a reasonable 

approximation can be obtained with a small number of terms, when the transmitter and 

receiver are removed from the nearest edge of the sheet by more than the largest 

dimension of the sheet. Furthermore, when considering a continuous source of 

electromagnetic excitation, the term corresponding to the longest time constant becomes 

dominant over the higher order terms. The current distribution for the long time constant 

is shown as potential 1 in FIGURE 3.22. Because this current distribution has a simple 

form of a single set of concentric loops of current, the response of entire sheet can be 

approximated by response of a single loop with some effective area and some effective 
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net current. These two parameters can be used to define the magnetic dipole moment 

equivalent of the small conductive sheet.  This example illustrates that a small conductive 

sheet can be modeled as a magnetic dipole with induced moment estimated from the 

eigencurrent distribution of the longest time constant. 

 

FIGURE 3.22. Distribution of the principal eigencurrents that can be induced in a thin 2 x 
1 conductive sheet, from West and Macnae, 1991. 
 

 

3.7 Dipole approximation for a small conducting sphere 

 

The sphere is commonly viewed as a basic model for compactly shaped conductors, and 

therefore, has been widely used in analytical modeling (Harrington, 1961, West and 

Macnae, 1991, Stanley at al, 1987). Generally, the eddy currents induced in a sphere are 

decomposed into components with related patterns. In this case, the primary classification 
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is according to the multipole moment which would support the external magnetic field. 

The secondary classification is according to independent eigencurrents that can exist 

within the sphere, corresponding to each multipole component, and can produce the same 

external multipole field. Since all eigencurrents of the same multipole order couple to the 

primary field in the same way, the total spectral response for each multipole order is 

governed by the time-constant distribution of the eigencurrents (West and Macnae, 

1991).  

We included FIGURE 3.23 as an illustration of the spectral behavior of the lower 

order multiple moments induced by a nonuniform magnetic field in a non-permeable 

sphere of uniform conductivity. In this plot, each of the spectral responses represents a 

sum of many eigencurrents. In the case of the spectral response of a conductive 

permeable sphere, shown in FIGURE 3.24, the time constants of the eigencurrents 

become longer with increasing permeability. Also, at the low frequencies, in opposition 

to the induction moment, there will arise an additional magnetic moment with its strength 

proportional to the magnetic susceptibility and internal field intensity.  

Thus, at low values of induction number the response of a conductive permeable 

sphere is predominantly in-phase with the primary field due to magnetization effects, 

whereas at high values of induction number the response becomes predominantly in 

quadrature-phase with the primary field due to eddy-current effects. For the intermediate 

values of the response parameter, the net response of a sphere will reflect the mixture of 

the magnetic and conductive effects. 
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.     

FIGURE 3.23. Spectral response of the multiple moments induced in a uniformly 
conductive sphere by a nonuniform primary magnetic field, West and Macnae, 1991. 
 

 

 
 

FIGURE 3.24. In-phase (M) and negative out-of-phase (N) components of induced dipole 
moment, for a conductive permeable sphere in a uniform alternating magnetic field, 
plotted versus induction number θ, from Ward and Hohmann, 1991. 
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Unlike a thin conductive sheet, for which there can exist only one set of eigencurrents 

confined to a single plane, induction in a sphere is triply degenerate because of the 

spherical symmetry. Hence, the same distribution of eigencurrents and time constants can 

exist in any of the three orthogonal orientations. However, analogous to the dipole 

approximation argument for a small conductive sheet, the response of a conducting 

sphere can be approximated by the first order dipole moment in FIGURE 3.23, when the 

source and observation point are more than one sphere radius away from the sphere’s 

surface (West and Macnae, 1991). In this case, the contribution from the eigencurrent of 

the longest time constant will dominate the total response. To illustrate the similarity 

between the frequency responses of the spherical conductor of radius a, and the small 

loop circuit of resistance R and inductance L, we included FIGURE 3.25. From this plot it 

is evident that for the large response parameter, σµωa2 > 100, a spherical conductor can 

be approximated by three orthogonal magnetic dipoles to account for an arbitrary 

direction of the primary magnetic field.   

 

FIGURE 3.25. Comparison between the frequency responses of a small loop circuit and a 
spherical conductor in a uniform magnetic field, West and Macnae, 1991. 
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CHAPTER 4 

SYSTEM DESIGN AND CONSTRUCTION 

 

 

This chapter describes the design and construction of the measurement system. Here we 

state the design goals, explain the choice of electronic components, and point out the 

challenges and limitations that led us to certain tradeoffs. We also discuss the guidelines 

and techniques that we used to achieve desired system characteristics.  

 

4.1 Description of the major system components 

 

Our measurement system consists of several electronic modules as shown in FIGURE  

4.1. In the following sub-sections of this chapter we discuss the design of each individual 

component and explain their role and their significance in the performance of the whole 

system.  

 
 
FIGURE 4.1. Block diagram of the measurement system.  

 COMPUTER 

DAC / ADC 

FEEDBACK 

BATTERY 
POWER SUPPLY 

VOLTAGE 
REGULATOR     

VOLTAGE 
REGULATOR 

TX RX 



 91 

4.1.1 Choice of the transmitter and receiver antennas 

 

One major objective of our design was to keep the TX and RX coils small and compact, 

so that the entire antenna array could be made portable and easy to transport, and can be 

set up and operated in a typical outdoor environment. Another important objective was to 

achieve a high TX moment and a low level of RX noise in order to increase the dynamic 

range of our measurement system.  

It is common practice to utilize high permeability materials to increase the TX 

moment. However, our choice of frequency range of operation from 1kHz to 10kHz 

restricted the types of magnetic materials that were suitable for our application. After 

experimenting with several samples, we concluded that the best choice for our TX would 

have been a high flux-density ferrite core that is normally used in low-frequency power 

transformers, which would have allowed a TX current above 0.5A. Laminated µ-metal 

material was also considered for the coils. Since this material was intended for very low 

frequencies, it could handle only a moderate flux density above a few hundred Hertz. 

Therefore, using this type of core for a TX antenna limited the transmitter current to less 

than 0.1A.  

In addition, we discovered that µ-metal materials are susceptible to the earth’s static 

magnetic field. We consistently observed this phenomenon when a static field was 

applied along the core and the field strength was made approximately equal to the 

magnetic field of the earth. Because of the design of our measurement array, the TX 

antenna was required to rotate relative to the earth’s magnetic field. As a result, the 
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susceptibility of the µ-metal core to the earth’s magnetic field caused a variation in the 

primary coupling of up to 5PPM, which substantially exceeded the level of the 

measurement noise. Therefore, to avoid future complications in data interpretation that 

may be caused by the earth’s magnetic field, we decided to use tuned air-core coils for 

both the TX and RX antennas, i.e., we utilized a spool of enameled wire as shown in 

FIGURE 4.2.  

 

FIGURE 4.2. Diagram of a spool of magnet wire used for the TX and RX antennas. 

 

4.1.2 Transmitter design 

 

We show a diagram of the complete TX circuit in FIGURE 4.3. For driving the TX coil 

we used an audio operational power amplifier from OpAmp Labs, model 423, that is 

rated for a maximum output of 12W. However, due to our limited power supply, which 

was regulated at ±16.5 VDC, we adjusted the maximum amplifier output voltage to 

10VRMS. The amplifier was configured for a voltage gain of 11 with a 100pF bypass 

capacitor added in the feedback loop to ensure amplifier stability. In addition, we used 

2.92cm 
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10µF and 0.1µF bypass capacitors across the power supply terminals to reduce low 

frequency interference. 

 

FIGURE 4.3. TX circuit diagram 

 

In order to increase the transmitter moment, we used four spools of 24AWG wire 

with a total length of 792 feet, and estimated the total number of turns to be NTX = 2400 

(Terman, 1943). These spools were connected in series to make a single-ended TX coil 

with total inductance LTX measured to be 41mH and total DC resistance RTX measured to 

be 22.4Ω. By tuning this antenna with series capacitors to 8kHz we obtained a total coil 

impedance ZTX of 49.5Ω, which allowed us to have a TX current ITX of 200mA, and 

helped us to increase the TX moment to 0.45Am2. This resulted in a maximum TX power 

of 2W, which was limited by the power supplies of the TX amplifier. Although this TX 

moment was suitable for our initial testing, much higher TX moments will be used in 

subsequent systems. To reduce radiated electric field in the vicinity of transmitter, where 
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we placed our receiver coil, we used strips of copper tape to create an electrostatic shield 

as shown in FIGURE 4.3. 

We selected a low-loss polypropelene capacitor for tuning the series resonant circuit 

of the TX antenna to minimize ZTX. To obtain the desired resonant frequency we 

combined three capacitors as shown in FIGURE 4.3, which resulted in a total capacitance 

of CTX = 9.685nF and a total series loss resistance of 1Ω. Knowing the operating 

frequency and ITX we calculated the voltage across CTX, using |VC| = |ITX| / (2πfC), to be 

410V. As a safety measure, we chose capacitors with higher voltage ratings to protect 

them from damage due to possible transients during the starting and stopping of the 

system. All of the TX parameters are listed below in TABLE 4.1. 

 

TABLE 4.1. List of TX parameters. 

NTX, 24AWG enameled copper wire 2400 
Coil area, ATX 9.8E-4 m2 
Coil inductance, LTX 41 mH 
Coil tuning capacitance, CTX 9.685 nF, 1200 V 
Coil resonant frequency, FTX 8004 Hz 
Coil half-power bandwidth, BWTX 192 Hz 
Coil Q 41.7 
Coil DC resistance, RTX 22.4 Ω 
Coil impedance at F0=8 kHz, ZTX 49.5 Ω, -2.6º 
Transmitter current, ITX 200 mA 
Transmitter moment, MTX 4.5E-1 Am2 
Transmitter output power, PTX 1.98 W 
Transmitter amplifier gain 11 V/V 
Transmitter power supply voltage ±16.5 VDC 
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4.1.3 Receiver design 

 

For optimal performance of our RX antenna we built a balanced coil using two spools of 

34AWG wire of total length equal to 3910 feet, and estimated the total number of turns as 

NRX = 12000 (Terman, 1943). When we connected these spools in series, the total coil 

inductance LRX was measured to be 1.7H and the total DC resistance was RRX =1.06kΩ. 

To tune this coil to the desired resonant frequency we used two 250pF capacitors as 

shown in FIGURE 4.4. In this case we chose 1% tolerance mica capacitors to ensure long 

term stability of the resonant frequency of the RX antenna. 

 

 

 

FIGURE 4.4. RX circuit diagram. 

 

Because we made the RX coil balanced and small in size, its sensitivity to the electric 

field was naturally reduced. To further decrease this sensitivity, we added electrostatic 

shields, analogous to the TX coil, as shown in FIGURE 4.4. However, we found that 
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there is a downside to using a simplified electrostatic shield around a tuned coil of high 

inductance. In addition to lowering the Q of the coil, it caused notable instability in the 

resonant frequency. Since shielding itself added to the parasitic capacitance of the 

resonant circuit, slight deformation, caused by tightening or loosening of the copper tape 

with changes in temperature, resulted in some detuning of the antenna. Due to the high 

inductance and the high Q of our RX coil, it became sensitive to very small variations in 

the overall tuning capacitance. Consequently, we have observed that the resonant 

frequency of the RX antenna would increase by 100Hz when the weather conditions 

changed from warm to cold.   

We used an INA103 instrumentation amplifier with a voltage gain set to 100. This 

amplifier has a low input referred (I.R.) voltage noise of 1.8nV/√Hz, a high common 

mode rejection ratio (CMRR) >100dB, and high linearity <0.002%, which were key 

requirements for our design. The only tradeoff was the high current noise of this 

amplifier, which is rated at 2pA/√Hz for 8kHz. Therefore, at the resonant frequency, the 

dynamic range of our RX was limited by the amplifier noise current since it generated a 

voltage noise of 2µV/√Hz across the 1MΩ impedance of the resonant antenna. Based on 

the 16.3nV/fT sensitivity of the RX coil at 8kHz, this noise level established the detection 

threshold for the magnetic flux density to be 123fT. Although this was suitable for our 

initial testing, a JFET-input amplifier, which has a much lower current noise will be used 

in later systems. A low current noise operational amplifier such as the INA111, with a 

current noise of 1fA/√Hz, will provide significantly increased dynamic range. All RX 

parameters of our system are listed in TABLE 4.2.  
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TABLE 4.2. List of RX parameters. 

NRX, 34AWG enameled copper wire 12000 
Coil area, ARX 9.8E-4 m2 
Coil inductance, LTX 1.7 H 
Coil tuning capacitance, CRX 250 pF, 100 V 
Coil resonant frequency, FRX 8030 Hz 
Coil half-power bandwidth, BWRX 284 Hz 
Coil Q 28.4 
Coil DC resistance, RRX 1.06 kΩ 
Coil impedance at F0=8 kHz, ZRX 1 MΩ 
Coil sensitivity at F0=8 kHz, SRX 16.3 nV/fT 
Receiver amplifier gain  100 V/V 

Receiver total moment, MRX 3.23E+4 
Receiver amplifier I.R. voltage noise 1.8 nV/√Hz 
Receiver amplifier I.R. current noise 2 pA/√Hz 
Receiver power supply voltage ±16.5 VDC 

 

 

4.1.4 Data acquisition and software 

 

For simultaneous transmission and data acquisition we used a Layla model, 24 bit 

digitizer from Echo Digital Audio Corp., which has eight independent channels of DACs 

and eight independent channels of ADCs. We preferred to use this model primarily for its 

large dynamic range over a frequency span from 10Hz to 30kHz, which we measured to 

be 158dB at an RBW of 1Hz. This digitizer was controlled by a Gateway M460 laptop 

computer via a special Layla PCMCIA card. In the LabView programming environment 

that was used, we utilized a custom made ASIO VI previously created by our colleague, 

Terry Leach, to interface LabView with Layla. This VI was programmed to run Layla at 

the fixed clock rate of 65536Hz with a buffer size of 16384 points. We designed the main 
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program VI to perform basic functions of outputting the TX signal, acquiring the time 

domain data from the RX, computing the Fast Fourier Transforms with 1Hz RBW, and 

processing and storing the resultant complex frequency domain data. For subsequent data 

analysis and plotting of the final results we used a windows Excel spreadsheet. We have 

included a detailed description of the main program VIs in APPENDIX C. 

 

4.1.5 Power supply considerations 

 

For our initial tests of the concept, we intended to use available laboratory 

instrumentation. However, we found that there was a severe problem with using wired 

links between the TX/RX coils, and the data acquisition equipment and computer located 

some distance away. This included AC power cables reaching to the supporting structure 

of the TX and RX. Making measurements with a rotating antenna array in the presence of 

the stationary cables led to coupling through the cables that appeared as false anomalies 

and thus interfered with the measurements.   

Therefore, we had to run the entire system using battery power, so that the batteries 

could be fixed to move with the antenna array during rotation. Most of the battery power 

was required for our laptop computer, since it could not reliably operate the Layla 

interface card off its own internal battery. Hence, we had to supply the computer with 

regulated DC power at +19V and 3A. In addition, we had to provide DC power for Layla 

and for the TX and RX amplifiers. These components, however, required a total DC 

current of less than 500mA. Thus, taking into consideration all of the above requirements, 
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we decided to use a total of four 12V rechargeable batteries (i.e., two 7AH and two 

1.3AH) to provide regulated DC power for each system module as shown in FIGURE 

4.5. This selection and arrangement of batteries allowed our system to run continuously 

for 2.5 hours. 

 

 

 

 

 

FIGURE 4.5. Diagram of the power supply circuit. 
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4.2 Discussion on dynamic range of the system 

 

4.2.1 Spacing and geometric configuration of the antenna array 

 

To determine the optimal distance between the TX and RX antennas, we had to consider 

two major aspects. One was the spatial resolution of our measurement system. As we 

discussed in CHAPTER 3, a larger spacing between the TX and RX coils would allow a 

greater depth of investigation. However, one downside of the larger spacing between the 

TX, with fixed moment, and the RX, with a fixed noise level, would be a reduction in the 

sensitivity of the system to the target because of a smaller target response. Another 

disadvantage of a larger separation of the TX and RX would be a poorer stability of the 

geometric null due to increased length of the supporting structure for the antenna array.   

An additional concern with antenna separation was that for proper interpretation of 

the measurement data, the distance between the antennas had to be made large enough for 

the TX and RX to behave as true magnetic dipoles. To satisfy this condition, the spacing 

between the antennas had to be made greater than ten times the antenna diameter, which 

in our case was 4cm. Therefore, considering all of the above issues, we decided to use a 

50cm separation between TX and RX antennas.  

We considered two options for arranging the array antennas orthogonal to each other. 

One was to orient the TX and RX magnetic dipoles horizontally, by pointing them in the 

x and y directions, respectively. In this case, both dipoles would be changing their 

direction in the x-y plane during array rotation, which would complicate the 
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interpretation of the data. The other option was to make one dipole vertical and the other  

one horizontal. What made this arrangement more desirable was that it has an advantage 

that the vertical dipole never changes its orientation during rotation, and thus always 

remains fixed relative to the target. We chose to place the RX magnetic dipole in a 

vertical orientation for two reasons. First, this orientation minimized the level of ambient 

noise picked up by the RX, since in the kilohertz frequency range the vertical component 

of ambient magnetic noise is typically much smaller than the horizontal component over 

a half space or layered earth (Vozoff, 1991). The second reason was to improve the 

measurement accuracy by keeping the ambient noise at a constant level during array 

rotation. The final geometric configuration for the TX and RX antennas is shown in 

FIGURE 4.6.  

 

 

 

FIGURE 4.6. Arrangement of the TX/RX antenna array. 
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4.2.2 Reducing primary field coupling between the TX and RX antennas 

 

The basic principle of the measurement method that we used was to excite the target with 

a strong TX field and to measure its response with a high sensitivity RX. Maximally 

coupled TX and RX antennas would have severe problems due to limited dynamic range, 

since this antenna arrangement makes it impossible to measure the target response when 

it is smaller than the noise level of the transmitted signal. In this case, the limiting factor 

is the SNR of the transmitted signal, which strongly depends on the power amplifier 

noise figure. Thus, the output SNR of the best power amplifier, which normally does not 

exceed 120dB, will always limit the measurement dynamic range, even for an input 

signal with a much larger SNR.   

Therefore, in order to achieve a dynamic range >120dB it is necessary to reduce the 

primary TX field at the location of the RX. Usually this is accomplished either by 

geometric nulling, where the primary field coupling is nulled out by orienting the RX 

antenna orthogonal to the TX antenna, or by electronic nulling, where the primary field at 

the RX is cancelled out using either passive or active feedback. However, in both cases, it 

is a challenge to reach and maintain a deep and stable null, because it requires very 

precise and robust design of the antenna array. Taking into consideration all of the above 

issues, we used both geometric and electronic nulling to obtain the largest dynamic range 

from our measurement system. 
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4.2.3 Using TX and RX orientation for geometric nulling 

 

We arranged the antennas in our array to be orthogonal to each other, as shown in 

FIGURE 4.6, in order to reduce the primary field coupling between the TX and RX 

antennas.  As we experimented with geometric nulling, we found that the proximity of 

any conductive objects, such as amplifier enclosures and cables, to the antenna has a 

significant effect on the depth of the geometric null. Therefore, we had to keep the 

amplifier boxes and cables as far away from the TX and RX coils as possible. We also 

learned that the stability of the geometric null in our system was largely dependent on the 

sturdiness of the beam, i.e., the physical fixture that we built to hold the TX and RX 

antennas in place. For this reason we had to be very careful in the design of our beam as 

we discuss in Section 4.4 of this chapter.  

During the early stage of our design we achieved a stable geometric null that resulted 

in a reduction in the primary field by 43dB with respect to the level of the maximum 

coupling between the TX and RX coils in a coaxial orientation. We used that level of the 

geometric null as a basis for building the electronic nulling circuit that will be described 

in the following section. However, with later modifications of the beam, we were able to 

achieve a higher level of stable geometric null that resulted in a reduction in the primary 

field by 56dB. A more sophisticated design of the supporting structure for the antenna 

array might make it possible to obtain a stable geometric null as large as 60dB. 

Nevertheless, we decided to stay with the initial geometric null of 43dB to avoid 
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rebuilding the circuit that we used for electronic nulling, and to lower the sensitivity of 

the geometric null to additional beam adjustments during our experimentation.  

 

4.2.4 Using feedback between the TX and RX for electronic nulling 

 

To further decrease the level of the primary field at the RX coil, we employed a standard 

technique to cancel the TX field via direct feedback from the TX antenna, as shown in 

FIGURE 4.7. To sample the TX field, we used a single-turn feed that was transformer-

coupled to the TX coil. In the same fashion we constructed a triple-turn feed that was 

transformer-coupled to the RX coil. We then connected both feed lines together using a 

passive lossless ladder network, LLN, (Heulsman, 1993) as shown in FIGURE 4.7. The 

purpose of this network was to modify the magnitude and phase of the input signal from 

the TX coil, so that the output signal would result in TX field cancellation at the RX coil. 

The advantages of using passive feedback included: total isolation between the TX and 

RX circuitry, stability, simplicity, linearity, perfect tracking of drift changes that occur in 

the TX field over time, and tracking of short-term noise fluctuations.  

 

FIGURE 4.7. Feedback between TX and RX antennas used for electronic nulling. 
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Based on the 50Ω impedance of the variable attenuator that was used for magnitude 

adjustment, we designed the input and output impedances of the entire feedback circuit to 

be 100Ω, which is much greater than the impedances of the TX and RX feeds at 8kHz. 

This way we avoided loading down the TX and RX antennas with the feedback line. Due 

to the fact that the TX feed was not tuned, unlike the RX antenna, we had to provide a 

phase shift of 90º in our feedback path to enable proper field cancellation at the RX coil. 

Therefore, we decided to use a second-order low pass filter realization of the LLN 

matched to 50Ω impedance as shown in FIGURE 4.7. As a result of this procedure, we 

have achieved a 24dB cancellation of the primary field at the RX antenna for a residual 

magnitude mismatch of 0.16dB. In this case we were 3.6º off from a perfect 180º phase 

cancellation. Based on our experience, we believe that by adding a trimming capacitor in 

the feedback circuit it would be possible to achieve a phase cancellation within 0.5º of 

the ideal 180º, and thus reach a greater than 40dB level of electronic null. 

 

4.2.5 Overall dynamic range of the system and its potential 

 

One of the major goals of our design was to demonstrate the potential for developing a 

measurement system with a dynamic range that is orders of magnitude higher than what 

is currently offered by state of the art technology. Based on the previous discussions in 

this chapter, we now summarize specific design characteristics to quantify the overall 

dynamic range of the proposed measurement system. To illustrate how all of these 

parameters contribute to the increase in dynamic range, we included an explanatory 
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diagram shown in FIGURE 4.8. The vertical scale on the diagram represents the levels of 

the RX output voltage measured with the ADC. For comparison, on the right side of the 

scale we indicate several corresponding levels of magnetic flux density at the RX 

antenna. These values were calculated based on a RX sensitivity of 16.3nV/fT and an RX 

amplifier gain of 100V/V. 

It is common practice to specify dynamic range as the smallest detectable level of the 

secondary field with respect to the largest level of a maximally coupled primary field. 

Thus, to provide a point of reference, we include at the top of the scale in FIGURE 4.8 

the RX output voltage corresponding to the maximum primary field coupling between the 

TX and RX. This number was determined by measuring the signal output of the RX coil 

in a maximum coaxial coupling configuration to the TX at 1% of full TX power, and then 

adjusting it to the corresponding value at 100% TX power.  

Starting with this reference point, we calculated the dynamic range of the current 

system to be 134dB for a TX moment of 0.45Am2 and an average RX noise of 200µV. In 

this case, the limiting factor of our design was the high current noise of the INA103 

amplifier. Because of the large impedance of the RX resonant coil, this noise current was 

generating a level of voltage noise that was equivalent to a flux density of 123fT, which 

was greater than the ambient noise level. Thus, we have learned from experience that for 

a tuned RX coil, it is best to use a JFET-input amplifier, such as an INA111, which has a 

very low current noise. 
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FIGURE 4.8. Chart illustrating the dynamic range of the system. 

 

Although the 10fT level of ambient noise in FIGURE 4.8 was specified for urban 

conditions, in a rural environment, the level of magnetic ambient noise may be as low as 

0.5-2.5fT (Garcia and Jones, 2002). Hence, in remote locations the level of ambient noise 

could be smaller than the level of current-noise for the INA111 amplifier. We also 

discovered that the level of low frequency computer noise varied between different 

brands and models of laptop computers. Thus, by examining thirty nine notebook 
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computers for low-frequency emissions, we found that for several computers the level of 

radiated noise was 10dB lower than for the Gateway M460 that we used in our system. 

Therefore, considering all of the above, we could have further increased the dynamic 

range from 134dB to 168dB by coming down to the 2.5fT level of ambient noise in rural 

conditions, if we were to use a lower noise laptop computer, and a low current-noise 

amplifier, such as an INA111.   

As we pointed out in the two previous sections, we believe that it is possible to 

achieve a stable geometric null of 60dB and an electronic null of 40dB, and thus to 

further improve the reduction of the primary field from 67dB to 100dB. It is also feasible 

to enlarge the TX area and to boost ITX to make the overall TX moment greater by 33dB, 

from 0.45Am2 to 20Am2. A TX moment of 20Am2 or more has been realized in a number 

of portable geophysical instruments, such as the Geonics, EMG1, or the Zonge nanoTEM 

cart. Therefore, with these additional modifications, the system dynamic range could be 

increased from 168dB to 201dB, which shows the full potential of our design.  

 

4.3 Design of the circuit for monitoring gain changes in the TX and RX  

 

In this section we describe the realization of the monitoring scheme shown in 

FIGURE 4.9 that we used to correct for the gain and phase changes in the TX and RX 

circuits. In the following chapter, we provide a more detailed explanation of how the data 

obtained from this monitoring scheme was used for dynamic calibration of the system 

over long periods of time.  
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When we investigated the stability of various components in our system, we found 

that both DACs and ADCs were relatively steady and had small variations over long 

periods of time. Most of the observed instability is due to the high-Q resonant coils which 

substantially change their response when the temperature changes. To keep track of 

signal fluctuations in the TX circuit, we chose to monitor ITX because it is a direct 

indicator of the transmitted field. In this case, we continuously measure the voltage 

across a 1Ω resistor inserted into the return ground path of the TX antenna. Since this 

voltage is measured with an ADC, we had to connect the negative ADC terminal to the 

common ground reference to ensure circuit stability. 

 

 

FIGURE 4.9. Circuit diagram for monitoring changes in TX and RX. 

 

We found that RX changes were mostly due to a gradual shifting of the resonant 
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from the operating frequency by 4Hz, directly into the RX coil and then measure the 

changes in its magnitude and phase. This simultaneous measurement of the RX response 

is known as the ARTTEST method (Sternberg and Dvorak, 2002). We set the magnitude 

of the reference tone at DAC5 to be 200mVRMS. This resulted in an RX output level of 

1VRMS, which was 75dB above the noise floor. Since we used a different DAC for the 

reference signal, we had to use an isolation transformer, as shown in FIGURE 4.9, to 

prevent crosstalk coupling between the feed line and the TX cable.   

 

4.4 Design of the beam – the supporting structure for the system modules 

 

4.4.1 Arrangement of electronic components and cables on the beam 

 

To provide a rigid physical support structure for the system components, we constructed 

a 2m long rotating beam as shown in FIGURE 4.10. In order to avoid loading down the  

response of the TX and RX antennas, we attached the antenna array at one end of the 

beam and the rest of the metallic modules at the other end. For the same reason, we 

avoided using any metal when making our beam. But, at the same time, the beam 

structure had to be made very sturdy in order to be usable. Therefore, we decided to build 

it out of quarter inch thick, two by two inch pieces of fiberglass material with mostly 

fiberglass bolts to ensure solid connection between the segments of the beam. Since we 

had to maintain a stable geometric null between the TX and RX coils during rotation, it 

was crucial to keep all metallic elements of our system stationary relative to the coils. 
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Thus, the presence of the metallic parts that were needed did not create a problem as long 

as they were fastened to the rotating beam.  

To connect the dual DC power supply to the TX and RX circuit, we utilized a 

shielded twisted-pair cable. Even though it is common practice to use the same type of 

cable for the signal lines at low frequencies, we found that using RG178 coaxial cable did 

not cause any problem for our set up. We preferred to use this kind of cable for all two-

conductor lines, because of its small size, which made it very convenient and easy to use. 

All cables interconnecting the TX and RX with the power supply, DACs and ADCs were 

bundled together, stretched and tightly fastened alongside of the beam to prevent any 

cable movement during rotation. 

 

FIGURE 4.10. Diagram of the beam structure. 
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4.4.2 Minimizing the beam deformation during rotation 

 

Due to the weight and length of the beam it was naturally subject to some bending 

because of mechanical stress. Therefore, we designed our beam to be used primarily in a 

vertical orientation so that deformation of the entire structure, such as sagging or 

twisting, during rotation could be minimized. We have learned from experience that a 

very small amount of bending in the beam could cause enough change in alignment of 

TX and RX antennas to substantially alter the geometric null, which would appear in our 

measurement as a false anomaly. Thus, we determined for our system that at a geometric 

null level of ≥20dB, a 0.01 degree change in the alignment angle would result in a false 

target response that is more than 100 times greater in magnitude than the level of the 

measurement noise. We measured the magnitude of the false anomaly caused by beam 

deformation in our first prototype system to be ~170PPM for the horizontal orientation of 

the beam, and ~70PPM for the vertical orientation of the beam. In addition to choosing 

the vertical beam orientation to reduce beam deformation, we mechanically isolated our 

antenna array from the main beam by fixing the TX and RX on two short pieces of 

fiberglass that were attached to the main beam at a single point, as shown in FIGURE 

4.10. This modification of the beam resulted in significant reduction in the sensitivity of 

the geometric null to the rotation of the antenna array. The magnitude of the false 

anomaly in this case was reduced from 70PPM to less than 1PPM. 
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4.4.3 Design of the supporting framework for the rotating beam 

 

In order to keep our beam in a vertical orientation and to allow for its rotation, we built a 

supporting frame as shown in FIGURE 4.11. To be suitable for our application, the 

design of this structure had to meet several requirements. First of all, it had to be made 

completely out of non-metallic material, because rotation of the antenna array in 

proximity to any stationary conductive object would result in a false anomaly. It was also 

important to make the framework strong enough to securely hold the beam in place, and 

to keep its overall size and weight to a minimum for easy use and transportation of the 

system.  

Considering all of the above requirements, we built our frame in a rectangular shape 

using quarter inch thick, two by two inch pieces of fiberglass material. To provide 

enough strength, we used two diagonal braces on each side in the form of a truss, and 

eight corner brackets along with a half inch square sheet on the top and bottom of the 

frame, as shown in FIGURE 4.11. All of the pieces were fastened together with 3/8΄΄ 

fiberglass bolts and nuts. We wrapped the ends of the axel rods on the top and bottom of 

the beam with Teflon tape for smoother rotation. In order to be able to rotate the beam in 

45º increments, we added a special plate at the bottom of the frame with eight holes 

drilled out in a circle to mark these rotation angles. Then, we used a wooden rod attached 

to the beam as a stopper to fix any marked rotation position of the beam.   

One downside of our present design is that it requires manual rotation of the beam, 

which reduces the efficiency of our measurement procedure, and also results in a higher 
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level of measurement error. Due to limited time and resources, we have not yet built a 

more advanced system using automated beam rotation, which would improve the overall 

performance of our system. A capability for continuous automatic rotation, such as 

computer-controlled stepper motors, would allow for a more efficient measurement 

algorithm, and smaller measurement errors.    

  

         

FIGURE 4.11. Diagram of a supporting frame for the rotating beam, and a picture of the 
complete prototype. 
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CHAPTER 5 

REDUCING THE BACKGROUND RESPONSE OF THE EARTH AND REMOVING 
ERRORS CAUSED BY DRIFT IN THE NULLING CIRCUIT AND TIME-VARYING 

CHANGES IN THE SYSTEM RESPONSE 
 
 

 

5.1 Reducing the background response of the earth for this measurement system 

 

5.1.1 Reducing the background response of the earth with a vertical array 

 

Unlike the ideal situation where the axis of the rotating array is exactly perpendicular to 

the surface of the earth, in practice, we expect there to be some tilting of the vertical array 

with respect to the surface of the earth, as shown in FIGURE 5.1. In this case, the 

background response of the earth will not be zero and will change for different rotation 

positions of the array because of the variation in the coupling between the array antennas 

and the earth during array rotation. Therefore, when we take measurements at two 

distinct rotation positions, a false anomaly will be detected due to the variation in 

background response of the earth.  

In order to estimate the strength of the background response of the earth, we 

investigated the effect of array tilting by utilizing the EM1DSH program described in 

Section 3.2. This software allowed us to examine the dependence of the response of the 

earth on the tilt angle β, the earth resistivity ρ and the height of the array above the 

surface h. In all simulations we assumed perfect geometric null between the TX and RX 
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antennas and that the array rotation angle is set to α = 0º, which corresponds to the TX 

dipole in x-z plane in FIGURE 5.1. We chose this angle α as the worst case of the tilted 

array, because it results in the largest coupling to the earth.  

   

 
 
FIGURE 5.1. Vertical array tilted over the surface of the earth.  
 
 

We plotted the results of our findings in FIGURE 5.2 in units of part-per-million 

(PPM), which refers to the strength of the response of the earth relative to the strength of 

the maximum coupling between the TX and RX antennas in the coaxial orientation. The 

simulation results in (a) indicate that in realistic conditions, where the earth resistivity 

(Ro) is typically between 30Ωm and 100Ωm, and the array titling angle is less than 5º, 

the largest magnitude of the response of the earth will be less than 0.5 PPM. This number 

corresponds to a level of secondary coupling between the earth and the RX antenna that 

is 126dB lower than the maximum primary coupling between the TX and RX antennas.  
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FIGURE 5.2. Response of the earth due to the tilting of the vertical array. 
 

 

The simulation results in (b) of FIGURE 5.2 indicate that increasing the height of the 

vertical array over the tilted surface of the earth reduces the earth response at a much 

smaller rate compared to the expected rate of the reduction in the target response, which 

is equal to (1/r3)2 in the near-field region. Hence, when lifting the array higher above the 
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earth, the strength of the target response will decay much faster than the background 

response of the earth. Based on the simulation results in FIGURE 5.2, we conclude that in 

practice the dynamic range of the system with a vertical antenna array may be limited by 

the background response of the earth, which is caused by the tilt in the array axis relative 

to the earth’s surface. Therefore, in order to minimize the background response of the 

earth, the rotation axis of a vertical array has to be kept as close as possible to the 

perfectly perpendicular orientation with respect to the earth’s surface in the immediate 

vicinity around the array where it produces the largest response.  

 

5.1.2 Reducing the background response of the earth with a horizontal array 

 

In this section, as an alternative to the vertical array configuration, we consider a 

horizontally oriented antenna array over the homogeneous earth. It has been shown in 

(West and Macnae, 1991) that a vertical magnetic dipole source in a horizontal antenna 

array above the earth will result in a horizontal component of the secondary magnetic 

field at the location of the RX. In order to reduce the earth response in this case, we 

propose to use the rotation symmetry of the array with measurements taken at two 

distinct rotation angles, where the response of the half-space earth will be the same, while 

the response of the localized target will be different. By subtracting these two results, we 

can remove the effects of the earth while maintaining the target response. 

    As a practical example, we consider the horizontal array over the inclined surface of 

the earth similar to the discussion in Section 5.1.1. Since this particular measurement 
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approach relies on the rotation symmetry of the array with respect to the earth, we 

consider a tilting of the surface of the earth not only in the x-direction along the array 

axis, but also in the y-direction across the array axis, as illustrated by (a) and (b) in 

FIGURE 5.3. In this case, the background response of the earth is reduced through 

subtraction of the measurements taken at two specific rotation positions of the array.  

 

FIGURE 5.3. Diagram of the horizontal array over a planar surface dipping along the  
array axis by an angle β and across the array axis by an angle γ. 
 
 

It is evident from (a) and (b) that, when γ = 0º, a perfect cancellation of the earth 

response is achieved independent of β by subtracting the measurements taken at the two 

rotation angles α = +α0 and α = -α0 for α0 < 90º. This special case illustrates the principle 

of the proposed measurement technique, which is based on the fact that for any pair of 

rotation angles that are symmetric relative to the earth’s surface the coupling of the 

antenna array to the localized target will be distinct, whereas the coupling to the earth 

will be the same. Then, by taking the difference between the measurements obtained at 
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such rotation positions of the array we cancel the response of the earth, but not the 

response of the target. However, in practice, the extent of reduction in the earth response 

will depend on how accurate the rotation symmetry is relative to the tilted surface of the 

earth, i.e., how close γ is to zero degrees.  

Similar to the case of the vertical array discussed in Section 5.1.1, we investigated the 

effects of tilting the horizontal array by utilizing the EM1DSH program. Thus, we 

examined the dependence of the response of the earth on the tilt angles β and γ, the earth 

resistivity ρ and the height of the array above the surface h. The simulation results shown 

in FIGURE 5.4 indicate that for the horizontal array the strength of the earth response is 

proportional to the resistivity of the earth. By comparing the results in (a) of FIGURE 5.4 

for γ = 0º with the corresponding results in (a) of FIGURE 5.2 for β = 2.5º, we conclude 

that the earth response is much stronger for the horizontal array than it is for the vertical 

array, which is explained by the geometry of the setup and the fact that in the horizontal 

array the TX location is much closer to the ground.  

The results in (b) of FIGURE 5.4 also show that raising the horizontal array above the 

ground causes greater reduction in the strength of the earth response compared to the 

results for the vertical array in FIGURE 5.2 (b). Even so, the rate of reduction in the 

strength of the coupling to the earth for the horizontal array is still much smaller than the 

expected rate of reduction in the target response, which is equal to (1/r3)2 in the near-field 

region. Hence, as found with the vertical array, when lifting the horizontal array higher 

above the ground the strength of the target response will decay much faster than the 

background response of the earth. 
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FIGURE 5.4. Response of the earth due to the tilting of the horizontal array. 
 

Based on additional simulation results shown in FIGURE 5.5, we conclude that tilting 

of a surface along and across the axis of the horizontal array does not cause significant 

variation in the strength of the earth response. Thus, the sensitivity of the horizontal array 
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to the changes in tilting angles appears to be smaller than was found for the vertical array 

in FIGURE 5.2.  
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FIGURE 5.5. Changes in response of the earth due to the changes in tilting angles of the 
horizontal array. 

 

As we stated earlier, the principle of the measurement method using a two-element 

horizontal array is based on taking measurements at rotation angles that are symmetric 

relative to the earth’s surface. To show the extent of the reduction in the earth response 

that may be achieved by this method, we included simulation results in FIGURE 5.6. 

These plots were obtained by taking the difference between the values of the earth 

response computed at two fixed array rotation angles α = ±45º, according to FIGURE 

5.4-b. The outcome of the simulation suggests that by using the proposed measurement 

technique, it is possible to achieve a reduction in the background response of the earth by 

an order of magnitude, when the surface tilting angles do not exceed 5º. This condition 

may be satisfied in most practical cases, which implies that for the horizontal array the 
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dynamic range of the system may be increased by 20dB when taking measurements at 

rotation angles of the array that are not perfectly symmetric relative to the earth surface. 
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FIGURE 5.6. Reduction in response of the earth due to the rotation of the horizontal 
array. 
 

 

5.2 Introduction of the error-correction analysis for drift in the nulling circuit and time-
varying changes in the system response 

 

In order to estimate the magnetic moment of the target from our measurements we must 

calibrate our system and correct for the errors due to the system drift. FIGURE 5.7 shows 

which elements have to be considered in this analysis. MTX and MRX denote the TX and 

RX moments defined by  

TXTXTXTX AINM =                  (5.1) 

AMPRXRXRXRXRX GQANM _0ω−=            (5.2) 
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These parameters are constants that were determined during the system development and 

then used as fixed settings in all free-space modeling (FSM) simulations discussed in 

CHAPTER 3. We listed the actual values of these constants in Sections 4.1.2 and 4.1.3. 

As a matter of convenience, we modeled the target by an equivalent multi-turn coil, 

so that we could consider the target moment MT as a transfer function between the 

incident H-field at the location of the target and the induced current. Then, we defined the 

magnitude and phase of the target moment by  

T

TT
T Z

NA
M

22
00µω

=              (5.3) 

TT ZM ∠−°−=∠ 90              (5.4) 

with AT, NT, ZT and ω0 denoting the target’s effective area, effective number of turns, 

target impedance and operating radian frequency. Based on our definition, MT is a 

complex constant that describes the specific characteristics of the target that we are trying 

to measure.  

 

FIGURE 5.7. Diagram of the elements involved in error-correction procedure. 
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We included the transfer functions GTX/T and GT/RX in FIGURE 5.7 to account for the 

coupling between the TX and the target, and between the target and the RX, respectively. 

Since we are always operating in the near-field region, the combined phases of these 

functions could only take on values of 0º or 180º, depending on the target dipole location 

and orientation relative to the antenna array. Unlike the well-defined system constants 

described above, we used the transfer functions ∆GTX and ∆GRX in FIGURE 5.7 to 

represent time-varying complex gain coefficients of the TX and RX circuits. Thus, we 

were able to identify MTX and MRX as constants by isolating the changes in the TX and 

RX circuits and assigning them all to ∆GTX and ∆GRX. These coefficients multiply the 

overall system response, since the changes in the TX and RX circuits alter both the 

primary coupling between the TX and RX antennas and the secondary coupling between 

the TX antenna, the target and the RX antenna.  

Continuous monitoring of the TX and RX circuits was required to correct the 

measurement data for the long-term variations in the system gain that are commonly 

encountered in practice. We used the ARTTEST method (Sternberg and Dvorak, 2002) 

and direct current monitoring in order to keep track of the variations in the RX and TX 

circuits, as shown in FIGURE 5.7. A more detailed explanation of the monitoring scheme 

is included in Section 5.4.3.  

We used ∆NULL in FIGURE 5.7 to represent the time-dependent changes in the 

transfer function GNULL, which denotes the geometric null between the TX and RX 

antennas. Since ∆NULL affects only the primary coupling between the TX and RX 

antennas, it results in the changes that are added to the target response. Therefore, this 
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term represents the drift in the system response caused by the instability in the geometric 

null between the TX and RX antennas, which is commonly encountered in practice. In 

this analysis we do not take into account the transfer function representing the electronic 

null, because it is always constant, as we pointed out in Section 4.2.4. 

To describe the physics of a measurement taken with our system based on all of the 

above, we can formulate the expression for the RX voltage induced in the presence of a 

target of moment MT as 

( ) ( )[ ] ( ) ( )tGtGtGGMGMMtV TXRXNULLNULLRXTTTTXRXTXTRX ∆∆∆++= //_      (5.5) 

This equation illustrates the multiplicative nature of the gain variations in the TX and RX 

circuits, denoted by the time-varying gain coefficients ∆GTX and ∆GRX, and the additive 

nature of the drift in the geometric null between the TX and RX antennas, denoted by the 

time-varying ∆NULL term. In the following sections of this chapter we use this expression 

as a building block for the error-correction analysis.    

  

5.3 Explanation of the time varying changes in the system response 

 

5.3.1 Description of the drift in the nulling circuit 

 

The problem of drift directly effects stability, consistency and accuracy of the 

measurement system. For this reason, the system drift remains a significant limiting 

factor in the performance of current state of the art instrumentation, as we pointed out in 

CHAPTER 1. Therefore, the most important goal of our design was to develop a 
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technique for overcoming the drift of the measurement system, which represents time-

dependent variations in the magnitude and phase of the system response.  

In our case, the drift in the system response is attributed to the fluctuations in the 

geometric null caused by changes in the alignments of the TX and RX antennas. As 

discussed in Section 4.4.2, these changes are caused by the mechanical deformation and 

instability of the beam that supports the TX and RX antennas. Since these variations 

occur only in the primary field coupling between the TX and RX, as illustrated in 

FIGURE 5.7, they are independent of the target response, and therefore, are adding to the 

target response by the principle of superposition. As an example, we include a plot of the 

drift that was measured with our system prototype in FIGURE 5.8.  

As indicated by this plot, the system drift does not behave linearly over a long period 

of time. This non-linear behavior of the drift makes it difficult to correct the measurement 

data obtained over the periods of time of many hours. The non-linear behavior of the 

long-term drift is typical for current state of the art geophysical instrumentation, as 

discussed in CHAPTER 1. However, over the short periods of time of a few seconds we 

can assume a piecewise linearity of this drift. In Section 5.4.1 we discuss in detail the 

procedure that we used for the reduction of the long-term and the short-term drift of our 

system.  
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FIGURE 5.8. Plot of the long-term drift caused by the variations in the geometric null in 
our system prototype. 
 

5.3.2 Description of the time-variations in the gain of the system response 

 

In our experiments we also encountered variations due to the gain changes in the TX and 

RX amplifiers, and gain changes in ITX and VRX caused by the instability of the TX and 

RX coils, as discussed in Sections 4.1.3 and 4.3 of CHAPTER 4. As indicated by the 

∆GTX and ∆GRX terms in (5.5), the variations in the gain of the TX and RX circuits appear 

as complex gain coefficients that affect both the primary coupling and the target 

response, which shows the multiplicative nature of these variations. The variations in 

gain were primarily due to the instability of the shielded high-Q coils that exhibited 

temperature dependent fluctuations in its resonant frequency.  

We determined the gain changes in the TX and RX by measuring ITX_Mon and VRX_Mon 

as shown in FIGURE 5.7. The resultant plots shown in FIGURE 5.9 indicate that the gain 

variations in RX, as represented by VRX, are much larger than the gain variations in TX, 
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as represented by ITX. This can be explained by the fact that the RX coil has much greater 

inductance, and therefore, is more sensitive to changes in the coil parasitic tuning 

capacitance and changes in the electrostatic shield.  

We found that over a long period of time of several hours these variations in the 

overall gain of the system can be substantial. Therefore, it is necessary to take into 

account these changes in the system response in order to properly correct the 

measurement data acquired over a long period of time. We discuss our method of 

monitoring the gain changes of the system in Section 5.4.3. 
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FIGURE 5.9. Plots of the gain changes in the TX and RX circuits. 
 

5.4 Description of the error-correction techniques  

 

5.4.1 Using array rotation to correct for the errors due to the drift in the nulling circuit 
          
 

The primary reason for using array rotation is to overcome the long-term drift of the 

system, which is caused by fluctuations in the geometric null. As we explained in 

CHAPTER 3, we chose the rotation angle between two measurements with the vertical 
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array to be 180º, because it results in a doubling of the target response. In order to make 

corrections for the drift using array rotation, we used three consecutive measurements, 

starting at the reference rotation angle Φ0, then at Φ0 + 180º, and then back to the 

reference angle Φ0. FIGURE 5.10 shows these three measurements denoted by y1, y2 and 

y3 taken at times t1, t2 and t3, respectively.  

 

FIGURE 5.10. Illustration of the array rotation and digital nulling algorithm. 
 
 

In practice, all three measurements in FIGURE 5.10 are taken within a short period of 

time of a few seconds. Therefore, the non-linear long-term drift of the system is removed 

when we consider only the first two data points y1 and y2 acquired at times t1 and t2. 

However, in order to also correct for the short-term drift we use all three data points in 

FIGURE 5.10. From this information we estimate the drift-free data y5 by subtracting 

from y2 the amount of drift y4 at t2, which is computed by linear interpolation between 

the reference measurements y1 and y3 according to 
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In this case we rely on the drift being approximately linear only within the few 

seconds that it takes to make all three measurements. Our experiments confirmed the 

assumption of the linear behavior of the short-term drift of the system. The system drift 

error-correction procedure is performed continuously using only digitized data and, 

therefore, can be viewed as continuous digital nulling, which is analogous to the 

geometric nulling and electronic/analog nulling discussed in CHAPTER 4. A step by step 

application of this technique is described in more detail in Section 5.7 of this chapter. 

 

5.4.2 Discussion of the absolute static calibration of the system 

 

The purpose of static calibration is to initialize the system so that the measurement results 

would represent a true estimate of the target response in an absolute sense. Therefore, the 

principle of the static calibration is to reset the gain and the phase of the system response 

so that the measured response of the calibration coil will match the response predicted by 

FSM, as described in Section 5.1.2. In this case, we obtained the FSM estimate based on 

the known impedance of the calibration standard ZTcal, which was measured with an 

HP4192 impedance analyzer, the position and orientation of the calibration coil relative 

to the TX and RX dipoles, and measured MTX and MRX of the actual system. 

For the static calibration of our system, we designed a special coil that was used as a 

calibration target TCAL, as shown in FIGURE 5.11. As illustrated in this figure, we made a 

small fixture on the side of the supporting frame of our beam to ensure that the 

calibration coil would always be placed at the same position and in the same orientation 
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relative to the TX and RX antennas. Because of its proximity to the TX, it was important 

to keep the coil size small enough to minimize the electric field coupling, so that we 

could model this calibration target as a purely magnetic dipole. Furthermore, we decided 

to use this coil untuned, since it would require an extremely large capacitance to tune it to 

8kHz. We measured several key parameters of our calibration target and listed them in 

TABLE 5.1.  

 
 

FIGURE 5.11. Standard target used for static calibration of the system. 

 
TABLE 5.1. Parameters of the calibration target.    
                                                 

NCAL, 18AWG enameled copper wire 25 
Coil area, ATcal 7.07E-4 m2 
Coil inductance, LTcal 20 µH 
Coil DC resistance, RTcal 7E-2 Ω 
Target impedance at F0=8 kHz, ZTcal 1.04 Ω, +86º 
VRX due to MTcal predicted by FSM  43.1 mV, -176º 

3cm
m 

1.5cm
m 

30cm 

29cm 

TX 

RX 
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Based on FIGURE 5.1, we include the block diagram in FIGURE 5.12 to identify 

specific components that constituted only the response of the calibration target TCAL. 

Analogous to (5.3) and (5.4), we define the target moment MTcal by  

CAL

CALCAL
Tcal Z

NA
M

22
00µω

=         (5.7) 

TcalTcal ZM ∠−°−=∠ 90         (5.8) 

 

 

FIGURE 5.12. Block diagram of the components that constitute the response of the 
calibration target used in FSM simulation. 
 

Then, in order to compute the magnitude and phase of the RX voltage VTcal due to MTcal 

we set up an idealized scenario in FSM, described by  

RXRXTcalTcalTcalTXTXFSMTcal MGMGMV ∗∗∗∗= //_ 2       (5.9) 

TcalRXTcalTcalTcalTXFSMTcal MGMGV ∠=∠+∠+∠=∠ //_     (5.10) 

For this idealized simulation we assume perfect geometric null between the TX and RX 

antennas. We also neglect the system drift, which results in ∆GTX and ∆GRX in FIGURE 

5.12 equal to unity magnitude and zero phase. We included an additional factor of two in 

(5.9) to account for the doubling of the target response due to the 180º rotation of the 

∆GTX = 1, 0º 
 

MTcal 
 

GTX/Tcal 
 

GTcal/RX 
 

MTX 

 
MRX 

 

∆GRX = 1, 0º 
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antenna array. To specify a purely real transmitter current, we set the MTX phase equal to 

zero. Since our RX antenna was tuned, the phase of MRX in FSM was set to +180º to 

cancel the initial -90º phase due to the jω factor in the coil’s derivative response and 

additional -90º phase, which resulted from measuring VRX across the impedance of the 

tuning capacitor. Because of this, (5.10) is consistent with the conventional interpretation 

of the phase response of the target, which is defined in (5.8). From (5.9) and (5.10) we 

computed VTcal due to MTcal to be 43.1mV and -176º as listed in TABLE 5.1. As we 

pointed out in Section 5.2, in the near-field region the combined phase of GTX/Tcal and 

GTcal/RX in (5.10) can only be either 0º or 180º. Consequently, because of the location and 

orientation of our calibration target, the total phase of these two transfer functions was in 

fact equal to 0º. 

 

5.4.3 Using dynamic calibration to correct for the gain variations in the system response 
 

Typically, the process of collecting data in an actual physical environment takes a 

considerable amount of time. Under these conditions, the absolute calibration of the 

system has to be done in a target-free environment before starting the measurements. In 

general, it is not practical to recalibrate the system in an absolute sense frequently 

because of potential interference with objects that may occur along a profile line. 

Therefore, it is crucial to design the measurement system so that it will preserve its initial 

calibrated state over the long time period required for taking measurements.  

In order to maintain the calibrated state of the system that was established at the time 

of the absolute static calibration we devised a scheme of monitoring the TX and RX 
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circuits shown in FIGURE 5.7. We used the ARTTEST method (Sternberg and Dvorak, 

2002) to keep track of the gain variations in the RX circuit. This technique involves 

measurement of the known calibration signal simultaneous with the main TX signal to 

monitor the gain changes in RX circuit.  As shown in FIGURE 5.7, the calibration tone is 

generated by the DACRX and injected directly into the RX antenna. This tone is offset in 

frequency from the TX signal by 4 Hz, so that it can be distinguished from the main data. 

Because the TX signal and the calibration tone are very close in frequency, it is assumed 

that the gain changes in the response of the RX circuit will effect both signals in the same 

way. Thus, by measuring the variations in VRX_Mon with ADCRX, as shown in FIGURE 5.7, 

we are able to determine the changes in the RX circuit. 

The fluctuations in the gain of the TX circuit are accurately represented by the 

changes in the TX current, which is flowing in the TX loop. Therefore, we can determine 

the gain variations in the TX circuit directly by measuring the TX current simultaneously 

with the RX data. As shown in FIGURE 5.7, we used ADCTX to continuously measure the 

current flowing in the TX antenna. In this case, the variations in ITX_Mon directly 

correspond to the changes in the TX circuit. 

This continuous compensation for the long-term changes in the system gain, using 

data that are obtained from monitoring the TX and RX circuits can be viewed as a 

dynamic calibration of the system. The mathematical analysis of this procedure is 

included in Section 5.5. The step by step application of this technique is discussed in 

Section 5.6.  
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5.5 Mathematical analysis of the full error-correction procedure 

 

In Section 5.4, the digital nulling is applied continuously to reduce the system drift 

caused by the instability of the geometric null during the time interval of taking 

measurements. The absolute static calibration is applied prior to the beginning of the 

survey to compensate for the initial deviation of the time-varying gain coefficients ∆GTX 

and ∆GRX from their ideal values of unity magnitude and zero phase, which we used in 

the FSM analysis. The dynamic calibration is used to maintain the absolute calibration of 

the system throughout the entire time interval while taking measurements. It is applied 

continuously to eliminate the long-term gain changes caused by the variations in ∆GTX 

and ∆GRX during the entire time interval while taking measurements.  

Based on FIGURE 5.10 and equation (5.5), the three measurements, which are taken 

with the calibration target in place can be described by 
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    (5.11) 

Since these measurements are taken within a short period of time, we can neglect the 

long-term drift of the system, and treat the coefficients ∆GTX and ∆GRX at times t1΄, t2΄ 

and t3΄ as constants ∆GTX_Cal and ∆GTX_Cal, respectively. To be consistent with the FSM 

calculations, the final result is computed according to (5.6) by subtracting the data 
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obtained for the 180º measurement from the data obtained for the reference 0º 

measurement. In that case, equation (5.6) can be expressed as 
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After the substitution of (5.11) into (5.12) and further simplifications, the final expression 

becomes 
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From (5.13) and the FSM predictions described by (5.9) and (5.10) it follows that the 

initial state of the TX and RX circuits at the time of static calibration can be specified by 

the static calibration coefficient δSTATcal as  
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By analogy to (5.11), any subsequent three-point measurement of an arbitrary target 

with the moment MT, can be formulated as 
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The drift errors are removed from the data in (5.15) by applying the digital nulling 

algorithm in (5.6) in a manner analogous to (5.12) and (5.13), which yields the target 

response of the same form as the FSM results in (5.8) and (5.9). 

( ) ∗∗∗ ∆∆= RXTXRXRXTTTTXTXT GGMGMGMV // 2     (5.16)  

The gain changes in the TX and RX circuit, which occur after the time of the static 

calibration, appear as deviations in the magnitude and phase of the time-varying gain 

coefficients ∆G*
TX and ∆G*

RX in (5.16) from their initial values of ∆GTX_Cal and ∆GRX_Cal 

in (5.11) and (5.14). In order to compensate for these errors, we apply calibration to the 

result in (5.16) to yield the final result 
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In (5.17) the static calibration is applied by multiplying (5.16) by δSTATcal from (5.14), 

and the dynamic calibration is applied by adjusting the resultant magnitude and phase 

according to the changes in the ∆GTX and ∆GRX that occur after the time of the static 

calibration. According to FIGURE 5.7, these changes are calculated from the TX and RX 

monitoring data as (ITXmon/ITXmon_Cal) and (VRXmon/VRXmon_Cal), respectively.  

 

5.6 Step by step outline of the application of the full error-correction procedure 

 

STEP 1 – As a first step in system initialization, we perform the digital nulling procedure 

by taking three measurements at times t1’, t2’ and t3’, with the calibration coil TCal in 
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FIGURE 5.11, to obtain the calibration target response data derived in (5.11). At this 

point we neglect the long-term drift, and thus treat the ∆GTX(t’)  and ∆GRX(t’)  as the 

calibration constants ∆GTX_Cal and ∆GRX_Cal, respectively.  

At the same time, we measure ITX_Mon(t’)  and  VRX_Mon(t’)  as shown in FIGURE 5.7 to 

establish the reference state of the TX and RX circuits at the time of system initialization. 

By analogy to the ∆GTX(t’)  and ∆GRX(t’) , these data are considered to be free from the 

long-term drift, and therefore, also treated as the initialization constants described by 
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STEP 2 – As a second step in system initialization, we compute the response of the 

calibration target as shown in (5.12) and (5.13) to obtain  

CalRXCalTXRXTcalTcalTcalTXRXTXTcal GGGMGMMV __// 2 ∆∆=     (5.19) 

Then, using the result in (5.19) we compute the static calibration constant δSTATcal defined 

in (5.14), which indicates how much the system response deviates in magnitude and 

phase from the ideal FSM state at the time of initialization.  

 

STEP 3 – As a third step in system initialization, we reset the phase of the DACTX in 

FIGURE 5.7 to initialize the phase of the system according to 

STATcalTXCalTX DACDAC δ∠−∠=∠ _        (5.20) 

Since this change in phase will translate directly into the same change in the phase of ITX, 

we also reset the phase of the ITX_Mon_Cal calibration constant from (5.18) to 
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STATcalCalMonTXCalMonTX II δ∠−∠=∠ ____      (5.21) 

At this point, the system initialization has been completed. The remaining steps describe 

the digital nulling and the static and dynamic calibration that is applied to each 

subsequent measurement. 

 

STEP 4 – In this step we measure the target response. We take three consecutive 

measurements at times t1, t2 and t3 in the presence of the target of moment MT to obtain 

the set of data described in (5.15). In addition, we measure I*
TX_Mon and V*

RX_Mon at the 

same times t1, t2 and t3, to provide information on the amount of gain changes in the TX 

and RX since the time of system initialization. This information will be used for dynamic 

calibration in STEP 6.  

 

STEP 5 – In this step we apply the digital nulling procedure in (5.6) to the set of 

equations in (5.15) from STEP 4 to compute the target response in (5.16). At this point 

the short-term and the long-term drift of the system has been removed from the 

measurement data. 

 

STEP 6 – In this step the measured data from (5.16) in STEP 5 is corrected for the gain 

changes in the TX and RX circuits that occurred since the last static calibration. The 

amount of these gain changes is determined by comparing the I*
TX_Mon and V*

RX_Mon that 

were measured in STEP 4 with the ITX_Mon_Cal in (5.21) and the VRX_Mon_Cal in (5.18) that 
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were determined at the time of system initialization. Then, we correct for the gain errors 

by applying static and dynamic calibration as follows 
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As we have shown in (5.17), the final data in (5.22) is in fact free from the errors due to 

the changes in time-varying gain coefficients, as well as from the long-term and the 

short-term drift of the system due to the instability in the geometric null. At this point, the 

final result in (5.22) can be expressed in the same form as the FSM results in (5.9) and 

(5.10). 

RXRXTTTTXTXT MGMGMV // 2=      (5.23) 

The result in (5.23) indicates that the final data contains information not only about the 

target, i.e., about magnitude and phase of its moment MT (or its response), but also about 

its position relative to the antenna array, which is specified by the magnitude and phase 

of GTX/T and GT/RX.   

 

5.7 Example of the reduction of drift errors achieved by rotation and digital nulling 

 

In order to determine the effectiveness of rotation and digital nulling in reducing drift 

in the nulling circuit, we conducted an experiment where we made measurements 

continuously for 50 minutes the using vertical array in a target-free environment. Because 

of the small imperfections in the alignment of the array relative to the earth, discussed in 

Section 2.1.4, we were in fact measuring the residual response of the earth, which was 
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slightly larger than the input noise of the receiver. FIGURE 5.13 shows acquired data 

before and after application of the digital nulling procedure described in Section 5.4.1. 

These plots indicate that prior to application of rotation and digital nulling there was a 

substantial drift in the acquired data. This variation in data was the result of changes in 

the primary field coupling between the TX and RX antennas caused by the instability of 

the geometric null. Application of the rotation and digital nulling led to a significant 

reduction of drift from >400PPM to <0.5PPM, which demonstrates the effectiveness of 

our new measurement method of using a rotating array to overcome drift errors.  
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FIGURE 5.13. Example of the reduction of measurement errors due to temporal drift in 
the nulling circuit. 
 

5.8 Example of the reduction of gain errors achieved by dynamic calibration 

 

Because the duration of a geophysical survey often extends to many hours of continuous 

measurements, it is important to minimize long-term variations in gain of the system 

response to prevent deterioration of measurement accuracy. These variations are caused 

primarily by the changes in ambient temperature. We conducted a special test to 
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and digital nulling 

Data before rotation  
and digital nulling 

Data before rotation 
and digital nulling 

Data after rotation  
and digital nulling 
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determine the effectiveness of our dynamic calibration in removing errors due to these 

long-term variations in system response. We continuously measured the response of the 

target over a period of time of 105 minutes, between 9:00am and 10:45am, when the 

system was exposed to a gradual change in ambient temperature.  

For the target we used a multi-turn air-core coil. We used this coil untuned in order to 

make it less sensitive to the variations in ambient temperature. To ensure a strong target 

response, we fixed this coil close to the antenna array. For this test we still had to use 

digital nulling to remove the drift in the nulling circuit and to isolate the changes in the 

gain of the system response. In order to apply digital nulling with the stationary array we 

had to make measurements with and without the target being present. To avoid moving 

the target coil during the test, we added an on-off switch to close and open the coil 

circuit, which was equivalent to the target being present and absent.   

The test results shown in FIGURE 5.14 represent drift-free data, i.e., the acquired 

data after application of the digital nulling. These data represents the target response 

before and after application of the gain correction procedure discussed in Section 5.4.3. 

The plots in FIGURE 5.14 (a) and (b) show the progression of the error in the 

measurement of the target response due to the time-varying gain of the system. These 

plots show that over a 105-minute time interval, gain variations in the system response 

caused substantial changes in the target response, even though the temperature changed 

only 1ºC during this time. Using results shown in FIGURE 5.14 we estimated the 

percentage error in the measured target response after 105 minutes to be 5% and 80% for 

the RE and IM data before gain correction, and 0.5% and 2% for the RE and IM data 
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after gain correction. These figures illustrate the effectiveness and importance of dynamic 

calibration, especially when, the behavior of the gain variations is non-linear and 

unpredictable, as shown in FIGURE 5.14. 
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FIGURE 5.14. Example of the reduction of measurement errors due to variations in 
system gain. 
 

 

5.9 Sources of the remaining measurement error 

 

As we noted in Section 4.2.5 of CHAPTER 4, the actual dynamic range of our prototype 

system in a stationary condition, i.e., without rotation of the antenna array, was estimated 

to be 134dB. This number was computed based on the difference between the average 

voltage noise of the RX, which was measured to be ~200µVRMS, and the hypothetical 

maximum level of the RX signal with the RX antenna in max-coupling to the TX 

antenna, which was determined to be ~1000VRMS. Therefore, the lowest average 

magnitude of the measurement error for our system in a stationary condition was 

~200µVRMS or 0.2 PPM. 

Data before gain correction 

Data after gain correction 

Data before gain correction 
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Since our measurement algorithm required three independent data points, we needed 

to estimate the effect of such a mathematical manipulation on the mean and the variance 

of our measurement noise. In order to do that, we generated two independent random 

sequences of 3E+5 points ranging within ±1, with a uniform white noise distribution, to 

represent the RE and IM counterparts of our measurement noise. After applying our 

measurement algorithm to each sequence, we calculated the magnitudes of the resultant 

complex numbers and compared their statistics to those of the original sequences by 

computing the noise-increase factor defined by their ratio.  

We show the results of this analysis in TABLE 5.2. Thus, based on the initial noise 

level of ~200µVRMS, and noise-increase factor for the mean of the magnitude µMAG of 1.2, 

the average magnitude of measurement noise after data processing was expected to be 

~240µVRMS. Consequently, because of the 1.6dB increase in the average noise on one 

hand, and because of the doubling in magnitude of the target response (+6dB) on the 

other hand, the dynamic range of our system was expected to increase by 4.4dB to 

138.4dB, or 0.12PPM. 

TABLE 5.2. Effect of the digital nulling algorithm on the statistics of the random 
variables. 
 

    Original 
sequence 

Processed 
sequence 

Noise-
Increase 
factor 

Noise-
increase 
factor dB 

Number of points 
in random sequence 

3E+5 1E+5   

µRE, µIM 0 0   
VARRE, VARIM 0.33 0.50 1.5 3.5 
µMAG 0.764 0.907 1.2 1.6 
VARMAG 0.081 0.177 2.2 6.8 
MAGP-P 1.410 2.570 1.8 5.1 
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When we applied this three-point measurement procedure to the data acquired in a 

stationary condition without a target, it resulted in an average magnitude of the noise of 

546µVRMS and MAGP-P of 380µVRMS. On the other hand, when we applied the same 

digital nulling algorithm to the data acquired by doing actual rotation, the results 

indicated an average magnitude of the noise of ~1mVRMS and MAGP-P of 990µVRMS, as 

shown in FIGURE 5.15. These measured values were larger than our theoretical 

predictions, which may be due to the considerably smaller sample size in the 

measurement data set as compared to the simulation results in TABLE 5.2. 
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FIGURE 5.15. Effect of the digital nulling algorithm on the noise baseline.  
 
 

The most important observation in this case was that the actual rotation of the antenna 

array caused increases in the mean and variance of the measurement noise. We believe 

that this effect was due to several imperfections in our design. Based on the discussion in 

Section 5.1.1, the major imperfection in the case of a vertical array may have been a 

small tilting of the array relative to the earth’s surface, which resulted in the non-zero 
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response of the earth. One other shortcoming was that the weight of our beam was not 

well balanced, which might have caused some beam deformation during rotation, thereby 

leading to a disturbance in the geometric null. Another weakness was due to a lack of 

smoothness in the beam rotation, especially at the moments when the beam was stopped 

at the fixed rotation angles, which was done manually in this prototype. Finally, the 20-

second time interval required to take three measurements by manual rotation of the beam 

may not have always been short enough to ensure piecewise linearity of the drift, which 

we assumed for all our measurements.  

Considering all of the above, the dynamic range of our system was ultimately limited 

by the residual error caused by the beam rotation, which was consistent in all four 

measurement directions defined in Section 3.1.4 with TX oriented along the x and y axis. 

The magnitude of this error will be reduced for the test sites with soil resistivity of 

>100Ω, which is more common in practice. The dynamic range that we achieved with our 

system for conductive soils of ~50Ωm was reduced from 138.4dB to 126.4dB, since the 

actual noise level of 1mV exceeded the expected value of 240µV by approximately a 

factor of four. We include plots of the measurement noise baseline for all four directions 

in FIGURE 5.16. These plots show that the residual errors caused by rotation of the beam 

were consistent in all four directions.  

In view of our argument in section 4.2.5, we are confident of the potential capability 

of our system to reach a much higher dynamic range, approaching 200dB. We believe 

that by improving the design of our beam and by advancing to automated continuous 

rotation of the beam using computer-controlled stepper motors, it would be possible to 
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overcome all of the mentioned shortcomings of our present set up, and thus to realize the 

full potential of this measurement system.    
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    FIGURE 5.16. Measurement noise baseline in four directions. 
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CHAPTER 6 

MEASUREMENT RESULTS 

 

 

In this chapter we present the measurement results obtained with the rotating antenna 

array when used in a vertical orientation above the earth. We compare our experimental 

findings for the known test resonant coil (TRC) with the free space modeling (FSM) 

predictions to validate the overall system performance. We discuss the measured 

response of a small metal sheet and a small metal sphere. We analyze the outcomes of the 

tests of detecting other metal objects, such as, a long steel pipe and a UXO. We present 

our findings from the tests with selected targets using multidirectional measurements.  

The results shown in this chapter are the final data that were computed using the 

error-correction techniques explained in Section 5.3.1. Thus, each final data point was 

obtained from the three consecutive measurements taken first at the reference rotation 

position of the TX dipole, then at the rotation position 180º from the reference, and then 

back at the reference position. The proper order of processing measurements described in 

CHAPTER 5, is first to apply the digital-nulling algorithm to remove the primary field 

errors, and then to apply the static and dynamic calibration to the remaining secondary 

target response to remove the time-varying changes in the gain of the system. However, 

at the time of making measurements the error-correction procedure was still in the 

process of development and refinement. Therefore, the results introduced in this chapter 

were obtained by first applying the static and dynamic calibration to each one of the three 
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measurements, and then applying the digital-nulling algorithm. Because of the substantial 

reduction in the primary field due to the geometric and electronic nulling, the data were 

measured with an accuracy of 0.1%. On the other hand, the gain correction coefficients 

that were used in dynamic calibration were measured with accuracy of 0.005%. 

Therefore, in our case the reverse order in the data processing did not affect the accuracy 

of the final results.  

 

6.1 Response of the Test Resonant Coil (TRC) compared with FSM results 

 

In order to validate the proper behavior of our system, for our initial measurements 

we used a specially designed test resonant coil (TRC) discussed in Section 3.3 of 

CHAPTER 3 as a target. This way we were able to directly compare the measured 

response of the TRC with the response predicted by the FSM. These tests involved taking 

a series of measurements with the vertical array along the x-directed profile line as shown 

in FIGURE 6.1. Measurements with the TRC target were conducted in two measurement 

directions described in Section 3.2.4, which refer to the reference orientation of the TX 

dipole. Thus, we used two measurement directions for the TX dipole in x and in y.  

For a more thorough characterization of the system performance, we measured the 

target response for the TRC dipole in the three orthogonal orientations x, y and z. In all 

cases we used the same target location at x = 0.0m, y = 0.5m and z = -0.5m, as shown in 

FIGURE 6.1. The distance between the TX and RX was fixed at 0.5m for all of the tests. 
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The results are shown in FIGURES 6.2 – 6.4, where we plotted the magnitude and phase 

of the measured TRC response.  

 

FIGURE 6.1. Diagram of the set up for measuring the response of the TRC target. 

 

 

TX dipole in X, TRC dipole in X @ [0.0, 0.5, -0.5]

1.0E-01

1.0E+00

1.0E+01

1.0E+02

1.0E+03

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

profile X (m)

M
A

G
 P

P
M

FSM Data

TX dipole in X, TRC dipole in X @ [0.0, 0.5, -0.5]

-200

-150

-100

-50

0

50

100

150

200

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

profile X (m)

D
eg

re
es

FSM Data
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FIGURE 6.2. Measurement results (Data) and FSM prediction for the TRC dipole in x. 
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TX dipole in X, TRC dipole in Y @ [0.0, 0.5, -0.5]
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TX dipole in Y, TRC dipole in Y @ [0.0, 0.5, -0.5]
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FIGURE 6.3. Measurement results and FSM prediction for the TRC dipole in y. 
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FIGURE 6.4. Measurement results and FSM prediction for the TRC dipole in z. 



 153 

These experimental results show very good agreement between the measured and 

calculated response of the TRC target, in both the magnitude and the phase. This 

indicates that our measurement system is working properly and yielding correct data for 

the predicted target response. To examine the performance of the system further, we 

conducted additional tests with the TRC dipole at the same location, but oriented at an 

angle φ = 30º in the x-y plane, as shown in FIGURE 6.5. In this case, we carried out four-

directional measurements with the reference orientations of the TX dipole at φ = 0º, φ = 

90º, φ = 45º, and φ = -45º. The test results plotted in FIGURE 6.6 also show good 

agreement between the measured and predicted response of the TRC.  

 

 

 

FIGURE 6.5. Diagram of the set up for measuring the response of the TRC target using 
the four-directional measurement. 
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TRC dipole in Theta=90deg, Phi=30deg, @ [0.0, 0.5, -0.5]
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FIGURE 6.6. Four-directional measurement results and FSM prediction for the TRC 
dipole at φ = 30º. 
 
 
 
6.2 Response of a small conductive sheet compared with FSM results 

 

In order to test our system in a more practical sense, we conducted additional tests with 

several different types of targets. First, we selected a small metal sheet as one of the more 

realistic targets. We used EM1DSH to compute the response of a thin conductive sheet 

with σ*thickness = 10e+5 in order to validate our measurement results. Because of the 

negligible thickness of the sheet when compared with its area, this type of a two-

dimensional target has much in common with the geometry of a flat multi-turn coil, 

which can be represented by magnetic dipole, as we discussed in CHAPTER 3. 
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Therefore, we were also able to compare the measured response of a metal sheet with the 

TRC response predicted by FSM.  

We used one sheet target made of Aluminum and one of Steel, in order to determine 

whether the measurement data can be used to distinguish between ferrous and non-

ferrous conductors. We made both sheets 0.5m by 0.5m square, so that they would 

generate a strong enough response, and yet could be considered as small targets relative 

to the dimensions of our system. Similar to the tests with the TRC, we used two 

measurement directions for the TX dipole in x and in y to measure the response of the 

sheets.  

We judged it to be sufficient to use only one orientation of the sheet target, which was 

flat, parallel to the plane of the earth, by analogy to the TRC dipole pointing in the z-

direction. We used the location of the sheet target at x = 0.0m, y = 0.5m and z = -0.5m. 

The separation of the TX and RX antennas was fixed at 0.5m as for the tests with the 

TRC. A diagram of the set up for measuring the response of the sheet target is shown in 

FIGURE 6.7, and the measurement results are plotted in FIGURE 6.8.  

 

FIGURE 6.7. Diagram of the set up for measuring the response of a metal sheet. 

x 

y 

z 
TX 

RX 
0.5m 

-0.5m 



 156 

TX dipole in X, Sheet/TRC dipole in Z @ [0.0, 0.5, -0.5]
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TX dipole in Y, Sheet/TRC dipole in Z @ [0.0, 0.5, -0.5]
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FIGURE 6.8. Magnitude and phase measurement results for the Aluminum and Steel 
sheets compared with the EM1DSH simulations and with the response of the TRC 
calculated by FSM. The phase of the TRC response is modified by -90 deg. 
  

Measurement results show very good agreement with EM1DSH simulations. They 

also indicate that the strength of the response of the 0.5m by 0.5m square metal sheet is 

approximately equal to the strength of the response of the TRC predicted by FSM. In 

addition, when the calculated phase response of the TRC is shifted by -90º, as plotted in 

FIGURE 6.8, it agrees with the measured response of the metal sheet. This means that a 

conductive sheet appears as an inductive target, i.e., an untuned multi-turn coil with 

predominantly inductive impedance. Based on these observations we conclude that a 

small conductive sheet can be modeled by our FSM program as a multi-turn coil circuit 

with inductive impedance.  
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We plotted the real (RE) and the imaginary (IM) parts of the data from FIGURE 6.8 

in FIGURE 6.9. These plots show that the response of both the Aluminum and Steel 

sheets is almost purely real, which agrees with published data for the measured response 

of small conductive objects. However, the imaginary part of the sheet response is 

distinctly different for the Aluminum and the Steel conductors, which indicates that these 

measurement data can be used to distinguish between ferrous and non-ferrous metals. 
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FIGURE 6.9. In-phase and quadrature measurement results for the Aluminum and Steel 
sheets compared with the EM1DSH simulations and with the response of the TRC 
calculated by FSM. The phase of the TRC response is modified by -90 deg. 
 

We also conducted a test with the same metal sheets, T1 and T2, placed on the 

opposite sides of the profile line, as shown in FIGURE 6.10. In this way we measured the 

total response of both sheets using four-directional measurements with the reference 

orientations of the TX dipole at φ = 0º, φ = 90º, φ = 45º, and φ = -45º. The test results 
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plotted in FIGURE 6.11 show that each measurement direction yielded a unique set of 

profile data. We believe that these measurement results demonstrate the potential of the 

multidirectional measurement technique to be used not only for locating the individual 

targets, but also for distinguishing between multiple targets. To accomplish this, 

however, it will require the development of a scheme for multiple profiles and of an 

algorithm for the data interpretation.   

 

   

 

 
 
FIGURE 6.10. Diagram of the profile set up for measuring the response of the two 
conducting sheets using the four-directional measurement. 
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Al sheet @ [-0.5, 0.75, -0.5], Steel sheet @ [0.5, -0.5, -0.5]
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FIGURE 6.11. Four-directional measurement results for the two metal sheets separated 
by 1.6 m. 
 

 

6.3 Response of a small conductive permeable sphere compared with FSM results 

 

In addition to the conducting sheet, we selected a small conducting sphere as another test 

target. We chose to use a sphere because it is commonly viewed as a basic model for 

compactly shaped conductors, and therefore, is a good representative of 3D conductive 

targets. Because of the limited availability, we used only one spherical target, which was 

a solid sphere made of iron, 4cm in diameter. The set up for measuring the response of 

the sphere is shown in FIGURE 6.12. To ensure that the small sphere would produce a 

strong response, we placed it at the same height as the TX dipole. For this test we used 
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two measurement directions for the TX dipole in x and in y. The separation of the TX and 

RX antennas was fixed at 0.5m as for the previous tests with the TRC and the sheets. 

 

 

FIGURE 6.12. Diagram of the set up for measuring the response of a small iron sphere. 
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directed dipoles. The simulation results allowed us to determine the specific shape of the 

overall response of the sphere by adding the responses of the x-directed and y-directed 

TRC dipoles. When we compared these simulation data with the measured response of 

the sphere, we found that the magnitude of the measured response was smaller than 

magnitude of the calculated response by a factor of 0.00649, and the phase of the 

measured response differed from the phase of the calculated response by +130º. In 

FIGURE 6.13 we plotted the measured response of the sphere and the predicted response 

of the TRC dipoles with their moments scaled by a factor of 0.00649 in magnitude and 

shifted by +130º in phase. These plots show that FSM prediction based on modeling of a 

sphere by the three orthogonal magnetic dipoles with proper dipole moments agrees with  

our measurement results for the conductive permeable sphere.  
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FIGURE 6.13. Measurement results for the iron sphere compared with the response of 
the equivalent magnetic dipoles predicted by the FSM. 
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Regarding the actual induced dipole moment of a small sphere, it has been shown 

(Harrington, 1961) that fields scattered by a sphere in the presence of a uniform magnetic 

field H0 are equivalent to the fields produced by a magnetic dipole. Thus, the induced 

moment of a conductive sphere is equal to H0(-j2πkηR
3), and of a permeable sphere, with 

µr >> 1, is equal to H0(+j4πkηR3), where k = ω(εµ)1/2, η = (µ/ε)1/2 and R is the radius of a 

sphere. Hence, in free space the induced magnetic dipole of a sphere can be expressed as 

KlSPHERE = H0(-jωµ02πR
3) for a conductive sphere, and as KlSPHERE = H0(+jωµ04πR

3) for a 

permeable sphere. By analogy, the dipole moment of the TRC described in Section 3.1.3 

can be expressed as KlTRC = H0(-jωµ0)(ATRC
2NTRC

2/ZTRC), which results in the scaling 

factor  KlSPHERE / KlTRC equal to 0.00102 for a conductive sphere, and 0.00204 for a 

permeable sphere. This is less than the factor of 0.00649 by ~2π or π, respectively. This 

discrepancy may be explained by the fact that the sphere that we tested was conductive 

and permeable at the same time.  

The phase response of the iron sphere that we tested was measured to be -140º. We 

used this result to determine the apparent conductivity and apparent permeability of the 

sphere based on published data for the predicted response of a conductive permeable 

sphere, which are shown in FIGURE 6.14. From the in-phase and the quadrature data-

curves corresponding to relative permeability µ2 / µ1 = 1000, we determined that the phase 

response of a sphere with apparent permeability µ2 = 1000µ0, apparent conductivity σ2 

and radius R is equal to -140º provided that θ = (σ2µ2ω)1/2R ≈ 843. From this figure we 

calculated the apparent conductivity of the sphere to be 4.5e+6 S/m, which is very 

reasonable for the iron material.  
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FIGURE 6.14. In-phase (M) and negative out-of-phase (N) components of induced dipole 
moment, for a conductive permeable sphere in a uniform alternating magnetic field, 
plotted versus induction number θ, from Ward and Hohmann, 1991. 
 

 

6.4 Detection of a long conductive pipe compared with EM61-MK2 results 

 

One of the standard targets used to determine the sensitivity of commercial metal 

detectors is a section of the steel pipe of specific length and diameter. Thus, for example, 

the commercially made high-power and high-sensitivity EM61-MK2 Metal Detector was 

tested using a section of steel pipe that was 5m long and 2 inches in diameter. The test 

results showed that the EM61 detected the pipe at a maximum depth of 1.5m below the 

earth’s surface (Geonics, EM61-MK2).  In order to compare the sensitivity of our system 

to that of the EM61-MK2, we also measured the response of a section of steel pipe of the 

same dimensions, as shown in FIGURE 6.15.  
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FIGURE 6.15. Diagram of the set up for measuring the response of the steel pipe. 

 

As we have shown in CHAPTER 3, because of the low operating frequency and the 

near-field condition of our experiments, the earth medium was not significantly different 

from that of the free space. Therefore, rather than burying the pipe in the ground for our 

tests, we suspended it above the earth at a height h, as shown in FIGURE 6.15.  Then, the 

equivalent depth h´ of the pipe below the surface can be determined such that the product 

of the distance from the TX dipole to the pipe and the distance from the pipe to the RX 

dipole remains the same. If we denote the heights of the TX and RX dipoles above the 

earth surface by zTX and zRX, respectively, the relationship between h and h´ can be 

expressed as 

( )( )[ ] ( )( )[ ]33
RXTXRXTX zhzhzhzh +′+′=−−           (6.1) 

After equating the product terms in the brackets of (6.1) and solving for the roots of the 

resultant quadratic equation, the value for h´ can be obtained from  

45º 

5m 

TX 

RX 

h 

y x 

z 

0.5m 

h´ 
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( ) ( )( ) ( )




 +−+−++=′ RXTXRXTXRXTX zzzzhhzzh 22 45.0      (6.2) 

From (6.2) it follows that for the 0.5m separation between the TX and RX dipoles, 

and the 0.5m height of the RX dipole above the earth surface, as was used in our 

experiments, the 2.5m and 3.0m height of the pipe above the surface is equivalent, 

respectively, to the 1.0m and 1.5m depths of the pipe below the surface. As with most of 

the previous tests, we conducted the experiments with the steel pipe in two measurement 

directions with the TX dipole oriented in x and in y.  

Measurement results shown in FIGURE 6.16 indicate that at the 2.5m height of the 

pipe above the surface, which is equivalent to the 1.0m depth below the surface, the pipe 

response is very pronounced and the pipe is easily detected based on the behavior of the 

magnitude and phase data. When we raised the pipe to the 3.0m height, which 

corresponds to a depth of 1.5m below the surface, we found the magnitude of the 

measured response to be close to the system sensitivity threshold, which was limited by 

the magnitude of the background response of the earth discussed in CHAPTER 3. 

However, the pipe could still be detected based on the definite sign reversal in the phase 

data.  

From these results we conclude that if the RX dipole is lowered all the way to the 

surface (i.e., when zRX = 0.0m in (6.2)), our system will detect this particular target at a 

2.0m depth below the surface. This is 0.5m better than the 1.5m detection depth achieved 

by the EM61-MK2 Metal Detector. These results correspond to <1PPM level of the 

measurement noise or >120dB of dynamic range. As we discussed in Section 4.2.5, we 

believe that it is possible to increase the dynamic range of our system at least by 40dB 
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with minor improvements in our current design. In that case, the detection depth would 

increase from 2.0m to 4.4m. Moreover, we believe that the full potential of our design 

with dynamic range of up to 200dB can be realized when the sensitivity of our system is 

improved further by increasing the TX moment, which is currently much smaller than 

that of the EM61-MK2 Metal Detector. This means that our system can potentially be 

used to detect the steel pipe in FIGURE 6.15 at a depth as large as 9.0m, which is six 

times better than EM61-MK2. 
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TX dipole in Y, Steel Pipe at 45 deg in X-Y plane
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FIGURE 6.16. Measurement results for the steel pipe, 5 meters long and 2 inches in 
diameter. 
 
 

 

 



 167 

6.5 Measurements with the selected UXO 

 

One of the potential applications of the proposed measurement system is the detection, 

location and characterization of unexploded ordnance (UXO). For our experiments we 

selected two UXO targets, an 81mm Mortar and an 84mm Cannon Projectile MK31 

shown in FIGURE 6.17 as UXO 1 and UXO 2, respectively. These targets have 

approximately the same size, but are different in their geometrical shape. They have 

different weights: UXO 1 weighs 2.6kg and UXO 2 weighs 4.6kg, and different material 

 
 
FIGURE 6.17. Picture of the selected UXO targets. 

 

composition, UXO 1 contains both ferrous and non-ferrous material, whereas UXO 2 is 

made completely out of ferrous material. For our initial tests we measured the 

characteristic response of both UXO targets positioned in three orthogonal orientations, 

x, y and z. For these tests we placed the target at the same height as the TX dipole so that 

we could measure its characteristic response above the background response of the earth. 
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The response of each UXO was measured in two measurement directions with the TX 

dipole oriented in x and in y. A diagram of the set up for these tests is shown in FIGURE 

6.18.  

 

 
 
 
 
FIGURE 6.18. Diagram of the set up for measuring the characteristic response of the 
UXO targets. 
 

 

The measurement results plotted in FIGURES 6.19 - 6.21 definitely show the 

distinction between the ferrous conductor (UXO 2) and the mixture of ferrous and non-

ferrous conductors (UXO 1). The response of the UXO 1 target, which is made of both 

ferrous and non-ferrous conductors, has a predominantly real component, whereas the 

response of the UXO 2 target, which is made of only a ferrous conductor, has 

approximately equal real and imaginary components. This is consistent with the 

measured response of the iron sphere, which also exhibited the same relationship between 

the real and imaginary data.  
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TX dipole in X, UXO in X @ x=0.0m, y=0.75m z=0.5m
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TX dipole in Y, UXO in X @ x=0.0m, y=0.75m z=0.5m
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FIGURE 6.19. Measurement results for the UXO oriented in x. 

 
TX dipole in X, UXO in Y @ x=0.0m, y=0.75m z=0.5m
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TX dipole in Y, UXO in Y @ x=0.0m, y=0.75m z=0.5m
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FIGURE 6.20. Measurement results for the UXO oriented in y. 
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TX dipole in X, UXO in Z @ x=0.0m, y=0.75m z=0.5m
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TX dipole in Y, UXO in Z @ x=0.0m, y=0.75m z=0.5m
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FIGURE 6.21. Measurement results for the UXO oriented in z. 
 

In addition, the shape of the measured response of the UXO 2 for all three 

orientations of the UXO is very similar to the shape of the measured response of the iron 

sphere. This result is explained by the geometrical similarity of the targets in both cases. 

As illustrated in FIGURE 6.17, the UXO 1 is very asymmetric in the longitudinal 

direction. As a result, the measured response of the UXO 1 positioned along the profile 

line, i.e., in x direction shown in FIGURE 6.19, also indicates the asymmetry in the plot 

of imaginary data obtained for the TX dipole in y direction. 

Though we measured the characteristic response of the UXO using the vertical array, 

the set up in FIGURE 6.18 can also be considered for the same array in horizontal 

orientation with the earth surface defined by the x-z plane. In that case, the same UXO 

response would correspond to the target buried under the surface at the depth of 0.75m. 
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In order to determine the maximum depth of detection of the selected UXO, we 

conducted two more tests. In one test we oriented the UXO target in the y-direction and 

placed it at x = 0.0m, y = 0.5m, z = -0.45m, which corresponds to a depth of 0.45m below 

the RX dipole in FIGURE 6.18. The measurement results from this test, shown in 

FIGURE 6.22-a, indicate that in the vertical array configuration, our system can detect 

both UXO targets at a depth of 0.45m below the RX dipole. In the second test we 

oriented the UXO target in the z-direction and placed it at x = 0.0m, y = 1.25m, z = 0.5m 

in FIGURE 6.18. The measurement results from this test, shown in FIGURE 6.22-b, 

indicate that in the horizontal array configuration our system can detect both UXO targets 

at the depth of 1.25m below the RX dipole.  
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b) 

TX dipole in Y, UXO in Z @ x=0.0m, y=1.25m z=0.5m
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FIGURE 6.22. Maximum range for the UXO detection. 
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CHAPTER 7 

CONCLUSIONS 

 

 

7.1 High measurement sensitivity 

 

The major goal of our research was to demonstrate the potential for developing a 

measurement system with a dynamic range that is orders of magnitude higher than what 

is currently offered by state of the art technology in frequency-domain geophysical 

instrumentation. The following key elements in our design allowed us to achieve high 

measurement sensitivity. We utilized a high resolution, 24-bit DAC and a low noise 

power amplifier to generate the transmitter (TX) signal that was fed to a high-Q 

transmitter antenna. On the receiving end of the system we used a balanced high-Q 

receiver (RX) antenna with electrostatic shielding, a low noise instrumentation amplifier 

and a high resolution, 24-bit ADC. We used a combination of geometric and electronic 

nulling to achieve cancellation of the primary field at the receiver antenna by 67dB. As a 

result, we calculated the dynamic range of our prototype system to be 134dB for a 

transmitter moment of 0.45Am2 and an average receiver noise level of 200µV.  

In the course of our research we have learned that our current design has several 

limitations that can be overcome without much difficulty. Thus, we have learned that for 

a tuned RX coil, it is best to use a JFET-input amplifier which has a very low current 

noise, as opposed to the BJT-input amplifier that we used in our design. We also 
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discovered that the level of low-frequency computer noise varies between different 

brands and models of laptop computers. Therefore, it is best to use a laptop computer 

with the lowest level of low-frequency radiation. We believe that it is possible to achieve 

a greater level of stable geometric null and a greater level of electronic null, and thus to 

further improve the cancellation of the primary field at the RX antenna. At the same time, 

it is feasible to increase the TX moment from 0.45Am2 to 20Am2. A TX moment of 

20Am2 or more has been realized in a number of portable geophysical instruments, such 

as the Geonics EM61, or the Zonge nanoTEM cart. Therefore, in practice, with these 

additional modifications, the system dynamic range could be increased from 134dB to 

approximately 200dB, which shows the full potential of our design.  

 

7.2 Overcoming errors inherent with high-sensitivity measurement methods 

 

7.2.1 Reducing deformation of the beam 

 

In order to make a high-sensitivity system usable in practice, it is important to consider 

several sources of measurement error that are commonly encountered in actual physical 

environments. One significant source of measurement error is the lack of perfect 

mechanical stability of the beam, which is used to hold the TX and RX antennas in an 

orthogonal configuration with respect to each other. Due to the weight and length of the 

beam it is naturally subject to some bending and twisting because of mechanical stress. A 

very small amount of bending or twisting in the beam can cause enough change in the 
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alignment of the TX and RX antennas to substantially alter the geometric null, which 

appears in the measurement as large false anomalies. We were successful in solving this 

problem by mechanically isolating our antenna array from the main beam by fixing the 

TX and RX coils on a vertical structure that is separate from the main vertical beam and 

attached to it only at a single point. This modification of the beam greatly reduced the 

sensitivity of the geometric null to the rotation of the antenna array. In this case, the 

magnitude of the false anomaly caused by the deformation of the vertical beam was 

reduced from 70PPM in the original design to less than 1PPM in the isolated-beam 

design.    

 

7.2.2 Removing drift by using array rotation and digital nulling 

 

Another major source of measurement error is the drift of the measurement system. The 

problem of drift directly effects stability, consistency and accuracy of the measurement 

system. In our case, the drift in the system response is attributed to the temporal 

fluctuations in the geometric null, where the changes in the alignments of the TX and RX 

antennas are caused by the mechanical deformation and instability of the modified beam 

in response to the changes in ambient conditions. Because of the high level of the primary 

field, even a small deformation of the improved beam can lead to substantial temporal 

drift in the system response. We succeeded in overcoming this drift limitation by devising 

a new technique of taking measurements with a rotating array and performing digital 

nulling using the resultant digitized data. This technique has been very effective in 
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removing the errors associated with the drift in the system response occurring over 

periods of time of several hours (long-term drift), as well as over periods of time of a few 

seconds (short-term drift).  

Typically, the long-term drift is very large and non-linear, which makes it very 

difficult to correct the measurement data by prediction of drift error over a long period of 

time. The short-term drift, on the other hand, is much smaller and approximately linear. 

Therefore, the most significant advantage of this new measurement method is its 

effectiveness in removing the long-term drift. As a result of applying this innovative 

measurement technique of using a rotating array and digital nulling, we reduced the drift 

of our prototype system, that occurred over 50 minutes, from >400PPM to <0.5PPM. 

This is a significant improvement in temporal stability of the measurement system 

compared to the drift of >100PPM over the same period of time that was measured with a 

state-of-the-art instrument, the GEM-2 by Geophex. We believe that further modification 

and refinement of this new measurement procedure will make it possible to achieve a 

drift figure of less than 0.001PPM. 

 

7.2.3 Reducing gain variations in the system response 

 

Apart from the system drift, we also encountered variations in the gain of the system 

response caused by the instability of the TX and RX circuits, including antennas and 

amplifiers. We found that these variations are sensitive to small changes in ambient 

temperature, and can be substantial over a long period of time of several hours. Because 
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the duration of a geophysical survey often extends to many hours of continuous 

measurements, these long-term variations in gain of the system response lead to 

significant deterioration of measurement accuracy. Our method of using static and 

dynamic calibration proved to be very successful in preserving measurement accuracy 

over long periods of time of continuous operation. These calibration procedures are 

applied to the measurement data after the effects of the primary field have been removed 

by digital nulling. Therefore, the correction for the time-varying gain of the system 

response is applied only to the secondary field data, i.e., only to the response of the 

target.  

In practice, the absolute static calibration can not be applied repeatedly during the 

survey because it requires an anomaly-free environment. Therefore, a continuous 

monitoring of the system response is essential for proper correction of the data for the 

changes that occur in the time-varying gain of the system over a long period of time after 

the absolute static calibration. Our scheme of using the ARTTEST method (Sternberg 

and Dvorak, 2002) for monitoring changes in RX circuit and direct monitoring of the TX 

current proved to be very accurate in estimating the gain variation in the system response 

over long periods of time. Therefore, because of the accurate monitoring data, the 

dynamic calibration proved to be very efficient in removing the errors caused by the 

long-term gain-variations in the system response. As a result of applying the dynamic 

calibration over a 105-minute period of time, we reduced the percentage error in the RE 

and IM components of the measured target response from 5% and 80% to 0.5% and 2%, 

respectively. 
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7.2.4 Reducing background response of the earth 

 

Finally, the background response of the earth also has to be considered as a potential 

source of measurement error when using the high-sensitivity system in practice. For 

accurate measurement of the response of a target buried in the earth, there are two aspects 

related to the presence of the earth that have to be taken into account: the effect of the 

earth on the secondary response of the target due to current channeling, and the 

background response of the earth itself compared to the response of the target. Because 

we designed our prototype with closely spaced TX and RX antennas, and because we 

designed it for investigating targets that are much more conductive than the earth, the 

effect of galvanic current channeling on the target response was reduced to a negligible 

level. We addressed the remaining issue of the background response of the earth in two 

ways. We gained significant reduction in the background response of the earth by 

choosing to operate our system at a very low induction number, θ = (σµω)1/2r  << 1. 

Because of this condition, the secondary response of the earth is much smaller than the 

primary coupling between the TX and RX antennas. However, because of high sensitivity 

of a nulled array this reduction in background response of the earth was not sufficient. 

Therefore, in addition to the low induction number, we used a special geometry for the 

nulled array to further reduce the effect of the earth.  

We tested both vertical and a horizontal orientations of the array. We have learned 

that the earth’s response is significantly stronger for the horizontal array than it is for the 

vertical array. However, when using a horizontal array, additional cancellation of the 
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earth’s response can be achieved by making measurements at the rotation positions of the 

array that are symmetric relative to the earth’s surface. We have also found that for both 

array orientations, tilting of the array axis with respect to the earth’s surface changes the 

background response of the earth. Thus, the coupling of a vertical array to the earth is 

minimized when the array axis is made perfectly perpendicular to the earth immediately 

surrounding the array.  

In the case of a horizontal array, when the earth’s surface is tilted only in one 

direction along the axis of the array, a symmetric array rotation can be used to cancel the 

background response of the earth. In this case, the earth responses at both rotation 

positions will be the same because of rotation symmetry. However, the target response 

will be different. Therefore, by subtracting the two measurements taken at these rotation 

positions, the earth response is canceled out, while the target response is not. However, 

the earth tilt in the direction across the array axis, which is also encountered in practice, 

makes it more challenging to cancel the earth response by using array rotation. In that 

case it is more difficult to determine the proper rotation angles at which the earth 

response will be the same. 

 

7.3 Data interpretation algorithms 

 

We used the EM1DSH modeling program (Hoversten and Becker, 1995) for a more 

thorough investigation of the responses of targets buried in the earth. This program uses 

numerical integration to solve integral equations, which describe the physics of 
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conducting objects embedded in the earth. We used EM1DSH to obtain a quantitative 

estimate of the effect that the earth may have in practice on the response of a buried 

conductive target. As an example, we computed the response of a small conducting sheet 

buried under ground with EM1DSH for the specific measurement conditions that apply to 

our actual design. The simulation results indicated that at our operating frequency of 

8kHz the response of a small conductive sheet of 0.5m by 0.5m does not change 

significantly over a range of resistivity of the earth from 5Ωm to 500Ωm. Therefore, we 

conclude that in typical measurement conditions with soil resistivities between 30Ωm and 

100Ωm, the response of a highly conductive target can be approximated by free-space 

conditions. 

We developed the free space modeling (FSM) program to determine how this new 

array rotation technique can be used to measure the response of small conductive objects. 

In this program we modeled the target as a magnetic dipole that can have an arbitrary 

magnitude and phase of its dipole moment. From FSM simulations we learned that the 

measurement data obtained with this new measurement method is very diagnostic for the 

target location and characterization. The measurement results obtained for the specially 

designed test resonant coil (TRC) have shown very good agreement with the TRC 

response predicted by FSM.  
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7.4 Measurement results 

 

We have shown that for low induction number conditions, our FSM program can be used 

to model the response of a conductive sheet and a conductive sphere. A small conductive 

sheet can be modeled by FSM as a single magnetic dipole, whereas a small conductive 

sphere can be modeled as three coincident magnetic dipoles that are orthogonal to each 

other. In this case, the equivalent values of the magnetic dipole moments are estimated 

based on the size and material properties of the sheet and the sphere (West and Macnae, 

1991, Harrington, 1961).  

We compared the measured response of a 0.5m by 0.5m sheet made of ferrous and 

non-ferrous conductors with the EM1DSH calculation for a conductive sheet of the same 

size, and with FSM calculation for the TRC with a scaled dipole moment. The measured 

responses of both conductive sheets showed very good agreement with the EM1DSH 

predictions. All of these responses were predominantly in-phase with the TX current, and 

agreed in magnitude and shape of the response along the profile. We also obtained very 

good agreement between the measured response with the FSM calculation for the TRC 

dipole moment scaled by 1.088 in magnitude and offset by +90º in phase. This means 

that this particular conductive sheet can be modeled in FSM by a magnetic dipole (or a 

closed loop) target with a purely inductive impedance and approximately the same dipole 

moment as the TRC. The measured responses of the sheets also indicated that the 

quadrature data for the Aluminum sheet was opposite in sign to that of the Steel sheet, 
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which shows that ferrous and non-ferrous conductors can be distinguished based on these 

measurements.     

We measured the response of a conductive permeable sphere, 10cm in diameter. The 

measurement data indicated that the response of the sphere had a -140º phase. Based on 

the published calculations of the predicted response of the conducting permeable sphere 

in Ward and Hohmann, 1991, we estimated the apparent conductivity of this target to be 

4.5x106 S/m and the apparent permeability to be 1000µ0, which is very reasonable for 

iron material. We also compared the measured response of the sphere with a FSM 

prediction of the combined response of the TRC targets with scaled dipole moments used 

in three orthogonal orientations. We obtained very good agreement between the measured 

response and FSM prediction calculated for the TRC dipole moments scaled by 0.00649 

in magnitude and offset by +130º in phase. 

We also measured the response of two UXO targets: UXO 1 - an 81mm Mortar and 

UXO 2 - an 84mm Cannon Projectile MK31. These targets have approximately the same 

size, but are different in their geometrical shape. They have different weights: UXO 1 

weighs 2.6kg and UXO 2 weighs 4.6kg, and different material composition, UXO 1 

contains both ferrous and nonferrous conductors, whereas UXO 2 is made completely out 

of ferrous conductor. We have found that the magnitude responses of both UXO targets 

are very similar to the magnitude response of the sphere, which is explained by the 

similarity of the shapes. We found that the phase of the measured response of the UXO 2 

was -140º, which is the same as the phase of the measured response of the iron sphere. 

This is explained by the same ferrous conductor material composition of the sphere and 
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UXO 2. The phase of the measured response of UXO 1, on the other hand, was -100º, 

which is explained by the fact that UXO 1 is made of both ferrous and non-ferrous 

conductors. A summary of the measurement results (TABLE 7.1) shows the phase 

responses of the tested targets. 

 

TABLE 7.1. Measured phase response of the selected targets. 
 

 Non-ferrous 
(Aluminum) 

Ferrous 
 (Steel/Iron) 

Ferrous & 
Non-ferrous 

TRC ( ARG{ZTRC} = -2º ) -88º ---- ---- 
Sheet (0.5m by 0.5m) -1º +1º ---- 
Solid sphere (diameter = 0.1m) ---- -140º ---- 
81mm Mortar  
(ferrous & non-ferrous) 

---- ---- -100º 

84mm Cannon Projectile MK31 
(ferrous only) 

---- -140º ---- 

 
 

7.5 Standard pipe detection test 

 

We tested our prototype system with a section of steel pipe that was 5m long and 2 inches 

in diameter, which is the standard target used to determine the sensitivity of the modern 

commercial metal detectors such as Geonics EM61-MK2. The measurement results 

showed that our current system will detect this particular target at a 2.0m depth below the 

surface, which is 0.5m better than the 1.5m detection depth achieved by the EM61-MK2. 

We believe that it is possible to increase the dynamic range of our system at least by 

40dB with minor improvements in our current design. In that case, the detection depth 

would increase from 2.0m to 4.4m. Moreover, we believe that the full potential of our 
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design, with a dynamic range of up to 200dB, can be realized when the sensitivity of our 

system is improved further by increasing the TX moment, which is currently much 

smaller than that of the EM61-MK2. This means that potentially our system can be used 

to detect a 5m long section of the 2 inch diameter steel pipe at the depth as large as 9.0m, 

which is six times better than the EM61-MK2. 
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APPENDIX A 

DESCRIPTION OF THE LABVIEW PROGRAM DESIGNED FOR THE FSM  

 

 

The Free Space Modeling (FSM) program computes the response of a target dipole 

according to the setup shown in FIGURE A.1. The TX dipole is always positioned at the 

origin and can be oriented at any rotation angle φ in the xy plane. The RX dipole can be 

positioned at an arbitrary location in xyz, and oriented in an arbitrary direction defined by 

the xyz unit vector. The target dipole can also be positioned at an arbitrary location in 

xyz. However, the orientation of the target dipole is specified by angles θ and φ that 

range from 0 to 90 degrees. FSM program computes the response of a target versus the 

target’s position in x, y or z coordinates, or versus orientations of the target dipole. 

 

 

FIGURE A.1. Diagram of the setup used in FSM. 
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TX 
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The front panel of the main VI called ‘GetTargetProfile’ is shown in FIGURE A.2. 

The following are the user defined input parameters: The operating frequency in Hz. The 

TX moment defined by NTXITXATX, and the RX moment defined by -

ω0NRXARXQRXGRX_Amp, where the RX coil is assumed to be tuned. The RX location in xyz, 

and orientation of the RX dipole defined by the xyz unit vector. The target is modeled as 

a magnetic dipole in a form of a shorted loop, and is specified by the area A, the number 

of turns N, and the complex impedance Z0 of a multi-turn coil.  

 

FIGURE A.2. Picture of a front panel of the main VI called ‘GetTargetProfile’. 

 

The profile is defined by the choice of sweep parameter (position of the target dipole 

in x, y or z direction, or target dipole orientation angle in θ or φ). The range of the sweep 

parameter is also set by the user. To simulate the target response that will result from 

taking the difference between two measurements made at TX rotation angles that are 180 
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degrees apart, we doubled the TX moment. The FSM computes the primary fields and the 

secondary fields due to the target response. The simulation results are displayed as 

magnitude and phase of the RX output voltage that corresponds only to the target 

response. 

 The most important subVI used by the main VI is called ‘TX_to_Target_to_RX’ 

and is shown in FIGURE A.3. This VI performs the computation of the secondary fields 

produced at the location of the RX due to the target, which is excited by the TX primary 

field. The input parameters are the location and orientation of the TX, RX, and Target 

dipoles. The output parameters are the primary and secondary fields at each location and 

in the direction of the RX dipole, the resultant EMF voltage in VRMS, and the current 

induced in the target dipole.  

 

FIGURE A.3. Picture of the front panel of the subVI called ‘TX_to_Target_to_RX’. 

 

Additional subVIs are shown in FIGURE A.4. (a), (b) and (c). The subVI called 

‘XYZ_to_xyz’ transforms the initial geometry of the TX dipole and the target dipole 
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(their location and dipole orientation in the original XYZ coordinate system) to the new 

xyz coordinate system where the TX dipole is at the origin and in the +z direction.  The 

subVI called ‘H_field’ computes the H filed at the specified location in xyz, which is 

produced by the z-directed TX dipole at the origin. The subVI called ‘RX_out’ computes 

the dot product of the H field at the location of the RX with the unit vector of the RX 

dipole, and the resultant RX EMF voltage. The H field is assumed to be uniform over the 

area of the RX coil.      

a)    b)  

c)  

FIGURE A.4. Pictures of the front panels of additional subVIs. (a) subVI called 
‘XYZ_to_xyz’, (b) subVI called‘H_field’, (c) subVI called ‘RX_out’. 
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APPENDIX B 

EXAMPLES OF THE INPUT AND OUTPUT FILES 
USED BY THE EM1DSH PROGRAM 

 

 

 

The EM1DSH program (Hoversten and Becker, 1995) uses a two-layer earth model for 

computing the response of a buried sheet. The target sheet must be contained in the lower 

layer, which is assumed by the program to extend to infinity. The top layer can be made 

very thin and with the same properties (resistivity and relative dialectric constant) as the 

lower layer, to simulate a true half-space condition. The electrical property of the sheet is 

specified by the product of the material conductivity (sigma) and the sheet thickness. 

EM1DSH uses a convention of positive z-direction pointing downward, with the upper 

surface of the top layer corresponding to the xy-plane at z=0, and the space above the 

earth corresponding to z<0. The convention for the sheet orientation and location used in 

EM1DSH is shown in FIGURE B.1. The location of the sheet in the xy plane is defined 

by the x and y coordinates of the center of the indicated edge of a sheet, and is shown in 

FIGURE B.1 to be at x=0 and y=0. 

 
FIGURE B.1. EM1DSH convention for the orientation and location of a sheet. The 
indicated location of a sheet in the xy plane is defined by x=0m and y=0m.  

Strike Angle x 

y 

Dip Angle 

x 

y 

z 
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We include an example of the input file format used by EM1DSH to compute 

response of one conductive 0.5m by 0.5m sheet at a depth of 1.1m below the earth’s 

surface. The sheet is oriented in the xy plane, with the strike angle and the dip angle 

equal to zero. The location of the sheet in the xy plane is set to x=-0.25m and y=0m, 

which places the center of the sheet at x=-0.25m and y=0.25m, according to the 

EM1DSH convention shown in FIGURE B.1.  

The response of the sheet in this example is computed for the horizontal array, with 

the TX magnetic dipole in a vertical orientation, and the RX to TX separation of 0.5m in 

the direction of the profile, which is along the x-axis. EM1DSH assumes the TX dipole 

moment equal to one. Following is an example of the actual input file used by EM1DSH 

for this simulation.  

 

itype=0 for frequency domain, ispace=0 for 2-layer earth with sheets  
0 0  
number of frequencies  
1  
frequency array  
8000  
number of layers  
2  
layer resistivities  
50.000 50.000 
layer dialectric constants (eps_r) 
5.000 5.000   
layer thicknesses (m) 
1.00e-01 
compute field flags, hx,hy,hz,ex,ey,ez  
1 2 3 0 0 0  
tx-rx config mode =2 constant tx/rx separation   
2  
************************************************* 
tx length in x & y (m) - set to zero for dipoles 
0.000 0.000 
tx_rx separation in xyz (m) 
-0.500 0.000 0.000 
profile starting location vector in xy (m) 
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-5.000 -0.500 
number of rxs per profile, rx_incr, number of profiles 
5 1 1 
profile increment in y, flight hight 
0 0.500 
stype = 2 - magnetic dipole source (nia = 1), spol = 1 (in x_hat) 
2 3 
number of sheets, sheet gridding (uniform =1) 
1 1 
sheet sigma*thickness, strike angle, dip angle, depth to the top of the sheet, 
strike length, dip length 
100000 0.000 0.000 1.000 0.500 0.500 
sheet location (of the top-center) in xy (m), ncells in strike/dip directions 
-0.250 0.000 10.000 10.000 
tolerance used in dzhank digital filters, 1e-5 =~ 1 percent accuracy  
1.00e-10 
compute b =1, db/dt =0 
1 
 

 

Example of the output file format generated by EM1DSH. 

MODEL PARAMETERS 
  ================ 
 
  RESISTIVITY OF HOST ROCK= 0.500E+02 OHM-METER 
  NUMBER OF PROFILES (OR WELLS)=  1 
  PRINT OF AUXILIARY FIELDS: 
"       IWG1=0, IWG3=0, IWN1=0, IWN2=0, IWE=7, ICOM=0" 
  PRECISION PARAMETER IN INTEGRATION: ISIMP= 2 
 
  NO. 1 SHEET 
  ----------- 
  CONDUCTANCE OF THE SHEET= 1.000E+05 SIEMENS 
  DEPTH TO THE SHEET UPPER EDGE=   1.0 METERS 
  DIP ANGLE OF THE SHEET=  0.0 DEGREES 
  ANGLE BETWEEN STRIKE AND PROFILE=  0.0 DEGREES 
  THE CENTER OF THE UPPER EDGE OF THE SHEET IN PROFILE COORDINATE 
"       X1C=  -0.2 METERS, X2C=   0.0 METERS" 
  HORIZONTAL DIMENSION OF THE SHEET=   0.5 METERS 
  NUMBER OF CELLS IN HORIZONTAL DIRECTION= 10 
  DIMENSION OF CELLS IN HORIZONTAL DIRECTION (IN METER) 
  5.000E-02  5.000E-02  5.000E-02  5.000E-02  5.000E-02  5.000E-02  5.000E-02 
  5.000E-02  5.000E-02  5.000E-02 
  EXTENSION IN DIP DIRECTION=   0.5 METERS 
  NUMBER OF CELLS IN DIP DIRECTION= 10 
  DIMENSION OF CELLS IN DIP DIRECTION (IN METER)= 
  5.000E-02  5.000E-02  5.000E-02  5.000E-02  5.000E-02  5.000E-02  5.000E-02 
  5.000E-02  5.000E-02  5.000E-02 
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 Vertical Magnetic Dipole Source 
   
 Source Type Index: 1 
   
 Layer Space type:   0 
 Frequency Domain Only 
   
 TxRxConfiguration 
2 
Number of Frequencies  Number of Times  Number of Transmitters  B or db/dt 
                   1                   0                   5                   1 
 Number of Receivers per transmitter 
   1  1  1  1  1 
   
 

Secondary Fields from Sheets

Freq: 8000
(x-coordinate)(y-coordinate)(z-coordinate)SecondaryHx SecondaryHy SecondaryHz

Tx -5.25E+00 -5.00E-01 -5.00E-01 RE IM RE IM RE IM
RX -4.75E+00 -5.00E-01 -5.00E-01 1.43E-08 ####### 2.40E-09 ####### ####### #######
Tx -4.25E+00 -5.00E-01 -5.00E-01
RX -3.75E+00 -5.00E-01 -5.00E-01 4.94E-08 ####### 1.07E-08 ####### ####### #######
Tx -3.25E+00 -5.00E-01 -5.00E-01
RX -2.75E+00 -5.00E-01 -5.00E-01 1.71E-07 4.59E-10 5.21E-08 ####### ####### #######
Tx -2.25E+00 -5.00E-01 -5.00E-01
RX -1.75E+00 -5.00E-01 -5.00E-01 4.10E-08 9.16E-09 2.88E-08 2.56E-09 3.99E-08 #######
Tx -1.25E+00 -5.00E-01 -5.00E-01
RX -7.50E-01 -5.00E-01 -5.00E-01 ####### 1.50E-08 #######2.40E-09 ####### #######

Freq: 8000
(x-coordinate)(y-coordinate)(z-coordinate)SecondaryEx SecondaryEy SecondaryEz

Tx -5.25E+00 -5.00E-01 -5.00E-01 RE IM RE IM RE IM
RX -4.75E+00 -5.00E-01 -5.00E-01 ####### ####### ####### ####### 0.00E+00 #######
Tx -4.25E+00 -5.00E-01 -5.00E-01
RX -3.75E+00 -5.00E-01 -5.00E-01 ####### ####### ####### ####### 0.00E+00 #######
Tx -3.25E+00 -5.00E-01 -5.00E-01
RX -2.75E+00 -5.00E-01 -5.00E-01 ####### ####### ####### ####### 0.00E+00 #######
Tx -2.25E+00 -5.00E-01 -5.00E-01
RX -1.75E+00 -5.00E-01 -5.00E-01 ####### ####### ####### ####### 0.00E+00 ####### 
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Layered Fields

Freq: 8000
(x-coordinate)(y-coordinate)(z-coordinate)Layered Hx Layered Hy Layered Hz

Tx -5.25E+00 -5.00E-01 -5.00E-01 RE IM RE IM RE IM
RX -4.75E+00 -5.00E-01 -5.00E-01 1.16E-08 5.30E-06 0.00E+00 0.00E+00 ####### -2.18E-05

Freq: 8000
(x-coordinate)(y-coordinate)(z-coordinate)Layered Ex Layered Ey Layered Ez

Tx -5.25E+00 -5.00E-01 -5.00E-01 RE IM RE IM RE IM
RX -4.75E+00 -5.00E-01 -5.00E-01 ####### ####### 0.00E+000.00E+00 ####### 0.00E+00

Total Fields

Freq: 8000
(x-coordinate)(y-coordinate)(z-coordinate)Total Hx Total Hy Total Hz

Tx -5.25E+00 -5.00E-01 -5.00E-01 RE IM RE IM RE IM
RX -4.75E+00 -5.00E-01 -5.00E-01 2.59E-08 5.30E-06 2.40E-09 -1.39E-10 ####### -2.18E-05
Tx -4.25E+00 -5.00E-01 -5.00E-01
RX -3.75E+00 -5.00E-01 -5.00E-01 6.09E-08 5.30E-06 1.07E-08 -2.60E-10 ####### -2.18E-05
Tx -3.25E+00 -5.00E-01 -5.00E-01
RX -2.75E+00 -5.00E-01 -5.00E-01 1.83E-07 5.30E-06 5.21E-08 -2.10E-10 ####### -2.18E-05
Tx -2.25E+00 -5.00E-01 -5.00E-01
RX -1.75E+00 -5.00E-01 -5.00E-01 5.25E-08 5.31E-06 2.88E-08 2.56E-09 ####### -2.18E-05
Tx -1.25E+00 -5.00E-01 -5.00E-01
RX -7.50E-01 -5.00E-01 -5.00E-01 ####### 5.32E-06 #######2.40E-09 ####### -2.18E-05

Freq: 8000
(x-coordinate)(y-coordinate)(z-coordinate)Total Ex Total Ey Total Ez

Tx -5.25E+00 -5.00E-01 -5.00E-01 RE IM RE IM RE IM
RX -4.75E+00 -5.00E-01 -5.00E-01 ####### ####### 0.00E+000.00E+00 ####### 0.00E+00
Tx -4.25E+00 -5.00E-01 -5.00E-01
RX -3.75E+00 -5.00E-01 -5.00E-01 ####### ####### 0.00E+000.00E+00 ####### 0.00E+00
Tx -3.25E+00 -5.00E-01 -5.00E-01
RX -2.75E+00 -5.00E-01 -5.00E-01 ####### ####### 0.00E+000.00E+00 ####### 0.00E+00
Tx -2.25E+00 -5.00E-01 -5.00E-01
RX -1.75E+00 -5.00E-01 -5.00E-01 ####### ####### 0.00E+000.00E+00 ####### 0.00E+00
Tx -1.25E+00 -5.00E-01 -5.00E-01
RX -7.50E-01 -5.00E-01 -5.00E-01 ####### ####### 0.00E+000.00E+00 ####### 0.00E+00 

 
Free Space Primary Fields

(x-coordinate)(y-coordinate)(z-coordinate)Prim Hx Prim Hy Prim Hz Prim |H|
Tx -5.25E+00 ####### ####### RE RE RE
RX -4.75E+00 ####### ####### ####### ####### ####### 6.37E-01

Prim Ex Prim Ey Prim Ez Prim |E|
RE RE RE
####### ####### 0.00E+00 ####### 
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Procedure for running EM1DSH: 
 

• The ‘emcode’ folder/directory has to be present on the unix platform. 
 

• In this directory, there has to be created an input text file, as described above, with 
extension .lmod, e.g. sheet1.lmod. 

 
• Open the terminal/console and go to the ‘emcode’ directory. 

 
• At the prompt type ‘em1dsh’.  

 
• When asked for an input file name, type the full name of the text input file, 

including the file extension, e.g. sheet1.lmod. 
 

• EM1DSH will then compute the results for the test conditions described in the 
input file, and will generate an output file with the extension .out, e.g. sheet1.out, 
and save it in the same “emcode’ directory. 
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APPENDIX C 

DESCRIPTION OF THE LABVIEW PROGRAM  
DESIGNED FOR THE DATA ACQUISITION SYSTEM  

 

 

This Labview program is designed to control the data acquisition system that we have 

developed. The front panel of the main VI called ‘Nuller_LowF’ and the diagram of the 

subVI hierarchy are shown in FIGURE C.1. The main VI controls the two DACs that are 

used to generate the TX signal and the RX monitor signal, and the two ADCs that are 

used to digitize the measured RX signal and the TX current ITX monitor signal.  

The Nuller_LowF is designed to operate in one of the three measurement modes: to 

take a single measurement triggered by the user, to perform continuous data acquisition 

which is started and ended by the user, or to measure the target response which involves 

taking three consecutive measurements with the time interval defined by the user. Other 

input parameters defined by the user are: the operating frequency, magnitude and phase 

of the TX signal, the number of averages to be performed with acquired time-domain 

data, the resolution bandwidth for the FFT computation, profile position and the array 

rotation angle.  

The acquired data are displayed in two ways: as the FFT spectrum of the RX data or 

the ITX data, which are computed continuously from the start of the program, and as the 

measurement data which are acquired at a single operating frequency. From the FFT data 

we get an estimate of the RX random noise within a 40Hz bandwidth about the operating 
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frequency, which is also displayed for each measurement data. All measurement results 

are converted to units of VRMS and Degrees. 

 

 

 

FIGURE C.1. Picture of the front panel of the main VI used to control the system, and the 
diagram of the subVI hierarchy.  
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Following are the three major subVIs that we used in our main program. We used a 

custom made ASIO VI shown in FIGURE C.2., which was previously created by our 

colleague, Terry Leach, to interface LabView with the Layla digitizer. This VI has a 

preset clock rate of 65536Hz and a buffer size of 16384 points, which were used to run 

DACs and ADCs. This VI is used to initiate the digitizer at the start of the program, to 

program DACs for continuous outputs, to program ADCs for simultaneous acquisition, 

and to terminate the operation of the digitizer at the close of the program. 

 

 

FIGURE C.2. Picture of the front panel of the Asio subVI used to interface Labview with 
Layla digitizer. 
 

We built a subVI called ‘sys-Run’ shown in FIGURE C.3, to execute a complete 

procedure of taking a measurement, which involves passing the necessary information 

down to the ASIO subVI and retrieving and formatting the digitized measurement data 

from it. This subVI is automatically called by the main VI during continuous operation of 

the program. 
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 Finally, the ProfileData VI in FIGURE C.3 was designed to process data from the series 

of measurements of the target response. This VI is programmed to compute the target 

response for each set of three data points that correspond to the three consecutive 

measurements.  The remaining subVIs that we used in our program are very basic and 

self-explanatory. 

  

 

FIGURE C.3. Picture of the front panel of the sysRun VI (left) and ProfileData VI (right). 
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