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ABSTRACT 
The research described in this report was conducted in fulfillment of Project MM-

1719, “A Low Frequency Electromagnetic Sensor for Underwater Geo-Location,” 

submitted to the Strategic Environmental Research and Development Program’s 

(SERDP) Exploratory Development Program (SEED) in response to Statement of Need 

MMSEED-10-01, “Advanced Technologies for Detection, Discrimination, and 

Remediation of Military Munitions on Land and Underwater.” 

The main focus of this research was to explore and develop a new low frequency 

Electromagnetic Sensor modality for fast and accurate Geo-Location that would be based 

on the measured vector magnetic field, which would be sufficiently robust and efficient 

to be used in the real field for underwater UXO detection and discrimination systems 

tracking and positioning. In this project we concentrated on the fundamental 

mathematical, physical, computer simulation and potential practical implementations 

aspects of the proposed approaches. The report provides both the mathematical 

fundamentals and physical meanings of the proposed approach for underwater geo-

location. Namely we explore two techniques for underwater geo-location using low 

frequency magnetic field: a) the first technique was based on the vector magnetic field 

full tensor gradient estimations at a given point, b) the second uses the non-linear 

optimization algorithm based on the differential evolution (DE) approach. We studied the 

sensitivity of the vector magnetic field gradient estimations using the standard finite 

different approach. In addition we utilized the three dimensional EMI solver based on the 

method of auxiliary sources for estimating the noise due to a spherical and spheroidal 

UXO like targets. We studied the accuracy with which the system can estimate a 

transmitter’s location, their robustness with respect to noise, and their requirements with 

regard to data quality and quantity.  

We illustrated that both vector magnetic field full tensor gradient and DE 

techniques have the potential to provide centimeter-level underwater geo-location. 

However, when the primary magnetic field signals are contaminated with random noise 

due to underwater metallic targets, water conductivity/frequency changes, and transmitter 

size, the performance of the vector magnetic field full tensor gradient approach degrades 

significantly compared to that of the non-linear DE optimization technique. In addition, 

the number of receivers (Rx) required by the vector magnetic field tensor gradient 

technique and its sensitivity with respect to sensor separations prevented us from further 

considering this technique for UW geo-location, leaving the non-linear approach that uses 

only three vector Rx as our technique of choice for tracking the location of underwater 

interrogation sensors with centimeter-level accuracy. 

As part of this investigation we developed an experimental system to evaluate the 

effects of sensor noise/sensitivity on localization accuracy. The experimental setup 

comprises a large moment dipole transmitter, a current source, and a magnetic field 

gradient receiver array.  Highest quality gradient estimates were achieved with three 

vector magnetometers equally spaced and aligned with each axis (centered difference 

measurement).  The data were collected outdoor at Sky Research Hanover, Office. The 

new proposed approach was applied to these data and the transmitter coil’s locations 

were determined with reasonable accuracy.      
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1 INTRODUCTION 

1.1 Background and objectives 

The research described in this report was conducted in fulfillment of Project MM-1719, 

“A Low Frequency Electromagnetic Sensor for Underwater Geo-Location,” under the Strategic 

Environmental Research and Development Program’s (SERDP) Exploratory Development 

Program (SEED) in response to Statement of Need MMSEED-10-01, “Advanced Technologies 

for Detection, Discrimination, and Remediation of Military Munitions on Land and Underwater.” 

  Detecting and discriminating Unexploded Ordnance (UXO) in the underwater 

(UW) environment presents additional challenges relative to that in terrestrial environments.  In 

particular, UW sites contain large amounts of environmental clutter, debris, and obstacles, such 

as pilings, crab pots, anchors, coral, and trash [1]-[8].  The high conductivity of sea water 

severely limits the efficacy of geo-location systems that employ radio frequency (RF) 

transmission (e.g., global positioning systems [GPS]).  Optical location methods, such as laser 

triangulation, are also inhibited by attenuation in UW environments.  In terrestrial applications, 

electromagnetic induction (EMI) responses are recorded, and then processing techniques are 

applied to well-controlled magnetic and EMI data sets.  Subsequently, target parameters, such as 

the dipole polarizability tensor, time decay rate, and associated object size, shape and orientation 

are estimated to discriminate munitions from clutter or geology. Terrestrial UXO discrimination 

studies have demonstrated that poor transmitter/receiver sensor location accuracy (worse than 5-

10 centimeters [cm]) significantly reduces the ability to extract meaningful discrimination 

parameters from data. Usually underwater sites, because of the dynamic nature and unfavorable 

RF propagation characteristics, are more complex and challenging than terrestrial sites; therefore 

even with current technologies it is very difficult to obtain the desired centimeter-level position 

accuracy to support advanced discrimination processing techniques using magnetic and EM data. 

Moreover, positioning in the underwater environment relies heavily on our ability to accurately 

measure the geometry of a towed array or periodic GPS re-acquisition by unmanned underwater 

vehicles (UUVs) – both of which lead to the propagation of positional errors in survey data.  

Thus, to enhance UW munitions detection and reliable ordnance discrimination and to reduce 

remediation costs of UW UXO cleanup [5], new geo-location sensors with centimeter-level 

position accuracy and sufficient signal-to-noise ratio (SNR) are needed.     

 To achieve this goal, in this work we investigated a new UW Geo-location system’s 

performance in the UW environment. The new system utilizes measurements of a pulsed direct 

current (DC) magnetic field and its tensor gradients at a given spatial point (see Figure 1). The 

magnetic field is measured using tri-axial sensor configurations. The theoretical basis of the 

proposed approach is the magnetic field vector gradient and is founded on the magnetic field H,  

magnetic field vector A and scalar P potentials (HAP). The original proposed system consists of 

a magnetic dipole field transmitter, that is placed on the sea surface and geo-referenced with a 

GPS,  and a magnetic positioning system coupled to an underwater detection/interrogation 

system and geo-referenced with respect to the transmitter (Tx) coil. The magnetic positioning 

system has five tri-axial magnetic sensors that record the field generated from the magnetic 

dipole transmitter. The dipole transmitter produces a pulsed signal that the receivers record in the 
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positioning system continuously. The background field is subtracted by taking differences 

between the magnetic field measurements recorded during “on” and “off” times the.  This 

technique enables measurement of the vector field and tensor gradient generated by the 

transmitter at a given point, and in return it allows precise calculation of the detection system 

position relative to the transmitter.   

 

 

Figure 1. Schematic diagram of the proposed system. Both the magnetic positioning and transmitter 

systems will be towed on a boat. The magnetic positioning system will track the detection system’s 

location relative to the geo-referenced transmitter. 

  

 The primary objective of this project was to investigate the proposed new system’s 

performance in the UW environment using computational tools and to build and conduct 

measurements in controlled environments. Specifically, the objectives were to:  

 

 Systematically investigate what configuration of an active DC magnetic field transmitter 

offers the optimal compromise between size, shape and practical implementation for the 

maximum transmitter range in UW environments for locating  the transmitter with 

centimeter-level accuracy.  

 Optimize and design tri-axial receiver sensors configurations to accurately approximate 

the tensor gradient of an actively transmitted DC magnetic field from the spatial 

differences between the receivers.  The transmitted magnetic field and its gradient at the 

receiver locations will provide sufficient data for locating and tracking underwater UXO 

sensors with respect to the surface GPS system.  

 Systematically investigate how noise, such as the air-water interface, will influence the 

proposed system performance and establish the transmitter’s location precision and 

accuracy baseline under the commonly encountered noise levels. All basic UW EMI 

phenomena were investigated using the three dimensional EMI solver called the method 

of auxiliary sources (MAS).   
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 The MAS is a numerical technique, originally designed for solving various 

electromagnetic radiation and scattering problems. MAS is a robust, easy to implement, and 

accurate method for studying a wide range of electromagnetic problems, such as the 

investigation of waveguide structures, antennas, scattering, electromagnetic wave propagation in 

complex media, etc. MAS has also been used successfully for the analysis of low frequency 

electromagnetic induction scattering phenomena [9]-[11 ]. Boundary value problems are solved 

numerically by representing the electromagnetic fields in each domain of the structure under 

investigation by a finite linear combination of analytical solutions of the relevant field equations 

corresponding to sources situated at some distance away from the boundaries of each domain. 

The "auxiliary sources" producing these analytical solutions are chosen to be elementary 

currents/charges located on fictitious auxiliary surface(s), usually conforming to the actual 

surface(s) of the structure. The method only requires points on the auxiliary and actual surfaces, 

without resorting to the detailed mesh structures as required by other methods (finite element 

method (FEM), boundary element method (BEM) etc). 

1.2 Report structure 

Chapter 2 outlines the theoretical bases of the technique for estimating the location of an 

underwater detection/interrogation system, coupled with a magnetic positioning system. This 

approach utilizes the vector magnetic field full tensor gradient. The tensor gradient is estimated 

using the measured vector magnetic field at least five or seven positions. As we shall see, the 

algorithm provides fast and accurate estimates of the UW system’s location at least at fifteen 

meter (m) depths using low frequency, less than 100 Hertz (Hz) magnetic field. We also 

introduced an equivalent but more noise tolerant approach that uses a standard location 

estimation algorithm with the measured magnetic field at three locations. We also provide a brief 

description of the MAS technique for UW environments, which is used here for estimating the 

noise due to air/water interface and UXO-like metallic targets.   

Chapter 3 illustrates numerical results, namely EMI signal sensitivity with respect to the 

frequency, and demonstration of transmitter size and observation distances. We show the 

comparisons between the analytical and finite difference derivatives. We systematically 

investigated noise due to permeable UW targets, the air-water interface and surface roughness, 

and those results are described. We explored two techniques for underwater geo-location using a 

low frequency magnetic field: a) first technique was based on the vector magnetic field full 

tensor gradient estimations at a given point, b) the second uses the non-linear optimization 

algorithm based on the differential evolution (DE) approach. We studied the accuracy with 

which the approach can estimate a transmitter’s location, their robustness with respect to noise, 

and their requirements with regard to data quality and quantity. We ultimately wanted to 

determine which of vector magnetic field receiver sensors configurations would be practical and 

reliable for use in real underwater Geo-location for improving UXO detection and discrimination 

in conducting environment. We assessed the ability of each technique to predict the location of 

an underwater interrogation system by comparing estimated results to the ground truth. The 

studies were done for different water conductivities, Tx geometry, operating frequencies and 

additive random noises. We found that for realistic water conductivities, the frequency should be 

less than 100 Hz. This is due to the EM absorption in a conducting medium. In addition, our 
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studies showed that as the medium’s conductivity increases the proposed system’s performance 

degrades. This problem could overcome by lowering the frequency.  

We illustrated that both the vector magnetic field full tensor gradient and DE techniques 

have the potential to provide centimeter-level underwater geo-location. However, when the 

primary magnetic field signals are contaminated with random noise that due to underwater 

metallic targets, water conductivity/frequency changes, and transmitter size, the performance of 

the vector magnetic field full tensor gradient approach degrades significantly compared to that of 

the non-linear DE optimization technique. In addition, the number of Rx required by the vector 

magnetic field tensor gradient technique and its sensitivity with respect to sensor separations 

prevented us from further considering this technique for UW geo-location, leaving the non-linear 

approach, that uses only three vector Rx, as our technique of choice for tracking the location of 

underwater interrogation sensors with centimeter-level accuracy.The DE tolerance to noise 

makes this approach our definitive candidate for UW geo-location.   

 

 Chapter 4 describes the experimental setup that we developed to evaluate the effects of 

sensor noise/sensitivity on localization accuracy. The experimental setup comprises a large 

moment dipole transmitter, a current source, and a magnetic field gradient receiver array.  

Highest quality gradient estimates are achieved with three vector magnetometers equally spaced 

and aligned with each axis (centered difference measurement).  A minimum of 5 vector field 

measurements is required to estimate the complete magnetic field gradient tensor (centered 

difference along two orthogonal axes).  The transmitter current source produces a 50% duty 

cycle waveform at frequencies ranging from sub-Hertz to several kHz.  We determined the 

source field value at each receiver location by examining the difference in overall field strength 

during the on-time and off-time periods.  This time difference method eliminates much of the 

background signal and reduces the effects of nearby ferrous objects or other noise sources. 

Available hardware limited our receiver array to a 10 Hz sample rate, which required a 

transmitter frequency below 1 Hz.  It is expected that a prototype system would incorporate high 

bandwidth magnetometers capable of sampling the source field at 1 kHz or more.  Higher 

bandwidth sensors would enable greater transmitter frequencies and shorter sample times to 

produce each localization measurement.  It is anticipated that localization values could be 

produced at 5-10 Hz with high bandwidth receivers. 

Finally, Chapter 5 summarizes the results and suggests future research directions. 
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2  THEORETICAL BASIS FOR GEO-LOCATING UW 

INTERROGATION SYSTEMS USING A LOW FREQUENCY 

MAGNETIC FIELD 

 

2.1  Theory introduction  

Subsurface marine sensor positioning is generally conducted using: (1) GPS positioning 

and geometric translation; (2) inertial navigation; (3) dead reckoning; (4) acoustic navigation; or 

a combination of them.  Each approach defines a relative position that must be integrated with 

GPS to establish absolute location.  GPS and simple geometric translation is often used for towed 

systems and incurs errors that increase with offset between the GPS and sensor locations.  Dead 

reckoning is accomplished by measuring heading using a heading sensor (flux gate or fiber-optic 

gyro) and speed through the water using a water speed sensor like a Doppler velocity log (DVL) 

instrument.  The positional accuracy degrades depending on the method employed.  Long-

baseline (LBL) acoustic methods create an accurate local reference frame for positioning but 

suffer from acoustic multi-path and attenuation in shallow or cluttered environments. Because of 

the dynamic nature of the highly variable UW environment, it is desirable to develop more 

accurate and reliable sensor positioning that will enable real-time processing and enhance 

classification approaches  [1]-[9]. 

To achieve this goal, under this project we investigated a new UW Geo-location system. 

The system utilizes measurements of a pulsed DC vector  magnetic field and its tensor gradients 

at a given spatial point. The magnetic field is measured using tri-axial sensor configurations. The 

theoretical basis of the proposed approach is founded on the further extension of the HAP 

method, developed under the SERDP-SEED MM-1592 project. The system contains a magnetic 

dipole field transmitter placed on the sea surface and geo-referenced with a GPS; and a magnetic 

positioning system coupled to an underwater detection/interrogation system. The magnetic 

positioning system has five tri-axial magnetic sensors that record the field generated from the 

magnetic dipole transmitter. The dipole transmitter produces a pulsed signal that the receivers in 

the positioning system  records continuously.  By taking differences between the magnetic field 

measurements recorded during “on” and “off” times, the system isolates a DC signal from the 

transmitter (i.e., by subtracting the background field).  This approach enables  measurement of 

the vector field and tensor gradient generated by the transmitter at a given point, allowing precise 

calculation of the detection system position relative to the transmitter. In addition we employed 

the non-linear optimization algorithm based on the DE approach to determine geo-location in 

non-dipole field region.  

In this chapter, a brief description of the mathematical bases is presented  for determining 

the underwater interrogation system’s location, and the MAS is described for the UW 

environment. The sensor tracking algorithm assumes that the transmitter is a magnetic dipolar 

source; it requires the  measured magnetic field vector H at seven locations.  After reviewing the 
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theoretical basis of the proposed closed for solution using the magnetic field vector gradient 

tensor approach, then mathematical expressions are given for a direct search approach.   

2.2  A closed form solution for estimating a magnetic dipole location using a low 

frequency magnetic field 

 Recently, several methods for magnetic dipole localization have been proposed [13]. For 

example, Mcfee et al. [16] proposed to measure the magnetic field in a two-dimensional grid and 

perform a nonlinear least-squares fit to the data. Hashi et al. [22] localized an LC magnetic 

marker with a resonant frequency of 175 kHz. They measured the magnetic field distribution by 

a pickup coil array that consists of 25 coils placed at interval of 45 millimeters (mm) and 

determined the dipole parameters by the Gauss–Newton method. Yabukami et al. [18] measured 

the magnetic field by two three-axial fluxgate sensors and used the Powell method for estimating 

the position and the orientation of a magnetic dipole. They also localized two markers 

simultaneously using four sensors. Figure 2 presents the geometry of the dipole localization 

problem. 
 

Figure 2. Geometry of the problem. A magnetic dipole located at rd. 

 

Suppose that a magnetic dipole is placed at rd position and has m magnetic dipole 

moment. Let r be position where a magnetic vector field sensor is placed. Then the magnetic 

field H and the scalar and vector potentials  and A at r point are:  

 

 

 
2

3 2

3 ( )
1 ( )

4

jkRe
jkR k

R R

R R m
H m R R m ,   (2.1) 

 

 

rd 

R=r-rd 

r 

m 

z 

y o 

x 

  



MM-1719 Final Report 

 
A Low-Frequency Electromagnetic  7 April 2011 

Sensor for Underwater Geo-location  

  

 

 
3

( )
1

4

jkRjkR e
R

R m
, (2.2) 

 

 
3

( )
1

4

jkR

o jkR e
R

m R
A , (2.3) 

 

where k is the wave number in the surrounding medium, R = r – rd , and the vectors r and rd are 

the observation point and the location of the transmitter, which we assume to be a dipole 

(Stratton, 1941, Chapter 8) (see Figure 2). From (2.1) note that, in the electromagnetic wave 

regime, the magnetic field due to a magnetic dipole has terms that decay as R
–1

, R
–2

, and R
–3

. The 

range kR >> 1 is referred to as the far zone, and fields in this range are referred to as being in the 

far field. Similarly, fields in the near zone (with kR << 1) are referred to as being in the near field, 

while the zone 1kR  is called the intermediate zone. This research is focused on the low 

frequency < 10 kHz EMI positioning system. Typically, UW interrogation sensor system 

location is conducted in the near and intermediate zones. Additionally, in the EMI regime, 

displacement currents are considered irrelevant, which means that the contribution of the k
2
 term 

in (2.1) can be set to be zero. Under these assumptions we can take the dot product of (2.1) and 

R and use (2.2) to show that: 
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where ( , ) 1 / 4jkRG R k jkR e . 

 

 Similarly, we can take the cross product of (2.1)and R and use  (2.3) to obtain: 
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Now, taking the cross product of H and  (2.5) gives:  
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and from this we can solve for R: 

 

 
2

2  /
 

oH H A
R

H
.  (2.7) 

 

Thus if we assume that the source is a single dipole we can express its location vector R 

in terms of only three global values. Moreover, this expression is independent of the frequency, 

which means that (2.7) is valid for both free space and conducting media such as water as long as 

the magneto quasi static (MQS) assumption holds; i.e., as long as we can neglect displacement 

currents. Note that R is determined as a ratio between the three global values. This makes the 

expression in (2.7) partially tolerant to noise due to scaling arguments, since A and   depend on 

the H field (cf. (2.4) and (2.5)).  

2.3 A closed-form expression for magnetic dipole localization by measurement of its 

magnetic field  

The analytic expression (2.7) derived in the previous section requires the magnetic field 

vector H, the vector potential A, and the scalar magnetic potential  at a single location in space; 

the method uses seven global values to estimate the object’s location, which, as we can see 

from(2.7), consists of only three unknown parameters. We now present a reduced HAP 

formulation that uses only the magnetic field and the scalar potential, thus decreasing the number 

of required global values and reducing computational requirements. Recalling that R = r – rd, 

where r and rd are respectively the observation point and the dipole location in the global 

coordinate system (seeFigure 2), we can write (2.4) as: 
 

 ( ) 2dH r r  (2.8) 

 

or  

 2dH r H r . (2.9) 

 

After taking the gradient of equation (2.9) with respect to the x-, y-, and z-coordinates, we have: 
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Thus, in order to determine the transmitter’s location we need only the magnetic field H and its 

gradient at a given point in space.  

2.4 Estimating the magnetic field’s tensor gradient  

2.4.1 Seven vector receivers approach  

  The closed form approach (2.10) requires the gradient of the vector magnetic field along 

all three x, y and z directions.  The current state of the art sensors, such as the MetalMapper and 

Man Portable Vector Time Domain (MPV-TD) system, have the ability to accurately measure 

the vector components of the magnetic field simultaneously at several points on a planar surface. 

This capability allows us to estimate gradient fields along all three directions using the central 

point finite different approach along two x and y directions. The existing receiver placement 

configuration can be extended along third direction by adding two receivers along the z-axis as 

well. This extension provides the ability to estimate tensor gradients along all three coordinate 

axes, and, therefore, to estimate the transmitter’s location analytically. The full magnetic field 

gradient is estimated using the finite difference approach (see Figure 3), as:  
 

2 1

2

H H Ho

x dx
 

4 3

2

H H Ho
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 Figure 3. Schematic diagram for estimating the full magnetic field gradient tensor using the finite different 

approach and the seven vector receivers.  
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Note that the proposed receiver configuration could also be used for locating objects of interest 

during the transmitter off time.  

2.4.2 Five vector receivers approach  

 In the quasi-magneto static regime we assume that the magnetic field is irrotational, thus:  

0 

=0

H

H                                   (2.11)                              

 

From here follows:  

 

x z

y z

yz x

H H
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z x
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    (2.12) 

 

 

 

 

 

Figure 4. Schematic diagram for estimating the full magnetic field gradient tensor using the finite different approach 

and the five vector receivers.  
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From(2.12), follows that under the magneto quasi static assumption, the magnetic fields 

derivatives with respect to the z coordinate can be expressed using derivatives with respect to x 

and y coordinates at five point (see Figure 4) . Under this assumption, the number of receivers is 

reduced from seven to five and they are placed them in a in the same plane.    

2.5  Estimating Tx location using nonlinear optimization techniques   

The previously mentioned approach for determining an underwater detection system’s 

location is based on the assumption that the Tx behaves like a magnetic dipole. However, when 

the receivers are close (~ less then three times of characteristic length) to the transmitter, the 

assumption breaks down. In order to overcome this and to measure geo-location precisely, a non-

linear optimization approach is needed. The primary magnetic field produced by the Tx coil 

depends nonlinearly on the Tx location and orientation, and therefore determining a buried 

object’s orientation and location is a non-linear problem. Inverse-scattering approaches are 

carried out by determining an objective function [25]–[27] as a goodness of fit measure between 

the primary H
pr

 and measured d
m

 magnetic field data: 
 

 
2

minimize ( ) ( )v d H v
m pr .             (2.13)  

 

where v is location and orientation of the Tx coil.  

2.5.1 A gradient search technique  

 One of the most popular approaches for solving inverse problems is the gradient method 

[25]–[27]. The gradient method requires the system’s Jacobian, which contains gradients of the 

scattered field relative to the unknown parameters of interest. Since we have an analytical 

expression for the primary magnetic field, this allows us to calculate these gradients analytically 

without any complications.  Let us assume that v is a set of Tx parameters (orientation and 

location which must be determined from a set of measured data {d
m
}.  A convenient way to view 

the problem is to define a forward map as one that associates a given v with an initial vo value. 

Here it is understood that the evaluation of predicted data in the first step is through the initial vo 

value. A least-squares formulation of this problem identifies a minimum of the error function, by 

solution of the equation: 
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1
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    (2.14) 

where 1v
J

 is a Jacobian matrix based on {v -1},  is the iteration number, 
{ v }

 is a vector 

of incremental steps in unknown parameter values, to be determined from (2.14); and the 

primary  magnetic field values 1{ {v }}H
pr

are predicted based on 1{v }
. Using iterative 

procedures, the 
{v }

 parameters are updated as: 
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 1v v v .                       (2.15)   

2.5.2 A global optimization technique 

 In many cases the standard gradient search approaches suffer with a local minima 

problem and sometimes lead to inverting incorrect location and orientation. To avoid this 

problem, recently a different class of global optimization search algorithms has been developed. 

One such technique is the DE method [ 28]-[29]. DE is a heuristic, parallel, direct-search method 

for minimizing nonlinear functions of continuous variables. It is very easy to implement and has 

good convergence properties. We used the DE algorithm with the primary magnetic field to 

determine the underwater detection systems geo-location by minimizing an objective function 

(2.13). The algorithm iterates minimize the objective function (the difference between measured 

and model data).   

2.6  The Method of Auxiliary Sources for assessing EMI noise due to the marine 

environment  

 The main objective of the work described in this section is to assess the noise level due to 

the marine environment in underwater geo-location. Marine environments tend to exhibit several 

electrically different layers because of salt intrusions, haline fronts in shallow areas like river 

estuaries, and bottom layers. Salt intrusions and fingers as well as haline fronts are typical of the 

coastal ocean and result in high salinity gradients. The EMI field thus behaves in a marine 

environment much as it does in a layered medium. Strong vertical salinity gradients produce EM 

noise i.e. the false-alarm ratio, and reduce the effectiveness of the geo-location system. The 

investigation is undertaken in frequency regime using the MAS with a surface impedance 

boundary condition. The studies are carried out using square loop Tx loop. Namely, we studied 

how air water interface affects on the proposed geo-location system performance, and how the 

underwater UXO like metallic targets will change the primary magnetic field, the surface 

roughness effects are also considered and analyzed.   

The Method of Auxiliary Sources (MAS) is a numerical technique originally designed for 

solving various electromagnetic radiation and scattering problems. The MAS is robust, easy to 

implement, and accurate, and has been used to investigate waveguide structures, antennas, 

scattering, electromagnetic wave propagation in complex media, etc. It has also been employed 

successfully in the analysis of low-frequency electromagnetic induction scattering phenomena  

[9],[10]. In the MAS, boundary value problems are solved numerically by representing the 

electromagnetic fields in each domain of the structure under investigation by a finite linear 

combination of analytical solutions of the relevant field equations, corresponding to sources 

situated at some distance away from the boundaries of each domain. The “auxiliary sources” 

producing these analytical solutions are chosen to be elementary dipoles/charges located on 

fictitious auxiliary surface(s) that usually conform to the actual surface(s) of the structure. In 

practice, at least as the method is realized here, we only require points on the auxiliary and actual 

surfaces; thus we do not need to the detailed mesh structures required by other methods. Figure 5 

illustrates the MAS as applied to the UW environment. 
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Figure 5. The MAS applied to underwater detection problem. For every boundary between the domains 

with different physical properties (air-water interface, object surface) a set of auxiliary surfaces is defined 

which are conformal to the corresponding boundary. EM fields in air are created by the external EM field 

source and the auxiliary sources located at the surface . The fields inside water are described as the 

superposition of fields created by sources located at  and . Finally, the fields inside the 

object are represented by the auxiliary sources on . 

Therefore, for every physical boundary in the problem of interest there are two layers of 

auxiliary sources: the inner layer of sources, which describes the EM fields outside of this 

boundary, and the outer layer that describes the fields in the space confined by this boundary. 

Therefore, at any location  in space the electric and magnetic fields can be represented as a 

superposition of fields created by the independent EM field sources and auxiliary sources: 
 

 

, |source n E n n

n

AE r E r G r r τ

      (2.16) 

  

, |source n H n n

n

AH r H r G r r τ

      (2.17)

 

 

where , |E n nG r r τ  and  are the electric and magnetic fields, respectively, created 

by a unit auxiliary source located at  and oriented along the surface tangent , while  are 

the unknown amplitudes of the auxiliary sources. The summation is performed over all auxiliary 

sources which are external to the current domain. The only constraint placed on the fields is to 

satisfy the boundary conditions for Maxwell’s equations: 
  

                                                                      (2.18)   
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which can be evaluated at a finite number of collocation points across the object boundaries, 

leading to a system of linear equations binding together the amplitudes of the auxiliary sources 

. The scattering problem is solved once these amplitudes are found, since any other EM 

parameter of interest can be derived through the EM fields expressed using Eqs (2.16) and (2.17)

. This scheme also provides an easy way of monitoring the accuracy of the solution by observing 

the boundary condition mismatch in the areas between the collocation points. 

Usually, EMI scattering responses are expressed relative to the induction 

number
  

2 j a , where j is the imaginary unit, a (m) is a characteristic dimension of 

the object (usually the smallest),  (Hz) is the frequency,  o r  (H/m) is the magnetic 

permeability, and  (S/m) is the scatterer’s electrical conductivity. The quantity  is 

proportional to a/ , where  (m) is the skin depth. It is very well established that the 

electromagnetic field in the interior domain decays over distances on the order of the skin depth 

(high induction number).  This reduces the efficiency and accuracy of the MAS. To overcome 

this problem, a combined MAS/surface impedance boundary condition  (MAS/SIBC)[24]  has 

been developed and widely used for solving a variety of EMI problems at frequencies ranging 

from 0 Hz (magnetostatic regime) up to 1 MHz.   The SIBC relates the tangential components of 

the electric E and magnetic H fields on the surface, as: 
 

 ˆ[ (1 ) / ]t tjE z H  (2.19) 

 

 

where the subscript t indicates the component tangential to the surface of the conductor. With 
ˆ ˆn z  the outward pointing unit vector normal to the surface, ˆ ˆ( )tE n n E  and (2.19) 

becomes: 
 ˆ ˆ ˆ( ) [ (1 ) / ]jn n E n H . (2.20) 
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3 RESULTS AND ACCOMPLISHMENTS 

 In this chapter, we present numerical results to understand the proposed underwater Geo-

location system’s performance in conducting environment. Namely, we investigated in great 

detail: how discontinuous conductivity (i.e. air/ water interface)  changes the primary magnetic 

field in a conducting environment; how the transmitted signal changes as a function of 

frequency; what is the best separation between Rx sensors for estimating the magnetic field full 

tensor gradient; how noise due to highly conducting metallic objects affects the proposed 

underwater geo-location algorithm;  how the proposed  algorithm depends on the Tx coils size 

and separations;  what is the system limitation in terms of conductivity, the distance and noise.  

We have addressed these issues using analytical and numerical models and simple experiments.  

 Computer algorithms utilized here are based on the finite difference technique for the 

magnetic field full tensor gradient estimation and the MAS for exploring the system’s 

performance in underwater environments.  Namely, we investigated how air/water surface 

roughness affects the transmitted EMI signal, what are optimal frequencies for underwater Geo-

location, and how high conducting and permeable metallic UXO-like objects influence the 

system. These provided detailed information on the proposed geo-location system’s performance 

and on the full tensor gradient based algorithm applicability. Our studies demonstrated that the 

vector magnetic field full tensor gradient method for estimating geo-location is very sensitive to 

the noise due to frequency, conductivity of the water and distance between the sensor and Tx. 

This forced us to deploy a non-linear optimization algorithm for estimating the position 

algorithm.  The non-linear algorithm provides precise and accurate locations up to twenty meters 

at low frequencies without knowing water’s conductivity. The algorithm is robust and applicable 

for underwater environments.   
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3.1 Effects of Tx size and frequency   

 In this section we describe how we investigated the transmitted EMI field changes as a 

function of Tx coils size, and frequency. We started this with understanding the interaction 

between the circular loop coil and the air/water interface using the analytical solutions provided 

by  [12]. The transmitter loop, which is considered as an infinitely thin wire is placed at 5 cm 

above the air/water interface. For this demonstration, the water has parameters: conductivity 

 = 4 [Siemens/meter, S/m], permeability r = 1. The sensors operating frequencies are 40 Hz 

and 100 Hz. The transmitted field versus distance from the air/water interface to 50 meters inside 

salt water is depicted on Figure 6.  The results show that as the radius of the transmitter loops 

increases, the magnetic field’s value increases as well. In addition, these studies demonstrate that 

as frequency increases the transmitted magnetic fields value decreases as distance between the 

sensor and observation points increases (see Figure 6 right).   

 

Figure 6. The Transmitted magnetic field versus distance inside salt water at 40 Hz for different loop sizes 

(left), and for 3 meter loop at 40 Hz and 100 Hz frequencies (right).  

 

 We conducted systematic studies for square shaped Tx coils at various sizes and at 

different frequencies. The Tx coil was placed inside a conducting environment. The objective of 

these investigations was to understand how the primary magnetic fields depend on the sensor 

size, the frequency, and distance between Rx and Tx. The results are depicted on Figure 7 and 

Figure 8.  

-50 -40 -30 -20 -10 0
10

-6

10
-4

10
-2

10
0

Distance [m]

H
z
 [

A
/m

]

 

 

Inphase       40 Hz

Quadrature  40 Hz

Inphase      100 Hz

Quadrature 100 Hz

3 meter Tx loop

-50 -40 -30 -20 -10 0
10

-6

10
-4

10
-2

10
0

Distance [m]

H
z
 [

A
/m

]

 

 

Inphase

Quadrature

2 meter Tx loop
3 meter Tx loop

1 meter Tx loop

Operating frequency 40 Hz



MM-1719 Final Report 

 
A Low-Frequency Electromagnetic  17 April 2011 

Sensor for Underwater Geo-location  

  

 

 

 
 

 
 

 

 

 

 

 

Figure 7. The Transmitted magnetic field for three (1mx1m first raw, 2m x 2m second and 3m x 3m third 

raw) different sized Tx coils versus distance and frequency inside 1 S/m (left column) and 4 S/m (right 

column) salt water.  
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Figure 8. The Transmitted magnetic field real parts at 100 Hz for three (1mx1m first row, 2m x 2m second 

and 3m x 3m third row) different size Tx coils versus distances 1 S/m salt water.  
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 These results show that the transmitted primary magnetic fields strongly depend on the 

frequency and Tx size. As frequency and distance increase, the transmitted magnetic field values 

start changing (Figure 7), which indicates that at high frequencies and long distances for geo-

location, the conducting mediums’ conductivities are needed. The results also illustrate that 

(Figure 8) the transmitted primary magnetic fields’ magnitudes are small near the Tx but as 

distance from the Tx increases, the primary field from a big transmitter is increasing. This can be 

explained by two reasons  : first, at far distances the Tx behaves like a dipole; and second, as the 

size of Tx increases  the magnetic moment increases which in return produces a large magnetic 

field.   

3.2 Surface roughness effects 

In this section we illustrate how surface roughness affects EMI signals. All calculations are 

done using the 3D MAS code. For this reason we conducted two sets of simulations with the 

source of electromagnetic fields being (i) a square loop in the xy plane, located above the water 

surface and (ii) a single x-oriented magnetic dipole located underwater. The level z=0.0 m was 

assumed to be the elevation of the unperturbed water surface.  

Water surface was simulated as an interference pattern from a number of surface waves with 

variable amplitude, wavelength, propagation direction and phase. A flat hexagonal grid was first 

created to provide a uniform distribution of collocation points in xy-plane, which is beneficial for 

numerical simulations (Figure 9). Then, a finite set of surface waves was applied to elevate or 

lower the water surface, and the resulting height-map was normalized to fit the pre-defined wave 

height (final surfaces are in Figure 10 Wave height ): 
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Figure 9. Flat water surface with uniform distribution of collocation points and a sample surface 

perturbation. 

 

 

Water surface waves  
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Figure 10. Simulated water surface in case of (A) single cosine perturbation; (B) interference between 

three surface waves in xy-plane having the relative amplitudes , , , wavelengths 

of , , , and propagating at angles of ,  and  with 

respect to the x-axis. 

 

 Since in the low frequency regime the EM field wavelength is much greater than the 

characteristic length of the structure of interest (  for , while the water surface 

wave wavelength ~1 m, height ~1 m, source UXO depth ~1 m, sensor array horizontal extent ~1 

x 1 m), the only guiding principle for the number of collocation points is that they should 

describe the water surface roughness in sufficient detail. Even though the initially uniform 

collocation point distribution on the water surface is slightly perturbed by the oncoming surface 

waves, the resulting quasi-uniform distribution is still sufficient for effective use of the MAS. 

The total number of collocation points in our simulations was on the order of 2400, with the 

water surface being a hexagonal grid having the total side length of 4 m. It was found that even 

for such a small lateral extent the contributions from the edges of the surface may be neglected, 

due to the rapid decay of the magnetic fields with distance from the source. Figure 11 shows 

sample water surface realizations in cases of interference of three surface waves. The 

corresponding auxiliary surfaces are obtained from the final water surface by shifting along the 

normals at corresponding collocation points. The auxiliary sources are then placed along the 

surface tangents both under and above the water. 

A 
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Figure 11. Water surface height realizations at different times, as a result of interference from the three 

surface waves as on Figure 10 b. Color map indicates height in meters. 

 

 Figure 12a shows typical MAS boundary conditions matching in our simulations. The figure 

shows mismatch both at collocation points and between them (total over 9000 surface points). 

The mismatch at collocation points is 15 orders of magnitude smaller than the value of the fields 

at those points, which implies high accuracy of the solution of the linear system of equations. 

The mismatch between the collocation points, however, is what reflects the accuracy of the 

solution of the physical problem, and as can be seen in Figure 12a, is less that 1% of the actual 

values of tangential magnetic fields on the water surface. Since it is computationally impossible 

to cover the entire water surface with collocation points, the surface coverage should stop after a 

certain radius. Figure 12b shows the typical tangential magnetic field distribution along one such 

“diameter” – the field on the edges is two orders of magnitude smaller than the fields of interest, 

and, therefore, the impact from the regions beyond the edges can be neglected. 

 

 

 

A 

B 
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Figure 12. green (not seen) and black curves show normalized tangential components of magnetic fields 

below and above the water surface respectively, while blue curves show the mismatch. The mismatch is 

several orders of magnitude lower that the values of the fields. (B) Magnetic field distribution along the 

largest diameter (x=-4, …+4) of the water surface patch, for the geometry on Figure 4B. The fields on the 

edges of the patch are small and can be neglected. 

Although the water surface waves perturb the magnetic field distributions at low altitudes 

and depths, the impact of these perturbations decays with distance.  Figure 13a shows the total 

magnetic field distributions in the xy plane at the depth of 2 m under an unperturbed surface. The 

source of the magnetic field is a square current loop located 1 m above the water, frequency 

. Figure 13b shows the total magnetic field distribution at the same location in the 

case where the water surface is perturbed by a multiple waves with wave lengths of 3, 4 and 5 m. 

The bottom-to-peak height of the surface is 1 m ( ).  Even though the amplitude of 

the water surface wave is quite high and comparable to the distances between the field source 

and sensors, the field distribution does not change significantly.  Figure 14a shows the difference 

between magnetic fields across the sensor for flat (unperturbed) and rough (perturbed) water 

surfaces. The exact spatial distribution of magnetic field perturbation is asymmetric, since the 

source of the perturbations – the water surface – is asymmetric as well, the magnitude of the 

perturbation, however, is small compared to the field value itself. The magnitude of the 

perturbations introduced by the rough water surface is decaying with depth (Figure 14b).  
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Figure 13. H-field distribution at depth 2 m below the (A) unperturbed water surface; (B) surface 

perturbed by multiple waves as described on Figure 4B. Fields normalized to their maximal value in the 

unperturbed case. 

 

 

Figure 14. (A) Difference between magnetic H field distributions in xy-plane 2 meters below the surface 

in cases of unperturbed and perturbed water surfaces (normalized to the maximal field value in 

unperturbed case). (B) Difference between magnetic H field distributions in xz-plane in cases of 

unperturbed and perturbed water surfaces (normalized by the maximal value of the difference close to the 

water surface, log10 scale). Perturbation corresponds to multiple propagating surface water waves as on 

Figure 11. 

 

Figure 15 shows the distribution of magnetic fields on a logarithmic scale for different 

surface perturbation wavelengths. This time the source of EM fields, a single x-oriented 

magnetic dipole, , was located underwater, at the depth of 1 m measuring from the 

level of unperturbed water surface. Figure 15A shows the distribution of total magnetic field in 

the entire space, assuming the water surface to be flat. The field is similar to that of a dipole in 

free space. In fact, however, a certain portion of field is scattered from water-air interface, and 

the character of this scattering depends on the shape of the interface. Figure 15B, C and D shows 

the scattered field below the water surface as function of its shape. Longer surface waves cause 

larger perturbations of scattered fields underwater. The magnitude of these perturbations, and the 

A B 

A B 
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scattered fields themselves, are at least 100 times smaller than corresponding transmitted fields 

above the water surface. 
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Figure 15. Normalized magnetic H field (log10 scale) distribution of an underwater dipole (x-orientation, 

depth 1 m). (A) total field, flat water surface; (B) total field above water, scattered field underwater, flat 

surface; (C) total field above water, scattered field underwater, single 2-m wavelength surface 

perturbation; (D) total field above water, scattered field underwater, single 3-m wavelength surface 

perturbation. Longer wavelength has more significant perturbation, although the magnitude of this 

perturbation is 4 orders of magnitude smaller than the actual value of the total magnetic field at that point. 

 

Figure 16A shows the distributions of magnetic fields for a variety of frequencies in 

horizontal xy planes at various elevations above and below water surface. The source of 

magnetic fields is a z-oriented magnetic dipole, located 1 m above the water level in air. The 

upper row shows the distribution of scattered magnetic fields at this elevation in a horizontal 

region 2 x 2 m. The remaining three rows show the total magnetic fields diffused through the 

water surface at the depths of -1, -2 and -5 m. Figure 16Bshows magnetic field distributions at 

same spatial locations in case of rough water surface, ranging from -30 cm to +30 cm in height. 

Comparison between the plots in Figure 16A and B reveals that the field distributions are not 

significantly perturbed by the rough water surface for low-frequency magnetic fields in the range 

of 1 Hz up to 10 kHz. For the frequencies higher than 100 kHz, however, the underwater field 

distribution is slightly changed due to the water surface roughness. At the same time, however, 

the conducting environment causes higher attenuation of high-frequency fields, which explains 

their small amplitude compared to that of the low-frequency fields. These results indicate that the 

perturbations in diffused and scattered EMI fields introduced by the water surface roughness are 

negligible and, moreover, decay with distance from the air-water interface. This interface, 

therefore, may be assumed to be flat in subsequent studies of UXO detection and discrimination. 
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Figure 16. Magnetic H field distributions (log10 scale, normalized) in xy planes at various elevations in 

case of (A) unperturbed water surface and (B) perturbed surface. Field distributions are similar for 

frequencies below 100 kHz. 

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

 

 

-1 -0.5 0 0.5 1
-1

-0.5

0

0.5

1

-10

-8

-6

-4

-2

0

1 MHz500 kHz100 kHz10 kHz1 kHz100 Hz

H
scattered
at source 
elevation

H
total at
z =-1 m

H
total at
z =-2 m

H
total at
z =-5 m

x, my, m

 

 

-1 -0.5 0 0.5 1
-1

-0.5

0

0.5

1

-10

-8

-6

-4

-2

0

1 MHz500 kHz100 kHz10 kHz1 kHz100 Hz

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

-1 0 1
-1

0

1

x, my, m

H
scattered
at source 
elevation

H
total at
z =-1 m

H
total at
z =-2 m

H
total at
z =-5 m

A 

B 



MM-1719 Final Report 

 
A Low-Frequency Electromagnetic  26 April 2011 

Sensor for Underwater Geo-location  

  

 

 

3.3 Estimating Magnetic Field’s Full Tensor Gradient Using the Finite Different 

Approach: Error Analyses  

 

In this section we describe how we investigated the accuracy of the finite difference approach 

for estimating the vector magnetic field’s full tensor gradient.  First, we derived the analytical 

expression for the primary magnetic field, due to a finite size rectangular loop, derivatives 

respect to x, y, and z coordinates and used it as a reference for comparisons.    

Figure 17. Derivatives respect to x, y, z coordinate for Hx,  on a plane 1 meter bellow 1mx1m Tx. Left 

column analytical, central column numerical calculated using the finite difference approach with 1 cm 

separation, right column difference between the analytical and numerical.  

 

The results are depicted on Figure 17-Figure 25. Figure 17-Figure 19  illustrate derivatives 

with respect to x, y and z coordinates for Hx, Hy, and Hz magnetic fields respectively, at 1 m 

below 1m x1m Tx coil carrying 1 A current. These derivatives are calculated analytically and 
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using a finite different approach with 1 cm spacing between the sensors. The comparisons 

between the analytical and finite difference calculations coincide as expected.  Next three figures 

(Figure 20-Figure 22) show the comparisons at the same 1 m below plane, but with 20 cm 

separation between the receivers. In these cases the comparisons between the analytical and 

finite deference approaches shows that there are errors (see right columns). Next, we put the 

observation plane at 10 meters below the Tx coils and used the same 20 cm separation between 

the Rx for the finite deference approach. The results are shown on Figure 23, Figure 24, and 

Figure 25.  

 

Figure 18. Derivatives respect to x, y, z coordinate for Hy  on a plane 1 meter below 1mx1m Tx. Left 

column analytical, central column numerically calculated using the finite difference approach with 1 cm 

separation, right column difference between the analytical and numerical.  
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Figure 19. Derivatives respect to x, y, z coordinate for Hz  on a plane 1 meter below 1mx1m Tx. Left 

column analytical, central column numerically calculated using the finite difference approach with 1 cm 

separation, right column difference between the analytical and numerical.  
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Figure 20. Derivatives respect to x, y, z coordinate for Hx,  on a plane 1 meter below 1mx1m Tx. Left 

column analytical, central column numerically calculated using the finite difference approach with 20 cm 

separation, right column difference between the analytical and numerical.  
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Figure 21. Derivatives with respect to x, y, z coordinate for Hy,  on a plane 1 meter below 1mx1m Tx. 

Left column analytical, central column numerically calculated using the finite difference approach with 

20 cm separation, right column difference between the analytical and numerical. 
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Figure 22. Derivatives respect to x, y, z coordinate for Hz  on a plane 10 meter below 1mx1m Tx. Left 

column analytical, central column numerically calculated using the finite difference approach with 20 cm 

separation, right column difference between the analytical and numerical. 
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Figure 23. Derivatives respect to x, y, z coordinate for Hx,  on a plane, located 10 meter below 1mx1m 

Tx. Left column analytical, central column numerically calculated using the finite difference approach 

with 20 cm separation, right column difference between the analytical and numerical. 

 

Distance [m]

D
is

ta
n
c
e
 [
m

]

 

 

-2 -1 0 1 2

-2

-1

0

1

2

Distance [m]

D
is

ta
n
c
e
 [
m

]

 

 

-2 -1 0 1 2

-2

-1

0

1

2

Distance [m]

D
is

ta
n
c
e
 [
m

]

 

 

-2 -1 0 1 2

-2

-1

0

1

2

Distance [m]

D
is

ta
n
c
e
 [
m

]

 

 

-2 -1 0 1 2

-2

-1

0

1

2

Distance [m]

D
is

ta
n
c
e
 [
m

]

 

 

-2 -1 0 1 2

-2

-1

0

1

2

Distance [m]

D
is

ta
n
c
e
 [
m

]

 

 

-2 -1 0 1 2

-2

-1

0

1

2

Distance [m]

D
is

ta
n
c
e
 [
m

]

 

 

-2 -1 0 1 2

-2

-1

0

1

2

Distance [m]

D
is

ta
n
c
e
 [
m

]

 

 

-2 -1 0 1 2

-2

-1

0

1

2

Distance [m]

D
is

ta
n
c
e
 [
m

]

 

 

-2 -1 0 1 2

-2

-1

0

1

2

-0.028

-0.026

-0.024

-0.022

-0.028

-0.026

-0.024

-0.022

-0.028

-0.026

-0.024

-0.022

-4

-2

0

2

4

x 10
-3

-4

-2

0

2

4

x 10
-3

-4

-2

0

2

4

x 10
-3

-0.02

-0.01

0

0.01

0.02

-0.02

-0.01

0

0.01

0.02

-0.02

-0.01

0

0.01

0.02



MM-1719 Final Report 

 
A Low-Frequency Electromagnetic  33 April 2011 

Sensor for Underwater Geo-location  

  

 

 

Figure 24. Derivatives respect to x, y, z coordinate for Hy,  on a plane, located 10 meter below 1mx1m 

Tx. Left column analytical, central column numerically calculated using the finite difference approach 

with 20 cm separation, right column difference between the analytical and numerical. 
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Figure 25. Derivatives respect to x, y, z coordinate for Hz,  on a plane, located 10 meter below 1mx1m Tx. 

Left column analytical, central column numerically calculated using the finite difference approach with 

20 cm separation, right column difference between the analytical and numerical. 
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3.4 Assessing noise due to highly conducting and permeable underwater EMI targets   

 In this section we present the results for studies of how highly conducting and permeable 

metallic targets influence estimated underwater Rx sensor’s geo-location. The problems 

geometry is depicted on Figure 26. 

 
 

Figure 26. Schematic diagram of an EMI problem for understanding how underwater metallic targets will 

affect performance of the underwater geo-location system.  

 

In these studies all distances are in meters.    The real  part of magnetic fields are used in (2.10) 

equations. 

 Derivatives are taken using +/- 1 point away (1 point = 2 cm), unless specified otherwise.  

 Figure 27. through Figure 29 show the results of the transmitter position estimation by 

receivers with various elevations (0.5 m, 1 m and 2 m respectively), in the case of a D=10 cm 

sphere scatterer at the coordinate origin. The transmitter was positioned at z=5 m (x=1 m and 

y=0 m are always fixed). While the position estimates can vary significantly across the receiver 

grid points, the largest offsets given by the sensors directly above the sphere, the mean values of 

the position estimates are consistent with the real transmitter position. The perturbations 

introduced by the sphere decay for higher receiver elevations, as expected. 
 

Table 1 presents the receiver elevations and measured x,y, and z coordinates use for this test. 
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Table 1.  Receiver elevations and real vs. measured location coordinates 

Receiver z, m X, m (real = 1.00) Y, m (real = 0.00) Z, m (real = 5.00) 

50 cm 0.98 ±0.07 0.00 ±0.07 5.06 ±0.05 

1 m 0.98 ±0.01 0.00 ±0.01 5.08 ±0.01 

2m 0.97 ±0.01 0.00 ±0.02 5.10 ±0.01 

 

 Similar situation can be observed Figure 30 and Figure 31, where the transmitter has been 

moved up to z=15 m, and the estimates using the receivers positioned at z=0.5 cm (Figure 30) 

and z=2 m (Figure 31) are compared. For the lower receiver position, the grid points closest to 

the target suffer enough field perturbation to provide wrong transmitter localization up to 4 m. 

For the higher receiver position, however (z=2 m), the field perturbations decay significantly, 

and all the receivers provide reliable transmitter location estimation within 25 cm accuracy 

(Figure 31, although the variation of the estimates by individual receivers are within only 1 cm 

from each other). 

 Finally, Figure 32 and Figure 33 show the estimates of the higher transmitter location 

(z=20 m) at the frequencies of 50 Hz and 200 Hz respectively.  The receiver coil is fixed at z=2 

m in both cases. First of all, compared to the previous case of the lower position (Figure 31), the 

50 Hz transmitter is localized with less accuracy: z = 19.14 m, instead of the real value of 20 m. 

For the higher frequency, the error becomes much more noticeable: the estimated z = 15.94. This 

error growth can be attributed to the violation of our assumption of rot(H) = 0 for during the 

HAP matrix creation. The actual measurement of the magnetic field gradient in z direction, 

however, will help avoid this assumption and can possibly improve position estimation of distant 

sources at higher frequencies, provided the magnetic fields are still detectable. 

 Figure 34 and Figure 35 show the transmitter location estimation in the case when the 

scattering object is a large spheroid (diameter of 15 cm, length 60 cm), at two receiver elevations 

of z=50 cm and z=1 m respectively. As in the case of the sphere, the perturbation of the 

positioning by the spheroid is high for the receiver grid points closest to the object, however they 

decay significantly when the receiver is moved away from the object (Figure 35).  Figure 36 

illustrates that the magnetic field derivatives calculated using wider separation between the 

magnetic field measurements, can still provide accurate estimates for the HAP method. 

Compared to the data on Figure 35, the extracted transmitter z-position based on the primary 

field changed from 5.08 to 5.10 m, while that based on the total field – from 5.07 m to 5.09 m.  
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Figure 27. Sphere, D=0.1 m. Transmitter Z = 5 m. Frequency = 50 Hz.  Receivers at z=0.5 m: Estimated 

transmitter coordinates (x, y and z) as functions of observation point (across the horizontal receiver). The 

top row corresponds to coordinates estimated from the primary magnetic field, the second row uses the 

total (primary+scattered) fields, while the bottom plots show the 2D expansion of the sensor array. 
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Figure 28. Sphere, D=0.1 m. Transmitter Z = 5 m. Frequency = 50 Hz. Receivers at z=1 m:  Estimated 

transmitter coordinates (x, y and z) as functions of observation point (across the horizontal receiver). The 

top row corresponds to coordinates estimated from the primary magnetic field, the second row uses the 

total (primary+scattered) fields, while the bottom plots show the 2D expansion of the sensor array. 
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Figure 29. Sphere, D=0.1 m. Transmitter Z = 5 m. Frequency = 50 Hz. Receivers at z=2 m: Estimated 

transmitter coordinates (x, y and z) as functions of observation point (across the horizontal receiver). The 

top row corresponds to coordinates estimated from the primary magnetic field, the second row uses the 

total (primary+scattered) fields, while the bottom plots show the 2D expansion of the sensor array. 
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Figure 30.  Sphere, D=0.1 m. Transmitter Z = 15 m. Frequency = 50 Hz. Receivers at z=0.5 m: estimated 

transmitter coordinates (x, y and z) as functions of observation point (across the horizontal receiver). The 

top row corresponds to coordinates estimated from the primary magnetic field, the second row uses the 

total (primary+scattered) fields, while the bottom plots show the 2D expansion of the sensor array. 
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Figure 31. Sphere, D=0.1 m. Transmitter Z = 15 m. Frequency = 50 Hz. Receivers at z=2 m: Estimated 

transmitter coordinates (x, y and z) as functions of observation point (across the horizontal receiver). The 

top row corresponds to coordinates estimated from the primary magnetic field, the second row uses the 

total (primary+scattered) fields, while the bottom plots show the 2D expansion of the sensor array. 
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Figure 32. Sphere, D=0.1 m. Transmitter Z = 20 m. Frequency = 50 Hz. Receivers at z=2 m: Estimated  

transmitter coordinates (x, y and z) as functions of observation point (across the horizontal receiver). The 

top row corresponds to coordinates estimated from the primary magnetic field, the second row uses the 

total (primary+scattered) fields, while the bottom plots show the 2D expansion of the sensor array. 
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Figure 33. Sphere, D=0.1 m. Transmitter Z = 20 m. Frequency = 200 Hz. Receivers at z=2 m: estimated 

transmitter coordinates (x, y and z) as functions of observation point (across the horizontal receiver). The 

top row corresponds to coordinates estimated from the primary magnetic field, the second row uses the 

total (primary+scattered) fields, while the bottom plots show the 2D expansion of the sensor array. For 

higher frequencies the error grows.  
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Figure 34. Horizontal Spheroid, D=0.15 m (aspect 4). Transmitter Z = 5 m. Frequency = 50 Hz. 

Receivers at z=0.5 m. Estimated transmitter coordinates (x, y and z) as functions of observation point 

(across the horizontal receiver). The top row corresponds to coordinates estimated from the primary 

magnetic field, the second row uses the total (primary+scattered) fields, while the bottom plots show the 

2D expansion of the sensor array. 
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Figure 35. Horizontal Spheroid, D=0.15 m (aspect 4). Transmitter Z = 5 m. Frequency = 50 Hz. 

Receivers at z=1 m: Estimated transmitter coordinates (x, y and z) as functions of observation point 

(across the horizontal receiver). The top row corresponds to coordinates estimated from the primary 

magnetic field, the second row uses the total (primary+scattered) fields, while the bottom plots show the 

2D expansion of the sensor array. 
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Derivatives taken at points +/- 20 cm away! 

 

 

   
 

Figure 36. Horizontal Spheroid, D=0.15 m (aspect 4). Transmitter Z = 5 m. Frequency = 50 Hz.Receivers 

at z=1 m:Estimated transmitter coordinates (x, y and z) as functions of observation point (across the 

horizontal receiver). The top row corresponds to coordinates estimated from the primary magnetic field, 

the second row uses the total (primary+scattered) fields, while the bottom plots show the 2D expansion of 

the sensor array. 
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3.5 Determining Geo-location using non linear optimization  algorithm 

 We have demonstrated that the closed form solution (2.10) provides reasonably good 

estimation of underwater geo-locations when there are relative large distances between Tx and 

Rx sensors. However, underwater UXO detection, and more importantly discrimination, requires 

centimeter-level accurate Geo-location even when the Tx are close to the Rx sensors. In addition, 

from cost savings point of view, it is desirable to have system with few Rx sensors. To achieve 

these goals, we investigated underwater geo-location accuracy using three vector Rx cubes 

Figure 37.  The geo-locations are estimated using a non-linear inversion technique based on the 

DE technique.  

 

Figure 37. Geometry of a modified underwater geo-location system: the system consists one Tx 

and three  vector Rx cubes. The Rx cubes are placed at the same plane and separated by the equal 

distances.  

 In the non-linear optimization technique, we considered two models for representing the 

primary magnetic field: 1) the modeled primary magnetic field is independent of frequency and 

of the Tx coils and surrounding medium's conductivity and 2) The modeled field depends on 

conductivity and frequency, the conductivity of the medium is given. From a practical 

implementation point of view, the first approach is more attractive since it does not require prior 

knowledge of the surrounding medium’s conductivity, which in general is a function of salinity, 

temperature, and depth. 
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Figure 38.  A)  True and estimated depth of a underwater geo-location system for different 

conductivities. The results are obtained using the DE approach and the forward model that is 

independent on the conductivity. b)  Absolute differences between the true and estimated values.  

 

 First we investigated applicability and limitation of the first approach (i.e. the model is 

independent of the conductivities). For these studies we generated synthetic data sets. We 

assumed that the Tx is placed in a uniform medium with conductivity a) 10
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 [S/m], b) 1 

[S/m] c)  [S/m]. Note that the code for generating synthetic data does not make any 

assumptions about the frequency or conductivity. All subsequent studies were done using 100 Hz 

frequency. We used three vector Rx cubic sensors. For determining the limitations of the 

proposed system performance we added random noise to each component of the Rx vector 

magnetic field. The system's geo-locations are determined using three vector receivers and non-

linear optimization technique. The results are shown on Figure 38 for no random noise added and 

Figure 39 shows results for 1 %, 5 % and 10 % added random noise. The results clearly illustrate 

that for low conducting medium ( 10
-2

 [S/m], b) 1 [S/m]) the non-linear optimization 

technique provides centimeter-level accuracy up to 12 meters.  Even for 4 [S/m] conducting 

background the method provides estimated depth within few cm accuracy for 10 % random 

added noise up to 10 meters. Thus the technique provides desirable centimeter-level accuracy for 

UW geo-location.  
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Figure 39. Left column: True and estimated depth of an underwater geo-location system for different 

conductivities and random noise levels. The results are obtained using the DE approach and the forward 

model that is independent on the conductivity. Right column:  Absolute differences between the true and 

estimated values. 
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Figure 40.  The results are obtained using the DE approach and the forward model that depends on the 

conductivity. a): True and estimated depth of a underwater geo-location system for different 

conductivities. b:  Absolute differences between the true and estimated values. 

 Then, we assume that the conductivity of the medium is given and used this knowledge 
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are depicted on Figure 40.  These results show that in the case when conductivity is known, the 

DE and full forward model provides centimeter-level accuracy for 4 [S/m] conducting medium 

even for the case with 10 % randomly added noise. Thus the three receiver system with non-

linear optimization and full forward model provide desirable centimeter-level accuracy for 

underwater geo-location.  

 

 Figure 41: Left:  A modified underwater geo-location system is placed above a metallic sphere, 

whit radius 15 cm, 10
6
 [S/m] and permeability 100 [S/m]. Right: estimated and true depth 

for different random noise.   
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Finally, we assessed the system's performance when a high conducting and permeable metallic 

target is in Tx close proximity. The results are depicted on Figure 41. In this studies, Tx coil is 

placed 50 cm above a metallic sphere, with radius 15 cm , conductivity 10
6
 [S/m] and 

permeability 100 [S/m] and three vector Rx are placed at different elevations from the sphere's 

center. We assumed that all Tx, Rx sensors and sphere are placed inside 4 [S/m] conductive host 

medium. The estimated depth for different conductive medium are given on Figure 41 As 

expected, the estimated depth is within cm level accuracy, even for 10 % added random noise.   
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4 EXPERIMENTAL SETUP AND VALIDATION STUDIES 

 In this chapter we describe the experimental setup we developed to evaluate the effects of 

sensor noise/sensitivity on localization accuracy, is described. The experimental setup comprises 

a large moment dipole transmitter, a current source, and a magnetic field gradient receiver array.  

Highest quality gradient estimates are achieved with three vector magnetometers equally spaced 

and aligned with each axis (centered difference measurement).  A minimum of 5 vector field 

measurements was used to estimate the complete magnetic field gradient tensor (centered 

difference along two orthogonal axes).  The transmitter current source produces a 50% duty 

cycle waveform at frequencies ranging from sub-Hertz to several kHz. Available hardware 

limited our receiver array to a 10 Hz sample rate, which required a transmitter frequency below 1 

Hz.    

4.1 Hardware  

 As part of the experimental effort, we conducted a number of laboratory and field tests to 

validate the feasibility of our approach.  The objectives of the experimental component were to 

implement the localization methodology with data sets and to identify sources of potential 

localization accuracy errors resulting from hardware or operational design features (e.g., receiver 

drift, receiver non-orthogonality, etc.). 

To implement the localization methodology, we used a set of commercially available fluxgate 

magnetometers to measure the magnetic field gradients associated with a magnetic dipole 

transmitter.   

 We selected the Applied Physics Systems 1540 3-axis fluxgate (Figure 42) as a suitable 

receiver for our experiments.  These sensors are compact (~5” length x 1” diameter), are 

relatively inexpensive (~$2400), and provide 3-axis magnetic field measurements with a sub-

nanoTesla (nT) noise floor.  While they do not offer the low noise characteristics afforded by 

atomic total field magnetometers, we determined that they would provide sufficient insight into 

the operational capabilities of commercial fluxgate sensors.  

 

Figure 42.  Applied Physics Systems 1540 magnetometer (www.appliedphysics.com) 
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 We fabricated a small moment (~2 Ampere-meter squared [A-m
2]

) transmitter and a large 

moment (~2400 A-m
2
) transmitter for laboratory and outdoor tests, respectively (Figure 43), to 

generate a sufficient source field for the receivers. The transmitter coils were fed by a Zonge 

International, Inc. ZT-30/XMT-32 transmitter/controller source (Figure 43.) with current levels 

ranging from 0.2 – 20 Amps.  We selected a bipolar square wave at 50% duty cycle for the 

source waveform.  This waveform enabled DC measurements of the transmitter-on/transmitter-

off magnetic field to determine the source field strength. 

   

 

 Figure 43. Dipole transmitters.  Small moment transmitter (LEFT) for indoor testing; large moment 

transmitter (CENTER) for outdoor testing; Zonge International, Inc. ZT-30 transmitter source and XMT-

32 transmitter controller (RIGHT). 

4.2 Data collection strategy for localization 

 The principles for implementing the localization methodology are derived from the basic 

localization relationship see equation (2.10).  In the case of our source/receiver experimental 

setup, the localization relationship is applied to the source magnetic field vector and gradient 

tensor values measured at the receiver location. Figure 44. illustrates the localization concept 

applied to experimental measurements. 

 

 

Figure 44. Experimental application of localization concept. Differential measurements of the source 

field produce gradient tensor elements and vector field values at the nominal receiver location.  These 

values are used in the localization relationship to yield the nominal receiver position [xd yd zd]. 
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  Figure 44. depicts application of center difference measurements along the three 

orthogonal sensor axes to determine the complete gradient tensor.  The center difference method 

approximates each gradient in the tensor by measuring the difference in magnetic field values at 

two opposing locations that are equidistant from the nominal (center) location.  In the limiting 

case where this offset from the center approaches zero, the center difference is equivalent to the 

gradient.  Figure 45 shows a representation of the center difference method applied to our 

experimental setup. 

 

Figure 45. Receiver configuration for center difference approximations of the magnetic field gradients 

along the x-axis of the receiver array.  The sensor offset is represented by the dx value. 

 

 Another gradient approximation may be implemented by using the magnetic field value 

difference between two sensors and then choosing one of the sensors for the nominal value.  This 

single offset approach reduces the number of sensors required for each axis from 3 to 2; 

however, the quality of the approximation degrades more rapidly than the center difference 

method as the offset between sensors increases.  Figure 46 shows the gradient approximation 

quality (in terms of the localization estimate) as a function of sensor offset for the two methods. 
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Figure 46. Localization estimates for center difference (blue line) approximation and single offset (red 

line) approximation compared to the true value (black line).  The quality of the localization estimate 

obtained with the single offset approximation degrades much more rapidly with sensor offset when 

compared with the quality of the estimate obtained with the center difference method. 

 

We may rewrite (2.10) using the magnetic field gradient tensor symmetry properties: 
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 This expression requires measurement of gradients along only two orthogonal axes to 

complete the tensor.  Applying this principle to our experimental measurements, we designed a 

planar test fixture to enable gradient measurements along two orthogonal axes using the 1540 

magnetometers.  Inherently, this configuration reduces the number of measurement points from 7 

to 5 in order to obtain the tensor elements.  In our experiments, we used 3 sensors to measure the 

gradient along a single axis and then repeated the measurements along the complementary axis.  

This minimized the number of sensors required for the data collection. Figure 47 shows the 

receiver test fixture. 
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Figure 47.  Receiver test fixture.  Three vector magnetometers measure the center difference gradient 

values along two orthogonal axes (LEFT, CENTER).  The receiver array is placed at various offsets from 

the transmitter to obtain localization estimates (RIGHT). 

4.3 Data collection and analysis  

 Using the aforementioned gradient configuration, we measured the magnetic field 

response in the 3 fluxgates located along each axis of the test fixture.  By calculating a difference 

between the magnetic field response during the transmit-on period and the response during the 

transmit-off period we were able to isolate the source field components at each measurement 

location (Figure 48). 

 

  

Figure 48.  Raw magnetic field data recorded by the three 1540 magnetometer receivers.  Source field 

values are determined by measuring the difference between the transmit-on values and the transmit-off 

values. 

 The design of the test fixture enabled placement of the receivers at a variety of offsets 

from the center point.  Analytically, the center difference approximation provides higher quality 

estimates when the sensor offsets are very small (Figure 48); however, in practice the inherent 

noise characteristics of the sensor limit the effectiveness of small offsets.  Figure 49 shows the 

results of adding noise (normalized to an effective 0.1 nT standard deviation) to simulated center 

difference measurements of the source field.  For noisy data, the localization estimates improve 

with larger sensor offsets (to the extent that the noise induced errors are greater than the offset 

induced errors).  
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Figure 49. Localization estimate for simulated noisy data.  Noise with standard deviation of 0.1 nT is 

added to magnetic field values associated with the transmitter source field.  At small sensor offsets (<0.3 

m), the error caused by the noise is much greater than error caused by the sensor offset.  Even at the 

relatively large offset of 2 m, the offset induced error is still smaller than the noise induced error obtained 

at very close offsets (<0.1 m). 

 We evaluated the relationship between sensor noise and localization error for a set of 

locations between 0-25m from the dipole transmitter.  Using the 1540 vector magnetometers, we 

were able to maintain ~0.5m accuracy at a range of 12m from the 2400 A-m
2
 source.  One of the 

key metrics in evaluating the localization capability of the receiver configuration is the 

comparison of the sensor noise floor to the magnetic field difference associated with the gradient 

estimate.  We define this metric as the differential SNR: 

d
B

9

1
SNR  zyx ,,,     

where σ is the sensor noise standard deviation, 
B

 represents a gradient tensor element, and d  

represents the offset between the receivers.  Figure 50 shows the localization error versus the 

differential SNR achieved in our experiments for 5 different |R| values. 



MM-1719 Final Report 

 
A Low-Frequency Electromagnetic  58 April 2011 

Sensor for Underwater Geo-location  

  

 

 

  

Figure 50. Localization error as a function of differential measurement SNR.  These localization errors 

correspond to 5 measurements recorded within a range of 0 – 25 m from the transmitter source.  A sensor 

offset of 15 cm was used for the receiver configuration. 

 

 Although the vector sensors could detect the transmitter field at ranges >40m, the 

magnetic field differential between the receivers was very small; much lower than the sensor 

noise floor.  As a result of this low differential SNR, localization error increased to several 

meters.   

 In addition to noise induced error, it is likely that the inherent non-orthogonality of the 

sensors and small angle misalignment in the fixture contributed to the localization error (Figure 

51).  Small error angles (e.g., non-orthogonality or misalignment of axes) can produce relatively 

large inaccuracies (~ 1 m) in the position estimate when the receivers are located several meters 

from the transmitter source (Figure 51).   
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Figure 51. Inherent non-orthogonality of the sensor axes (LEFT) and misalignment of sensors in the 

receiver fixture (CENTER) can result in large errors in the localization estimate.  The plot (RIGHT) 

shows localization estimate versus the error angle for separate cases of non-orthogonality (blue line) and 

sensor misalignment (red line). 

  Using a test fixture enhanced the accuracy of the relative sensor positions; 

however, the sensors were subjected to inherent non-orthogonality errors along the measurement 

axes, as well as some error in the alignment of the sensors resulting from the machine tolerances 

used in the fabrication of the fixture.  For a prototype system, we anticipate that any non-

orthogonality or misalignment could be accounted for by using a calibration routine to determine 

the error angles.  For a complete array, measurement of the field produced by several sources of 

known strength at known positions would provide enough information to extract the values of 

these errors.  Once the error angles are obtained, they would be used in the localization 

algorithms to produce a higher quality position estimate. 

 In addition to providing corrections for non-orthogonality and misalignment, there are a 

number of methods for improving localization accuracy relative to that achieved in our 

experiments.  Specifically, the transmitter moment could be further increased with greater power 

levels (>200 W) and more coil windings to provide similar accuracy at increased range.  It would 

be possible to increase the transmitter moment by an order of magnitude over that used in our 

experiment by increasing the current and using thicker gauge wire in the windings to 

accommodate the resulting thermal load.  Additionally, localization accuracy could be improved 

by using multiple transmitters, or by incorporating higher sensitivity magnetometers.  For 

example, some atomic magnetometers offer a 20X reduction in noise when compared to the low 

cost fluxgates used in our experiment (Figure 52).  
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Figure 52. Magnetic field measurements taken at a distance of 40 m from the large moment transmitter.  

The vector magnetometer measurements (red line) were recorded with the Applied Physics Systems 1540 

magnetometer; the scalar measurements (blue line) were recorded with the Geometrics G-823 atomic 

magnetometer.  The atomic magnetometer offers a 20X reduction in noise. 

  

 Ultimately, we expect localization accuracy of better than one meter at a range of at least 

40 m from the transmitter could be achieved by implementing a number of the aforementioned 

improvements in a prototype system.   
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5 DISCUSSION AND CONCLUSIONS 

5.1 Objectives 

The objective of this research project was to determine the feasibility of using low frequency 

electromagnetic positioning sensors for tracking the location of underwater interrogation sensors 

with centimeter-level accuracy. The proposed system’s theoretical basis and hardware 

configurations are based on measurement of a low frequency vector magnetic field and its 

gradient. The specific technical objectives were the following: 

  

1) Systematically investigate what configuration of an active DC magnetic field transmitter 

offers the optimal compromise between size, shape, and practical implementation for the 

maximum transmitter range in the UW environment for locating the transmitter with 

centimeter-level accuracy.    

2) Optimize and design tri-axial receiver sensor configurations to accurately estimate geo-

location by using non-linear optimization techniques and by approximating the tensor 

gradient of an actively transmitted DC magnetic field from the spatial differences 

between the receivers.  The transmitted magnetic field and its gradient at the receiver 

locations provide sufficient data for locating and tracking underwater UXO sensors with 

respect to the surface GPS system. 

3) Systematically investigate how noise sources, such as the air-water interface, will 

influence the proposed system’s performance and establish the transmitter location 

precision and accuracy baseline under common noise levels.     

4) Demonstrate the positional accuracy of the system by carrying out controlled 

measurements.  

 

Under this project we utilized two methods for determining the location of underwater 

interrogation sensors with centimeter-level accuracy. (a) the vector magnetic field full tensor 

gradient based approaches and 2) a non-linear optimization, namely  the DE approach. We 

assessed the ability of each technique to predict the location of an underwater interrogation 

system by comparing estimated results to the ground truth. The studies were done for different 

water conductivities, Tx geometry, and operating frequencies. We found that for realistic water 

conductivities, the frequency should be less than 100 Hz. This is due to the EM absorption in a 

conducting medium. In addition our studies showed that as the medium’s conductivity increases 

the proposed system’s performance degrades. Since in a low frequency EMI regime the primary 

field depends on the conductivity in the same form as the frequency, the problems related to the 

high conductivity can be overcome by reducing the frequency.  

We illustrated that both magnetic field full tensor gradient and DE techniques have the 

potential to determine underwater geo-location. However, when the primary magnetic field 

signals are contaminated with random noise due to underwater metallic targets, water 

conductivity/frequency changes, and transmitter size, the performance of the vector magnetic 

field full tensor gradient approach degrades significantly compared to that of the non-linear 

optimization technique i.e. DE method. In addition, the number of Rx required by the vector 
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magnetic field tensor gradient technique and its sensitivity with respect to sensor separations 

prevented us from further considering this technique for UW geo-location, leaving the non-linear 

approach that uses only three vector Rx, as our technique of choice for tracking the location of 

underwater interrogation sensors with centimeter-level accuracy. 

5.2   Optimal forward model selection for estimating UW Geo-location  

Determining underwater geo-location with centimeter-level accuracy using a low 

frequency magnetic field requires a solution using a non-linear optimization technique. The 

technique builds an objective function, which is misfit between the measured data and modeled 

data. In these studies we considered two forward models for estimating UW Geo-location using 

the non-linear optimization technique, namely the DE. The DE is a heuristic, parallel, direct-

search method for minimizing nonlinear functions of continuous variables. It is similar in 

concept to the genetic algorithm as applied to discrete variables. It is very easy to implement and 

has good convergence properties. The entire DE optimization process can be divided into four 

steps. The first step creates random initial populations that span the entire parameter space. The 

second step is the calculation of the primary magnetic field for all of the population. The third 

step is evaluation of the cost function, and the fourth step is storing the best parameters. By 

examining and sorting the cost function at each step, the best half of the population is chosen as 

the next generation’s parameters, whereas the bottom half is discarded. Thereafter the next 

generation is created by crossing over and mutating the parameters in the previous generation. 

This process is repeated until the maximum number of generations has been reached or until a 

desirable objective function is found. Thus the crucial part for a non-linear optimization always 

is the forward model.  

 In a conducting environment the low frequency magnetic field depends on the 

conductivity. For a fixed frequency, this dependence increases as the separation between the 

transmitters and receivers increases. Thus, for determining the Rx sensors UW geo-location 

respect to Tx requires the water's conductivity. Since the conductivity is a function of water 

temperature and salinity, determining its values during geophysical data collection would not be 

an easy task. To overcome this challenge we assessed the feasibility of using a 

conductivity/frequency independent forward magnetic field model and compared its performance 

to the model that includes the water’s conductivity. Our studies showed that the conductivity 

independent model provides centimeter-level accuracy up to 10 meters (30 feet) using one 

transmitter and three vector Rx sensors. This distance can be doubled by deploying additional 

Tx, or can be tripled by using two transmitters and two sets of three vector Rx sensors, and etc.    

5.3 Optimal Tx and tri-axial Rx sensor configurations  

We conducted a thorough numerical investigation for determining the best Tx and Rx 

configurations. We investigated how underwater highly conducting metallic objects change on 

the proposed system performance. We demonstrated that in cases when Rx sensors are close to a 

metallic target, then the secondary magnetic field due to the UW metallic target produces 

secondary magnetic field that in some cases is comparable to the primary magnetic field. This 

significantly degrades the system’s performance for UW geo-location. To overcome this 

problem, based on the thorough studies, we concluded that the position of the Tx and Rx sensors 

should be reversed, namely the Tx should be close to the targets and Rx sensors should far from 
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metallic targets i.e. should be placed above the Tx. Our studies also showed that three Rx sensors 

placed on the same plane with equal separation is the Rx sensors’ optimal configuration.      

5.4  Outlook 

Using our numerical tools, we successfully demonstrated that the low frequency magnetic 

field positioning sensor system has great potential for tracking the location of underwater 

interrogation sensors with centimeter-level accuracy. We illustrated the system’s advantages and 

limitations, and provided the Tx and Rx sensors optimal design. However, in order to take full 

advantage of this an inexpensive, under water geo-location system, with centimeter-level 

accuracy, substantial hardware system integration and a thorough data analysis effort must be 

undertaken before the technique can be applied to real-world underwater UXO problems. This 

effort should address, among others, the following issues:  

 

 Building an underwater deployable Tx transmitter: Under this project we built a 2x2 

transmitter, and successfully measured the magnetic field. However, to deploy the system 

in the underwater environment, significant modifications /adjustments are needed, such 

the all electronics must be waterproof, the deployment strategies need to be determined, 

etc. Since one of the emerging technologies for under water UXO detection and 

discrimination is EMI sensing, we would expect that the existing active EMI systems can 

be employed as a potential Tx.  We would expect that, this system will provide enough 

primary field for geo-location, particularly in case of shallow (<10 m) water.  

 

 Building a Tx-Rx combination for deep underwater Geo-location: We showed that a 

single Tx and three vector Rx sensor allows us to achieve centimeter-level accuracy up to 

10 meter depth. This depth can be increased further by inserting Rx into water and adding 

one more Tx above the Rx-s. Combining the different numbers of Tx and three vector 

Rx-s sensor sets, one can operate at any desirable depth. In order to demonstrate this 

capability a Tx and Rx chain should be built and its practical applicability for underwater 

geo-location investigated. 
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