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Abstract: This study addresses the existing limitations of methods for determining the location of magnetic targets. Traditional 
methods either require geomagnetic background field information or fail to obtain stable solutions in specific cases due to matrix 
inversion when geomagnetic background field is not required. In order to solve this problem, this paper first adopts a new sensor 
array, then rewrite the equation of its method, and then uses the least squares method (LMS) to solve the magnetic target position, 
solve the possible instability problem in the process of single point solution and finally achieve the magnetic target positioning. 
Simulation results show that the method can accurately and uniquely determine the position of a magnetic dipole in the presence 
of a geomagnetic field, while experimental results verify the superiority and practicality of the method. 

Keywords: LMS, Magnetic target localization method, Triaxial magnetic flux gate sensor. 
 

1. Introduction 
Magnetic anomaly detection has a wide range of 

applications in the fields of unexploded ordnance detection 
[1], mineral resources exploration [2], and magnetic 
characterization of spacecraft [3]. Typically, raw data can be 
obtained from vector magnetometer or scalar magnetometer 
measurements, and then an estimate of the target position can 
be derived by analytically solving or solving nonlinear 
equations. 

In 1975, Wynn et al. proposed an algorithm for the 
magnetic dipole position using the magnetic field gradient 
tensor data inversion, pioneering the application of the 
magnetic gradient tensor [4]. Due to its rich information, the 
magnetic gradient tensor has become a hotspot for magnetic 
method detection research in recent years [5]. However, the 
magnetic gradient tensor measurement system is complex and 
the gradient tensor may amplify high-frequency noise, so it is 
challenging to accurately measure the magnetic gradient 
tensor. The magnetic gradient tensor matrix contains nine 
elements, but only five of them are independent, and this 
property can be utilized to modify or simplify the instrument 
design [6]. 

In 2006, Nara [7] et al. proposed a magnetic dipole 
localization method based on the three components of the 
magnetic field and their spatial derivatives, starting from the 
differentiation of the magnetic field vector expression of the 
magnetic dipole. Although the Nara method is 
computationally faster, it requires vector data of magnetic 
anomalies, and then it is difficult to separate the magnetic 
anomaly vectors from the total magnetic field in practical 
measurements, which has been improved by subsequent 
researchers.In 2007, Wiegert and his coworkers proposed a 
magnetic dipole localization method based on the spatial 
variations of invariants of the magnetic gradient tensor [8,9], 
called the Scalar Triangulation and Ranging ( STAR) 
method.The STAR method eliminates the need to measure the 
magnetic field vector and is virtually independent of the 
geomagnetic field. However, the STAR method assumes that 
the tensor invariants are perfect spheres, which deviates from 
the actual situation and leads to localization errors. The 

localization accuracy of the STAR method can be improved 
by aspherical error correction [10,11]. However, the STAR 
method requires a measurement system composed of multiple 
gradiometers, which is more complicated than the traditional 
magnetic gradient tensor system. Yin et al [12] proposed a 
method to realize the single-point localization of the magnetic 
dipole by deriving Nara's formula and combining it with the 
nature of the eigenvectors of the magnetic gradient tensor [13], 
which removes the influence of the geomagnetic field. 
However, the third-order tensor and the eigenvectors have a 
coupling matrix that is difficult to stabilize when the third-
order tensor and eigenvector is singular, the solution is 
difficult to stabilize. Sui et al [14] used the magnetic gradient 
tensor and its derivatives to localize the magnetic dipole, and 
proposed a data measurement method for the second- and 
third-order gradient tensor. Xu et al [15] used two-point 
difference instead of the three components of the magnetic 
field to reduce the effect of the background. Although this 
method avoids the necessity to measure the three components 
of the magnetic field, the use of the forward difference 
method results in the method's error being greater. 

However, the methods proposed by current scholars for 
solving the magnetic dipole position either either require 
geomagnetic background field information, or fail to obtain a 
stable solution in a particular case due to matrix inversion 
when the geomagnetic background field is not required, or 
introduce other errors that lead to large errors in the estimated 
position. In order to solve the above problems, we improve 
the localization method of Xu[15] by first adopting a new 
sensor array and then rewriting the equations of his method to 
finally achieve magnetic target localization. 

This paper is organized as follows. In Section 2, we 
describe our method and the structure of the second-order 
magnetic gradient tensor system in detail. Section 3 verifies 
the effectiveness of the algorithm through simulation. Section 
4 further validates the effectiveness of the algorithm through 
practical experiments, and Section 5 provides some 
summarization of the paper and future research directions. 
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2. Methods 

2.1. Basic theory 
When the detection distance is much larger than the 

magnetic anomaly source, the magnetic anomaly source can 
be reduced to a magnetic dipole. When using a magnetic 
dipole as a magnetic anomaly source, the three components 
of the magnetic field can be expressed as: 
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where rR


  and 0  is the vacuum permeability with 

magnitude ATm /104 7  .  zyx mmmm ,,   is the 

magnetic moment of the magnetic dipole and 

 Tzyxr   is the displacement vector from the 

magnetic source to the measurement point. 
The magnetic gradient tensor represents the three 

components of the magnetic field along three orthogonal 
directions in space. Typically, the system selects the X, Y, and 
Z axes in the Cartesian coordinate system, and if B  is the 
magnetic field vector, the magnetic gradient tensor G   is 
shown in equation (2): 
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where zyx BBB ,,  is the component of the magnetic field 

measured along the three orthogonal directions. 
Geomagnetic fields and magnetic anomalies generated by 

ferromagnetic materials are static magnetic fields that are not 
affected by conduction currents when measured in a non-
conductive medium such as air. Therefore, according to 
Maxwell's static magnetic equations, the spin and scatter of 
the magnetic field are equal to zero. To wit: 
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According to Eqs. (2) and (3), the magnetic gradient tensor 
G  is symmetric and traceless, so only five of the nine tensor 
components are independent. Namely: 
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Eq. (2) can be simplified through Eqs. (3) and (4): 
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2.2. Localization method 
A linear relationship between the vector field due to a point 

dipole source and the gradient tensor components, given by 
the matrix equation, was derived by Nara et al: 
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where T
0000 ),,( zyxr   is the position of the magnetic 

dipole and 
T

1111 ),,( zyxr    is the position of the 

measurement point. 
Although the Nara method solves for the magnetic target 

position is fast, the method must strip the magnetic anomaly 
from the measured data, but it is difficult to accurately know 
the value of the geomagnetic background field in practical 
application scenarios, which leads to a natural flaw in the 
Nara method. 

2.3. Improved magnetic gradient tensor system 
Based on the Nara method, a two-point localization 

algorithm has been proposed, but the method uses the average 
value of the magnetic field measured by the four sensors of 
the cross-shaped array instead of the value of the magnetic 
field at the center of the array, which produces an additional 
error. 

For this reason, in this paper, a new sensor array structure 
is used to improve its method. According to Eq. (6), to achieve 
magnetic target localization, the magnetic field strength and 
magnetic gradient tensor (MGT) need to be measured. 
Therefore, we use the magnetic sensor array structure shown 
in Fig. 1 to measure these two quantities. Compared to the 
cross-shaped sensor array used in [15], the sensor array used 
in this paper adds a triaxial fluxgate sensor at the center of the 
array to reduce the measurement error. Figure 1 shows the 
configuration of the five vector sensors that make up the 
cross-shaped array, with each circle representing a triaxial 
fluxgate sensor. The baseline distance between the nearest 
neighbor magnetometers is d. The x and y axes point 
geographically east and geographically north, respectively, 
and the z-axis points upward to form a right-handed Cartesian 
system. 
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Figure 1. Improved magnetic gradient tensor system 

 

2.4. Improvement of the method 
It is obtained from Nara's method: 
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where  AAA zyx   and  BBB zyx   are 

the coordinates corresponding to the detection points A and B. 
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Assuming that the displacement vector between A,B is 

 Tzyxdr  .Equation (13) can be rewritten as: 

It follows from (7) and (9): 
 

))(3()( 1 drGBBGGr BABAB         (10) 

 

rRr 0                  (11) 

 
The displacement vector dr between the two points is 

known, and only the magnetic field value and magnetic 
gradient tensor value at the two points are measured by the 
cross-shaped tensor structure with a sensor at the center, 
which can be used to realize the positioning of the magnetic 
target, and at the same time the method eliminates the 
influence of the geomagnetic background field, and the model 
schematic of the method is shown in Fig. 2. 

In addition, the formula (10) shows that when the matrix is 
close to singular or singular, no stable solution cannot be 
obtained. Therefore, this paper adopts the method of 
multipoint measurement, measures the magnetic gradient 
tensor data of multiple measurement points, and combines the 
least squares method (LMS) to solve, which avoids the blind 

spot in the solution process and further improves the 
positioning accuracy. 

 

 
Figure 2. Schematic diagram of the model 

3. Simulation 

3.1. Simulation 1: Changing the magnetic 
target position 

The purpose of this simulation study is to analyze the effect 
of the relative position between the magnetic target and the 
detection point on the positioning accuracy of the magnetic 
target. It is assumed in the study that the magnetic target has 
a specific magnetic moment with a magnetic declination of 
100°, a magnetic inclination of -30°, and a modulus of 100. 
In order to evaluate in detail the effect of changing the 
position of the magnetic target on the localization accuracy, 
the simulation process is set up with the following steps: 

1) Detection plane setting: the detection plane extends from 
(0m,0m,0.7m) to (2m,2m,0.7m), totaling 36 uniformly 
distributed measurement points, with a spacing of 0.4m 
between each measurement point. 

2) Magnetic target trajectory: the initial position of the 
magnetic target is set at (1.5m,2.5m,-1m), and moved along 
the xyz three directions, respectively, with a distance of 0.1m 
each time, i.e., emulated along the three directions 
sequentially, respectively. 

3) Noise addition: During each measurement, each 
measurement component of the sensor was added to Gaussian 
noise with mean value 0 and variance 1. The measurement is 
repeated 100 times for each noise condition to ensure the 
reliability and stability of the results. 

4) Solving algorithm: All localization algorithms are solved 
by the least squares method, and the localization error of each 
measurement is calculated and recorded. 

5) Error analysis: The average value of positioning error 
under each measurement point position is counted to assess 
the influence of different relative positions on positioning 
accuracy. 

Using the localization error   as an evaluation metric for 
localization results. 
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Where 000 ,, zyx  is the real value of the magnetic target 

position and zyx ,,   is the estimated value of the 
localization algorithm. 

The simulation results are demonstrated by plots, and the 
distribution of localization errors at each measurement point 
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when the magnetic target moves along different paths is shown in Fig. (3) to Fig. (5). 
 

   
Fig. (3)(a) Before zooming in on the results in the black box   Fig. (3)(b) After zooming in on the results in the black box 

Figure (3). Positioning error of each measurement point when the magnetic target moves along the x-direction 
 

  
Fig. (4)(a) Before zooming in on the results in the black box    Fig. (4)(b) After zooming in on the results in the black box 

Figure (4). Positioning error of each measurement point when the magnetic target moves along the y-direction 
 

 
Fig. (5)(a) Before zooming in on the results in the black box   Fig. (5)(b) After zooming in on the results in the black box 

Figure (5). Positioning error of each measurement point when the magnetic target moves along the z-direction 
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The simulation results show that the proposed method 

exhibits better robustness and smaller localization errors 
under different magnetic target positions, and its maximum 
localization error is less than 0.03 m, which verifies its 
effectiveness and reliability in noisy environments. Although 
the theoretical performance of Nara's method is slightly better 
under the same conditions, the proposed method is more 
advantageous in practical applications due to the difficulty in 
obtaining the background field. 

3.2. Simulation 2: Changing the noise intensity 
The purpose of this simulation study is to investigate the 

sensitivity of different algorithms to noise in magnetic target 
localization. The magnetic target localization technique relies 
on detecting the magnetic field distribution generated by a 
magnetic dipole to determine the target location. In this study, 
the magnetic dipole is assumed to be located at coordinates 
(1.5m, 2.7m, 0m) and the detection plane is set to be 
consistent with that in the previous study to ensure 
comparable and consistent results. 

In order to evaluate the sensitivity of the algorithm to noise, 
Gaussian noise with different variances is introduced into the 
simulation process. The specific steps are as follows: 

1) Noise setting: the mean value of Gaussian noise is set to 
0, and the variance is gradually increased from 1 to 20. 

2) Data generation: for each variance, 100 sets of Gaussian 
noise data are randomly generated and added to the magnetic 
field measurements respectively. 

3) Localization Error Calculation: for each group of data 
with noise, the magnetic target is localized and its localization 
error is calculated. 

4) Error mean statistics: take the mean value of the 
localization error under each noise condition as the final 
localization error under that condition. 

The simulation results are shown by plots, with the 
horizontal axis indicating the noise variance and the vertical 
axis indicating the mean value of the localization error. For 
comparison purposes, Figure (9) plots the 

The variation of localization error of multiple algorithms 
under different noise conditions is plotted. 

 

     
Fig. (6)(a) Before zooming in on the results in the black box   Fig. (6)(b) After zooming in on the results in the black box 

Figure (6). Variation of localization error under different noise conditions 
 
 

Simulation results show that with the increase of noise, the 
errors of each algorithm increase, and the error of the 
improved two-point localization method is lower than that of 
the original algorithm, and the maximum localization error is 
less than 0.05m, which indicates that the proposed two-point 
localization method still shows good robustness and small 
localization error under the noisy conditions, and further 
proves its superiority in practical applications. 

4. Experiment 
Fig.7 demonstrates a three-axis fluxgate sensor. Fluxgate 

magnetometers are reliable, lightweight, low-cost, vector 
sensors that are simple to operate and have low power 
requirements. Therefore, they are widely used in 
geomagnetism and other research. In this paper, a magnetic 
gradient tensor system was constructed using five three-axis 
fluxgate sensors, as shown in Fig.8: five three-axis fluxgate 
sensors were mounted on a stand made of acrylic, and the 
magnetometers were located at a distance of 20cm along the 

same axis. The fluxgate sensors were connected to a computer 
through a data acquisition module.  

 

 
Figure 7. Three-axis fluxgate sensor 
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Figure 8. Magnetic gradient tensor localization system 

 
Fig.9 shows the experimental schematic. In order to avoid 

the movement of the sensor array, the sensor array was fixed 
on the non-magnetic rotary table.Using a small magnetic 
magnet to simulate the magnetic dipole,and the magnet was 

in the magnetic target moving plane. The detection paths is 
shown in fig.10, and has a total of 36 points.At the same time, 
we record background field information for the Nara method.  

 

 
Figure 9. Experimental Schematic 

 

 
Figure 10. Detection Paths 

 
Table 1 shows the localization results of the threee different 

methods. It can be found that the localization accuracy of both 
the original method and the improved method is higher than 
that of the Nara method, which is because the Nara method 
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needs to know the geomagnetic background field in advance, 
and there is a deviation in the measurement of the 
geomagnetic background field in the experiments leading to 
the localization accuracy of the Nara method being much 
lower than that of the simulation; and the localization 

accuracy of the improved method is higher than that of the 
original method, which indicates that the localization effect of 
the improved method is better than that of the original method 
in the complex environment. 

 
Table 1. Localization results obtained using different methods 

 
methods Estimated parameters errors 

 Preset parameters 

Position 1 1.25m,1.25m,0.56m 
Nara’s method 1.55m,0.93m,1.03m 0.64m 

Two-point method 1.43m,1.03m,0.90m 0.44m 
Imp-two-point method 1.38m,1.34m,0.68m 0.20m 

Position 2 1.00m,1.00m,0.56m 
Nara’s method 1.33m,0.85m,0.73m 0.40m 

Two-point method 1.22m,1.19m,0.46m 0.31m 
Imp-two-point method 1.08m,0.93m,0.71m 0.18m 

Position 3 0.75m,0.82m,0.56m 
Nara’s method 1.07m,0.43m,-0.16m 0.88m 

Two-point method 0.83m,1.07m,-0.05m 0.66m 
Imp-two-point method 1.06m,0.93m,0.37m 0.38m 

 

5. Conclusion 
In this paper, the problem of requiring geomagnetic 

background field in existing magnetic target localization 
methods is solved. By using a new sensor array structure, the 
positioning equation is improved, and the least squares 
method (LMS) is used to avoid the blind spots of the magnetic 
target. Simulation results show that the method is able to 
accurately and uniquely determine the position of a magnetic 
dipole in the presence of a geomagnetic field. Experimental 
results show that the method's localization error is better than 
that of the original algorithm with improved accuracy, and the 
overall performance is more stable than the original algorithm. 

In addition, the positioning method of two-point magnetic 
target needs further research. The main problem focuses on 
the large number of measurement points of this method and 
the poor real-time performance. The subsequent research will 
focus on the accurate magnetic target positioning with a 
smaller number of measurement points. 
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