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Abstract: The article describes an algorithm for detecting a dipole signal against the background of noise under arbitrary motion 
of the magnetometer carrier. The constructed dipole mathematical model in the form of expansion in a series of six basis functions 
provides source recognition and estimation of the source position from the single detection. The hardware-in-the-loop simulation 
results are presented. 
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1. INTRODUCTION  

Autonomous navigation aids for aircraft and mari-
time carriers are being intensively developed. Inertial 
navigation systems (INS), which are widely applied, 
satisfy most of the requirements, with the exception of 
the duration of autonomous navigation. 

The accuracy of autonomous navigation can be en-
hanced by INS aiding with a system using additional 
sources of positioning data, such as a global satellite 
navigation system (GNSS). 

The idea of using the Earth’s magnetic field 
(EMF) for this purpose appeared quite a long time 
ago [1, 2, 3, 4]. The principal operability of the nav-
igation system with INS EMF aiding was confirmed 
experimentally [2, 12, 13, 14, 15]. The geomagnetic 
field is a perspective additional source of navigation 
information due to its global nature, stability, and 
noise immunity. EMF-based INS aiding systems are 
particularly demanded in oversea flights or in navi-
gation, including underwater, when other additional 
autonomous positioning aids may be not available 
(optical contrast navigation, terrain-aided naviga-
tion, etc.). 

The anomalous EMF (AEMF) is the most in-
formative in the carrier positioning, since it contains 
spatially high-frequency components unlike the 
main magnetic field.  

In geomagnetic navigation technologies, it is neces-
sary to distinguish the AEMF parameters, for which 
the maps exist. We also need the sensors installed on 
moving carriers. The parameters of the AEMF include: 

• AEMF magnitude; 
• AEMF vector; 
• AEMF gradient. 
The AEMF magnitude is obviously the first can-

didate due to the presence of maps and quantum 
magnetometers providing the highest measurement 
accuracy. Methods for compensating the carrier 
magnetic interference have been well developed, 
which is important for installing the magnetometer 
on board the carrier. 

Recently, global magnetic field maps of various 
Earth regions have appeared [9, 17, 18, 19] that can 
be potentially used for continuous INS aiding. The 
magnetic field variations constrain the accuracy of 
magnetic field-aided navigation. At the same time, 
the AEMF is unstable and relatively slowly changes 
with time [10], which requires periodic updating of 
existing maps. 

Using the AEMF vector as an informative param-
eter potentially provides higher navigation accuracy. 
The navigation system using AEMF vector aiding 
can be built based on the global spatial digital model 
of AEMF components developed at Pushkov Insti-
tute of Terrestrial Magnetism, Ionosphere and Radio 
Wave Propagation of the Russian Academy of Sci-
ences (IZMIRAN) [20, 21, 22]. The model allows 
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constructing the field vector maps based on its mag-
nitude for a certain geographic area. The disad-
vantages include the need to accurately determine 
the carrier attitude to calculate the EAMF compo-
nents in inertial space and the fact that the available 
vector magnetometers are at least order of magnitude 
less accurate than scalar ones. 

As to maritime vehicles, a navigation system with 
AEMF gradient aiding is preferable. It is robust to 
EMF variations, and the AEMF gradient is more sta-
ble over time compared to the field magnitude. The 
difficulty in using this system, similarly to the sys-
tem using the field vector as an informative parame-
ter, is the need to determine the carrier attitude with 
high accuracy (here, to obtain the EMF gradient in 
inertial space). Installing several magnetometers on 
board the carrier is an additional challenge.  

This paper studies an INS aiding system with de-
tection of AEMF characteristic dipole sources in the 
form of short length dipole anomalies. Determining 
the coordinates of the detected sources and compar-
ing them with the map makes it possible to correct 
the INS errors at certain points. 

The system includes an INS, a high-sensitivity 
quantum magnetometer aided by a three-component 
magnetometer to compensate for carrier magnetic in-
terference, and a digital EMF anomaly map. The INS 
vehicle coordinates over its motion interval are con-
verted into EMF anomalies using a digital map, 
which are compared with the anomalies detected by 
the quantum magnetometer and cleared of noise.  

2. MODEL OF THE DIPOLE USEFUL  
SIGNAL  

Physical bodies, both man-made or natural, hav-
ing a magnetic moment can be described with a 
model of a magnetic dipole or a set of dipoles. In the 
reference frame bound with the rectilinear motion of 
the magnetometer carrier, the magnetic field of the 
dipole can be represented as 
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where М is the vector of the dipole magnetic mo-
ment in the accepted frame; b is the unit vector of the 
EMF in the accepted frame; rx is the magnetometer 
position on the route relative to the dipole; ry, rz are 

the lateral and vertical displacements of the magne-
tometer relative to the dipole, respectively; 

   2 2 2
x y zR t r t r r    is the current distance to the 

dipole. 

These bodies against the background of the main 
Earth’s magnetic field are the brightness marks tied 
to coordinates.  The marks detected by an onboard 
magnetometer are matched with the reference EMF 
map to serve as reference points for INS aiding. 

The traditional algorithm for dipole signal detec-
tion against the noise background used in modern 
magnetic detectors is based on representing the di-
pole signal in the form of an expansion into an or-
thonormal series consisting of three basis functions 
[6]. These functions depend on the traverse distance 
to the dipole and the carrier speed. The expansion is 
true for the carrier rectilinear motion relative to the 
signal source. The processing system therefore be-
comes multi-channel with respect to one coordinate 
– motion along the route. 

The experience in operating the airborne magne-
tometers shows that this limitation is extremely in-
convenient for the following reasons: 

• the dipole detection algorithm fails to determine 
the source coordinates from a single contact, since it 
is unknown whether it is located to the right or left 
of the motion trajectory; 

• the decision making time increases, because the 
carrier should fly a straight distance after the traverse 
equal to two to three ranges for which the processing 
channel is configured; 

• trajectory deviation from a straight line leads to 
enhanced noise associated with the EMF gradient. 

To remove these shortcomings, the authors have 
performed a generalized expansion of the dipole sig-
nal into a series of basis functions of the carrier arbi-
trary motion in the horizontal plane. Based on the ex-
pansion, we have developed an algorithm for anom-
aly detection – a two-coordinate detector, which de-
termines the coordinates of the detected dipole from 
the single contact, compares them with the EMF 
map, and corrects INS errors. 

3. UNIVERSAL DIPOLE SIGNAL  
DETECTION ALGORITHM 

The dipole signal model can be represented as fol-
lows. The magnetic induction vector of the dipole 
field ΒD(t) is added to the magnetic induction vector 

DETECTION OF A DIPOLE SIGNAL 53

GYROSCOPY AND NAVIGATION Vol. 15 №1 2024



of EMF. An absolute magnetometer produces the 
signal being the difference between the magnitudes 
of the vectors of the specified sum and the EMF 
magnetic induction. The object field is extremely 
small as compared to the EMF, therefore, the signal 
can be recorded as a projection  

   ,b BT
Ds t t   (2) 

 

where b is the unit vector of EMF magnetic in-
duction in the accepted reference frame, bT is the row 
vector.  

Considering the general formula for the dipole 
magnetic field (1), s(t) is reduced to  
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where R is the radius vector of the magnetometer 
position relative to the object in the selected frame; 
M is the object magnetic moment vector in this 
frame; E is the identity matrix.  

To specify the signal model in a two-dimensional 
plane, we should determine the working frame. 

Assuming that the magnetometer carrier is mov-
ing at a constant height (DZ is constant), we will only 
mind the direction of the horizontal axes. Consider a 
frame with an origin at the fixed point W0 of the de-
tection window and the axis Ωξ codirectional with 
the velocity vector v at this point (Fig. 1). 

The coordinates of an arbitrary point Wc on the 
trajectory TР in Ωξη frame with respect to the local 
navigation North-East-Down frame Oxy are deter-
mined as  
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where φ is the course over ground.  
The frame Ωξη is referred to as the velocity 

frame. Its horizontal axes change their directions 
with the horizontal velocity vector, which is typical 
for a curvilinear trajectory. 

When the axis  is codirectional with the course 
over ground at point W0, it is the traverse point that 
can be made the frame origin, that is,  

   0 0ξ η 0.c ct t     (5) 

 

 
Fig. 1. Two Cartesian frames: Oxy and Ωξη 

 

According to Fig. 1, at time t0 the target coordi-
nates ξT and ηT take the values  

   0 0 ηξ 0, η .T Tt t D               (6) 
 

The vertical distance to the target is denoted with 

DZ, then the traverse distance will be 2 2
η .ZD D D   

Assume that the object velocity can be neglected 
unlike the magnetometer carrier velocity, then the 
distance to the dipole R(t) can be presented as  

 
       2 2

η

2

ξ η 2 η
1 c c cDt t t

R Dt
D

 
  .    (7) 

 

The distance to the dipole parametrically depends 
not only on time, but also on the point taken to be t0: 
R = R(t, t0). To simplify the further formulas, we 
omit the explicit R – t0 dependence. 

Using the normalized variables  
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we write the normalized distance to the dipole as 

   
     

2 2

η1 2 η .ξ η cc c

R tR dt tt t
D

              (8) 

 

Using the model (3) and making the algebraic 
transformations, we obtain the following sought ex-
pansion of the object signal s for an arbitrary carrier 
trajectory in the horizontal plane: 
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The basis functions of the signal Ψi are given by  
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and are completely determined by the carrier motion 
with respect to the dipole source. 

It is important to note that expansion (9) is accu-
rate, that is, it describes the dipole signal without 
methodological errors. In accordance with this con-
cept, the useful signal is determined accurate to the 
dipole position parameters D, dη at unknown time t0 
and coefficients αi. It can be shown that the expan-
sion coefficients depend on the unit vector of the 
EMF inductance vector b and the dipole magnetic 
moment vector M. 

The number of independent expansion terms (ba-
sis functions) is varying depending on the type of 
motion.  In the case of rectilinear motion, the lateral 
coordinate ηc(t) becomes zero, and expansion (9) 
contains only three basis functions – Ψ1(t), Ψ2(t), 
Ψ6(t), which yields the known representation of the 
dipole signal (1). Here, data on the dipole lateral po-
sition dη is lost, that is, during rectilinear motion it is 
not known whether the dipole is located to the right 
or left of the carrier. In the case of circular motion 
(with constant curvature), five basis functions Ψ1(t), 
Ψ2(t), Ψ3(t), Ψ4(t), Ψ6(t) are independent. 

From the fact that at least five basis functions are 
linearly independent during curvilinear motion of the 
carrier, it follows that the traverse distance D and lat-
eral displacement Dη can be found. Adding the carrier 

position at the traverse time t0, we obtain all three co-
ordinates of the dipole position. Thus, the dipole posi-
tion is determined within one pass with a single mag-
netic detector. From the explicit form of the basis func-
tions of the signal expansion, a linearly independent 
basis for an arbitrary realized horizontal motion of the 
magnetometer can be determined, and thereby decided 
whether dipole positioning is possible in each case. 
This distinguishes the proposed expansion from the 
standard representation of a dipole signal, in which the 
distance to the dipole is represented as a two-dimen-
sional grid [23]. 

We substitute the obtained object coordinates to 
(3) and solve a linear system of equations for the 
components Mx, My, and Mz of the vector M, then we 
calculate the magnetic moment of the search object, 
that is, classify it. 

The search for an object is performed in condi-
tions of interference caused by various factors. This 
means that relevant appropriate interference models 
are required for the detector operation. It should be 
borne in mind that these models describe the compo-
nents of interference on a sliding interval, that is, in 
the detection window. 

The field of the search object is observed against 
the background of EMF anomalies, which impede 
the detection to the extent that their spectra intersect. 
On the one hand, the power of the spectrum of the 
EMF profile significantly exceeds the power of the 
object anomaly (usually by several orders of magni-
tude). On the other hand, it is concentrated in the low 
frequency domain and its decrease rate grows with 
the anomaly depth. Hence, a dipole source can be de-
tected only if the traverse distance to it is much less 
than to the nearest EMF anomalies. Then the spec-
trum of the sought object will shift relative to the 
EMF spectrum to the high frequency domain. 

The EMF profile is modeled in the wind frame 
(Fig. 1) as follows. First, we determine the course 
over ground   at the supposed traverse point r0  from 
the aircraft coordinates r in the detection window [t 
– τ, t], which are assumed to be known. Then, using 
transformation (6), we calculate the displacement 
vector in the wind frame on the detection interval.  

Generally the EMF in the search area is unknown, 
it can only be stated to be infinitely differentiable as 
a potential field, so its profile in the detection win-
dow [t – τ, t] is described as  
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based on the field gradient. This representation 
considers the vertical deviations of the real motion 
from the medium rz0 on the detection interval: 
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 can be approxi-

mated with the polynomials of different degrees. 
These degrees can be rationally selected based on a 
priori data on the sea depth or, which is better, on 
EMF of the search area (using, for example, the 
model EMAG2 [10]). 

Detection can also be limited by the error in car-
rier interference compensation. This is due to several 
reasons. First, if the initial interference is large, the 
compensation error, proportional to the second order 
of smallness of the variation in attitude angles, also 
turns out to be high. Second, the interference model 
assumes the constant magnetic fields created by the 
aircraft, which is not always true, for example, after 
repair or replacement of some parts. Moreover, there 
is a non-stationary residual interference, which is 
caused by currents in the aircraft electrical circuits. 

The carrier residual interference is estimated with 
a model functionally depending  on aircraft attitude 
relative to the EMF measured in increments of the 
EMF components Bx, By relative to their average 
value on the detection interval. The carrier residual 
interference model is optional, meaning that its use 
depends on how electromagnetic compatibility re-
quirements are met in magnetometer installation on 
board the carrier. 

In general, the model of the field magnitude T in 
the detection window is represented as an expansion 
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with the known functions Φ depending on the 
carrier position in the wind frame (ξc, ηc, rz) and 
EMF components Bx, By. The expansion coefficients 
for βi are not determined.  

Form the basis functions of the interference Фi 
and signal Ψi using the navigation data 

     * * *ξ ,η ,c c Zrt t t  and three-component magnetome-

ter data * *,x yB B . 

The models (12) and (9) contain unknown param-
eters that can take many values. When constructing 
the decision rules for the processing algorithms, a 
priori uncertainty can be resolved using an approach, 
where unknown parameters are estimated for both 
hypotheses used in the likelihood ratio as if they 
were true [10]. We set a two-dimensional grid with 
the coordinates being the distance and lateral devia-
tion {Dk, Dηl} and estimate the linearly inputted pa-
rameters {αi, βi} to obtain an object detection algo-
rithm similar to that described in [6, 7, 11]. The dif-
ference is that one-dimensional signal and interfer-
ence models are generalized to the case of arbitrary 
motion in the horizontal plane. 

4. DIPOLE SIGNAL DETECTION  
ALGORITHM  

The detection algorithm was simulated during the 
curvilinear motion using the data from MMS-27 
magnetometer in real flight on board Ka-27M heli-
copter.  

The block diagram of the detection algorithm is 
shown in Fig. 2. 

The search based on integrated processing of 
magnetometric and navigation data is performed 
continuously independent of the flight trajectory, 
and the dipole signal can be detected at any portion, 
including the turns. 
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Fig. 2. Block diagram of the detection algorithm. 

 

5. RESULTS FROM HARDWARE-IN-THE-
LOOP SIMULATION  

The detection algorithm has been simulated on a 
rectilinear route (Fig. 3a) and during the turn (Fig.  
3b). It should be noted that consideration for the real 
helicopter motion reduces the detection of false tar-
gets due to the geomagnetic field gradient on recti-
linear routes. The improvement in signal-to-noise ra-
tio in the case of using the two-dimensional signal 
description is also noted in [23], however, it does not 
imply dipole localization.  

The output signal of the magnetometer detector is 
shown in Fig. 4. The data were obtained with MMS-
27S magnetometer installed on board the IL-114LL 
research airplane during the flight over the dam in 
the Gulf of Finland. 

The coordinates were determined while passing 
between the shutters of the dam gates. The dam mag-
netic field is a spatial structure consisting of many 
dipoles, so the magnetometer at an altitude of 300 m 
perceives the total field. The device actually detected 
the magnetic center of the object on the water sur-
face, which is probably due to the dam symmetrical 
design.  

The radar system was installed on board the air-
craft to aid the positioning of the dam passage. The 
radar system determines the passage coordinates us-
ing a radar image with a 10 m resolution. 

The points where the coordinates were obtained 
using the radar and magnetometer data are shown in 
Fig. 5.  
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b) 

Fig. 3. Simulation of dipole signal detection algorithm: а – on rectilinear route, b – during the turn. 
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Fig. 4. Magnetometer output signal. One curve is the first flight over the dam, the second curve in the return flight. 

 

 
Fig. 5. Flight path over the dam with the points showing the radar 
and magnetometer detections.  

 
6. CONCLUSIONS 

 
The proposed mathematical model of the dipole 

signal during arbitrary motion of the magnetometer 
carrier provides the design of an optimal multi-chan-
nel spatial detector. It reduces the number of false 
targets due to the carrier motion in the geomagnetic 
field gradient and estimates the dipole coordinates in 
one pass. Matching the obtained dipole coordinates 

with the geomagnetic field map enhances the noise 
immunity of navigation systems if no GNSS data are 
available.  
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