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Abstract: In magnetic prospecting the aeromagnetic survey is a widespread method used for research in large 
territories or in the areas with difficult access (forests, swamps, shallow waters). At present, a new type of mobile 
carriers – remotely piloted vehicles or drones – is becoming very common. The drones supplied by magnetometer 
can be also used for underground utility location (for example, steel and concrete constructions, buried power 
cables, to name a few). For aeromagnetic survey, obtaining of 3-component magnetic field data gives higher 
processing precision, so the fluxgate magnetometers (FGM) seem to be the most preferable by reason of low weight, 
noise, power consumption and costs. During movement of FGM fixed to a drone practically permanent attitude 
changes in the Earth’s magnetic field arises with corresponding changes of its projection at FGM axes. Also the 
electromagnetic interference from the drone motor and uncontrolled oscillations of drone and suspension are the 
factors which limit the magnetometer sensitivity level. Aroused because of this, signals significantly exceed the 
expected signals from a studied object and so should be removed by proper interference filtration and use of 
stabilized towed construction, as well as at data processing. To find the necessary resolution threshold of a drone-
portable FGM, the modeling was made to estimate magnetic field value from a small sphere about 1 cm radius at 
the minimal altitude of drone flight and it was shown that such a small object can be reliably detected if the FGM 
noise level is less than 0.15 nT. Next requirement is the necessity to decrease as much as possible the FGM power 
consumption with retention of low noise level. Finally, because of drone movement, the broadening of a frequency 
range should be done. The LEMI-026 magnetometer was developed satisfying all requirements to the drone-
mounted device. The field tests were successfully performed using two of LEMI-026 magnetometers and it was 
concluded that the parameters of these magnetometers allow their using for the magnetic survey with moving 
platforms. 
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1. Introduction 

 
Geological/geophysical prospecting magneto-

metry is widely used method which is based on the 
difference in the magnetic properties of soils and rocks 
(see, for example, [1]). Magnetic prospecting studies 
the magnetic anomalies produced by geological bodies 
that have been magnetized by present-day (induced 
magnetization) and ancient (residual magnetization) 

geomagnetic fields. Their magnetization is determined 
by the presence of ferromagnetic minerals (for 
example, magnetite, pyrrhotite). In magnetic 
prospecting the aeromagnetic survey is a widespread 
method for large territories or in the areas with 
difficult access (forests, swamps, shallow waters). 

Till recently, it was realized mostly with 
specialized planes and helicopters. At present, a new 
type of such carriers – remotely piloted vehicles or 
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drones – is becoming more common. Additionally to 
the mining exploration and regional geophysical 
studies, they allow solving much wider spectrum of 
tasks. For example, it is a location of the archeological 
sites, where the alteration and concentration of weakly 
magnetic minerals to fine grained iron oxides, such as 
magnetite or maghaemite, during human activity lead 
to the increase of soil magnetic susceptibility [2-4]. 
The soil magnetic properties mapping is necessary for: 
application of soil compensation techniques for the 
detection of buried metallic objects (UXO, EOD, 
landmines etc.) using electromagnetic sensors; study 
the effect of small scale spatial variation of soil 
magnetic susceptibility [5-6]. Digital soil mapping can 
contribute significantly to prediction of the soil spatial 
and parameter distribution in the landscape using 
models. Initially soils were mapped as class maps (i. 
e. soil types) but increasingly property maps can be 
developed, [7-8]. The wetlands aeromagnetic 
inspection with drones is applicable for archaeology, 
agriculture and civil works [2, 9-12]. Metal debris and 
contamination detection are required at landfill mining 
and reclamation when wastes (metal debris and scrap) 
and contaminated by heavy metals soil are excavated 
and processed at soil remediation [13-15]. Also drones 
supplied by magnetometer can be used for 
underground utility location (for example, steel and 
concrete constructions, buried DC and AC power 
cables, to name a few). For these purposes the 
magnetometer with frequency range DC-AC up to 
60 Hz is necessary [16-18]. 

The magnetic field of buried detected/located 
objects or soil inhomogeneities is too weak, even in 
close proximity of the earth’s surface, and needs for 
reliable detection very sensitive magnetometers. Also 
at surveying of large areas a mobile lightweight device 
for productive and low cost measurements is 
necessary. Now, at magnetic prospecting the most used are 
the scalar magnetometers which have a very high sensitivity 
and some of them have a moderate  
mass for application with drones. For example, Cesium-
vapor magnetometer G-822A has noise less than  
0.001 nT/√Hz rms at a 0.1 second sample rate, sensor and 
electronic module weight 339 and 623 g respectively [19]. 
However, the scalar magnetometers have essential 
drawback because of absolute value magnetic field 
measurement, which limits the possibilities of data 
interpretation by application of methods for inverse problem 
solution. 

For obtaining of 3-component magnetic field data, 
the fluxgate magnetometers (FGM) seem to be the most 
preferable by reason of low weight, noise, power 
consumption and costs. For example, FGM  
designed for drone application has noise less than  
0.02 nT/√Hz rms at 1 Hz, sample rate 200 Hz, power 
consumption 6 W, sensor and electronic weight 200 and 
500 g respectively [20]. There is no information about 
data collection system for this FGM, and its power 
consumption is too high for small portable batteries. 
So, the adaptation of FGMs for the measurement 
onboard such a small size and low-powered carriers 
implies further more stringent requirements to their 

technical parameters. Other hindrance, resulted from 
instability of FGM axes orientation and distance to 
boundary air-ground during magnetic prospecting, 
strongly impedes the measuring procedure and data 
interpretation [21]. This problem still waits for new 
theoretical investigations and experimental ideology, 
which will allow obtaining the final results with  
high accuracy. 

 
 

2. Problems of FGM Application for 
Moving Carriers 
 
During movement of suspended or fixed FGM on 

a drone practically permanent attitude changes in the 
Earth’s magnetic field B0 arises. The corresponding 
changes of B0 projection on FGM axes significantly 
exceed the expected signal from a studied object and 
so should be removed at data processing. For example, 
the sensor deviation at as tiny angle as 0.01o may lead 
to the appearance of parasitic signal up to 5-12 pT. At 
the same time the minimal anomalous magnetic field 
at geomagnetic prospecting can be of value about 
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where κ is the soil magnetic susceptibility [22], 
B0=|B0|.  

The appropriate FGM orientation in flight is hardly 
ever can be controlled for such small carriers. 
Nevertheless, at geomagnetic prospecting, where the 
large areas with slow change of the soil magnetic 
susceptibility are studied, the measurement of 
anomalous magnetic field components is not so 
important because of absence of the pronounced 
structural configurations. Such a study can be 
provided by FGM in magnetic field absolute value 
measurement mode. The anomalous magnetic field 
value ΔBi is calculated by simple equation 
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where B1, Bi are the first and i-th magnetic field 
absolute value readings on the studied profile, 
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For such a case, the FGM orientation does not 
affect on ΔBi estimation. And to distinguish temporal 
and spatial variations of the magnetic field, a 
stationary reference magnetometer with known 
orientation has to be installed in the area where the 
survey is executed. 

At fast magnetic field changes, for example at 
buried compact object or UXO detection and 
classification the 3-component anomalous magnetic 
field measurements are obligatory. Very often for 
decreasing of air-ground boundary influence the 
gradiometric measurements are applied. In this case 
two FGMs are mounted on a rigid platform at fixed 
distance (see, for example, Magdrone II [20]). 
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To find the necessary resolution threshold of FGM 
for this purpose, let us estimate the magnetic field 
value at differential (gradiometric) detection method 
of a small steel sphere with radius R=1 cm and 
magnetic permeability μs=300μ0, where  
μ0 is magnetic permeability of free space  
(μ0=4π×10-7H/m). Because the sphere is small in 
comparison with distance r to the sensor we can use 
the dipole approximation for its induced field B in the 
Earth external magnetic field B0: 

 

πμ 4/)//)(3( 35
0 rMrrMrB −⋅=  (3) 

 
The vector of magnetic moment M for steel sphere 

equals to [23]: 
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The results of arising anomalous magnetic fields 

calculation for movement of two FGMs placed on a 
boom with separation distance Δx=1 m over the steel 
sphere R=1 cm with centre coordinates xs=ys=zs=0 at 
height z=0.5 m along x-direction (y=0) are shown  
in Figs. 1 - 2.  

 
 

 
 

Fig. 1. Modeling results for a steel sphere with R=1 cm 
and Mx=My=0, Mz≠0 with centre coordinates xs=ys=zs=0, 

flight at height z=0.5 m along x-direction 
and B0, m=50,000 nT. 

 
 

 
 

Fig. 2. Modeling results for a steel sphere with R=1 cm 
and My=Mz=0, Mx≠0 with centre coordinates xs=ys=zs=0, 

flight at height z=0.5 m along x-direction 
and B0, m=50,000 nT. 

 

Here for simplification of numerical estimations 
we assume that B0 has direction along only one 
Cartesian coordinate axis m=x, y, z and its absolute 
value equals to B0=50,000 nT. Thus anomalous 
magnetic field is calculated for two different magnetic 
moment orientations: Mx=My=0, Mz≠0; My=Mz=0, 
Mx≠0. 

From these figures it is clearly seen that such a 
small object can be reliably detected if the FGM noise 
level is less than 0.15 nT. It should be noted that 
calculated anomalous fields is proportional to R3, thus 
for steel sphere of R=2 cm the field maximums are in 
the range 3-6.4 nT. The same field intensity can be 
achieved at R=1 cm and z=0.25 m because of field 
proportionality to 1/r3. 
 
 

3. Description of FGM for Drones 
 

As it was stated above, FGM is the most suitable 
for vectorial magnetic field measurements with 
drones. That is why FGM was taken as basic 
magnetometer to be adapted to moving carrier 
applications. The most important parameter 
characterizing magnetometer quality is magnetic 
noise, which arises due to fluctuations determined by 
periodic magnetization of the FGM sensor core. For 
decrease the noise level, the attention has to be paid 
primarily to the selection of the best material for the 
sensor core, its annealing and excitation modes. Also, 
the proper selection of sensor housing material has to 
be made. It is assumed that the quality of electronic 
components used during FGM manufacturing allows 
neglecting their influence at the final FGM 
parameters. Taking into account very limited energetic 
capability of the drone, it is necessary to decrease as 
much as possible the FGM power consumption with 
retention of low noise level, which regularly increases 
with lowering of consumed power. Finally, because of 
drone movement, the broadening of a frequency range 
should be done because FGM usually are designed for 
measurement of very slow fluctuations (~DC-1 Hz). 

The detailed analysis of the ways to fulfil 
necessary requirements to low power FGMs was 
presented in [24]. The use of recommendations given 
there allowed development of the customized  
FGM LEMI-026 which has several advantages 
relatively to best found in the publications drone-
oriented FGM MagDrone One [20]. The comparison 
of technical parameters of these two FGMs is given in 
Table 1. 

From this table it is evident that the developed 
magnetometer has strong advantages as to most 
important parameters – sensitivity threshold and 
especially power consumption. Also from the 
published parameters one may conclude that 
MagDrone One is an FGM only, whereas LEMI-026 
is a complete instrument which may be used fully 
autonomously suspended to drone. 
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Table 1. Comparison of LEMI-026 and MagDrone One Main Technical Parameters. 
 

Parameter LEMI-026 MagDrone One 

Measured range of the magnetic field ± 70000 nT ± 75000 nT 

Frequency range DC…100 Hz No data 

Sample rate 250 Hz 200 Hz 

Noise level at 1 Hz 10 pT/√Hz 20 pT/√Hz 

ADC (6 channels) 32 bits 24 bits 

Tilt measurement range ±30° No data 

Tiltmeter resolution 0.01° No data 

Operating temperature range -20… + 60 °C -20 to +50 °C 

Power supply voltage 5 ± 0.25 V 12 V 

Maximal power consumption < 1.2 W 6 W 
Recording time with 1900 mAh internal battery 5 h No data 
GPS Receiver 
time stamps error 
maximal data rate 

 
<100 ns 
10 Hz 

 
No data 

Digital interface USB Serial to USB 

Volume of SD memory card 8 GB No data 

Internal memory - 512 M 
Weight <1.25 kg 0.7 kg 

Dimensions: 
Electronic unit with 
sensor and battery 

Ø 96×270 mm 

Electronic unit 
205×105×45 mm 

Sensor 
Ø 35×365 mm 

 
 

The external view of LEMI-026 FGM for drones 
use is given in Fig. 3 – both with weather-proof 
housing and without. 

 
 

 
 

Fig. 3. External view of LEMI-026 magnetometer both 
with weather-proof housing (left) and without it (right). 

 
 

4. Experimental Tests Results 
 

The field tests were performed using two of the 
LEMI-026 magnetometers. The first problem which 
had to be investigated was magnetometer noise level 
(NL) in flight. The Fig. 4 shows that LEMI-026 
magnetometer assembled with digital part has NL in 
stationary position below 30 picotesla, what is fairly 
good according to the modeling results (Figs. 1 - 2). 

 
 

Fig. 4. Noise level of LEMI-026 magnetometer assembled 
with digital part in stationary position. 

 
 

To estimate the FGM NL when mounted onboard 
the copter the data obtained at drone flight were 
submitted to spectral analysis (see Fig. 5). Here color 
plots are Bx, By, Bz components of the FGM and in 
black are given two components Tx, Ty of tiltmeter 
data. Necessary to mention that FGM spectra at Fig. 5 
are not correct in the Earth frame system because axes 
azimuths are changing during the flight. More 
precisely, they have to be considered as FGM 
components in the frame system of the sensor. But we 
may accept them for further analysis because our goal 
here is to estimate what we may get from FGM on 
copter in movement. 
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Fig. 5. Spectral analysis of LEMI-026 magnetometer noise 
level when mounted onboard drone at flight. 

 
 

These data allow us to make following 
conclusions. First, strange set of oscillations with 3 Hz 
frequency and its harmonics are observed both in 
magnetometer and tiltmeter plots. We shall not 
comment them and only make an assumption that they 
are resulted by the mechanical oscillations of copter 
and FGM suspension system. 

Next, the magnetic measurements in movement are 
used as it was mentioned above for aeromagnetic 
survey or buried objects detection. For the 
aeromagnetic survey variations in the period range 
more than 10 second are used. Analyzing data at the 
figure, we see that at the frequency 0.1 Hz signal 
fluctuations are around 2000 – 4000 nT, what is 
considerably more than any useful signal. 

Nevertheless, let us try to analyze the obtained data 
in order to estimate whether it is possible to apply this 
method to aeromagnetic survey using the obtained 
during the flight data of components of vector of 
Earth’s magnetic field and their spatial and temporal 
variations [25]. As it is seen from the Table 1, the 
sampling rate of FGM is 250 Hz, and GPS timing – 10 
Hz. Because of this the first step was FGM data 
decimation to 10 Hz and then for every time moment 
the magnetic field module was calculated as: 

 

2
z

22 ),(B),(),(),( xtxtBxtBxtF yxf ++ , (5) 

 

where ( )fF t,x  is the vector of EMP induction for 

FGM in flight as function of time and space, ( )iB t,x  

are the components of magnetic field induction vector. 
For FGM in flight time and space variables are 

connected uniquely – to each moment of time 
responds its own position in space. At aeromagnetic 
survey, the spatial distribution of the EMP module 
under the studied area is searched; because of this the 
temporal variations have to be eliminated from the 
data. For this the data of a second – stationary FGM – 
were used, its decimation also was made and the file 

( )bF t  was obtained. Then for every time moment the 

difference ( ) ( ) ( )f bF x = F t,x F t−  was calculated as the 

data depending exclusively on spatial position of the 
flying FGM. 

This value is plotted in Fig. 6 and corresponding 
area map with flight traces is given in Fig. 7. 

 
 

 
 

Fig. 6. Results of the magnetic field calculation as 
difference of the data of moving and stationary 

magnetometers. 
 
 

 
 

Fig. 7. Test area map with flight traces corresponding 
to magnetic field data in Fig. 6. 

 
 

From the comparison of both figures we may 
conclude that the tests were successful because namely 
at the places where enhanced intensity of the magnetic 
field was obtained the inspection revealed metalic bar 
(upper left part) and buried tube along the road (right 
part). 
 
 
5. Conclusion 
 

From the analysis above we may conclude that the 
parameters of the existing flux-gate magnetometers 
allow their using for magnetic survey with moving 
platforms. The electromagnetic interference from the 
drone motor and uncontrolled oscillations of drone and 
suspension are the main factors which limit the 
magnetometer sensitivity level. This problem can be 
solved by proper interference filtration and use of 
stabilized towed FGM construction. First results 
showed that FGM application for the search of 
metallic objects using scalar calculations seem to be 
satisfactory, but vector calculation results need further 
development. For this it is expected that matrix 
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method for FGM axes attitude reduction to 
geomagnetic frame can be successfully implemented 
for the electromagnetic sounding system, where the 
knowledge of sensor axes direction is important for 
data interpretation.  
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