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LONGE RANGE MAGNETIC LOCALIZATION SYSTEM 
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Paper presents long range magnetic position estimation system which evaluates mutual position between transmitter and receiver  

in applications where other methods are not available. System is designed for deep subsurface localization between transmitter a nd 

receiver. The localization is based on excitation of the coils in transmitter with the known current pattern and evaluation of this re-

sponse on the receiver. The transmitter consists of a set of two specially designed coils (axial and radial coil  or two axial coils). 

The coils are optimized to provide maximal magnetic moment from available battery source and also meet the dimensio n con-

strains. The transmitter excites the coils consecutively with predefined current pattern (number of current pulses of known l ength 

and amplitude). The magnetic response of the excitation is recorded and evaluated on the receiver side by two magnetometers.  

 

Keywords:  magnetic, position estimation 

 
1  INTRODUCTION 

 

 

Subsurface localization is a challenging task since it is 

impossible to receive GPS signal and other radio methods 

are available only on a very limited range. The only avail-

able position estimation system is dead reckoning using 

inertial navigation system. This method suffers from inte-

grating error which accumulates with time and therefore 

the precise navigation is limited with the time and also 

distance. Also high precise inertial measurement unit is 

extremely expensive also bulky. 

Horizontal underground drilling is special case of ob-

ject localization. Operators need to know exact position of 

the drill head with respect to the surface structures. For 

long drilling jobs where the location of entry point is 

known accurately, very precise optical gyros are used. 

Even thou the final length of the job is limited to (2km) 

with dead reckoning accuracy of ±2.5 m. 

In case of extra long drilling jobs it is necessary to 

start two separate jobs from either sides due to the torque 

limitations. Then it is necessary to meet these two drill 

heads in the middle to create single tubular hole. There-

fore the mutual localization between both drill heads is 

strongly important. The accuracy at the meeting point has 

to be in orders of centimetres. 
 
 

 

2  THEORETICAL BACKGROUND 
 

 

In order to be able to detect the position of the trans-

mitter, magnetic field with high amplitude has to be gen-

erated. The transmitter consists of two high current coils. 

To simplify the situation the coil is taken as current loop 

for far field approximation. Since the magnetic field gen-

erated by a solenoid has rotational symmetry, the far field 

can be described using radial and tangential components 

from (1) and (2) [1]:  
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where:    - is tangential magnetic field component,    - 

is radial magnetic field component, M – is magnetic mo-

ment of the coil, r – is distance from the coil, ϕ – is an-

gle between the point in space in distance r and solenoid 

axis. Magnetic moment of the coil is calculated as 
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where: N – is number of turns, I – is current flowing thru 

the coil, S – is area of a single turn. 
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Fig. 1. Current loop magnetic field model 
 

From above it is clear that dynamic range of the meas-

urement has to be wide enough to cover range up to 20 m 

and thus the coil current has to be adjustable in order to 

avoid any over range of the sensing part. Current of 15 A 

causes magnetic field of 120 T in the distance of 0.5 m 

from the coil while in the distance of 20 m the field inten-

sity drops below 2 nT. Magnetic field intensity is decreas-

ing with the cube of the distance to the source which 

strongly limits the detectable range of such system. The 

accuracy of the magnetometer in receiver is 0.2 nT. 
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Fig. 2. Tangential components of the solenoid on the axis 
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3  SYSTEM DESCRIPTION 
 

 

Magnetic field transmitter consists of two coils (radial 

and axial coil or two identical axial coils might be used). 

In order to achieve maximal magnetic moment of the coils 

with respect to the space available and battery constrains.  
 

 

 

  
 

 

 

Fig. 3. Radial and axial coils 
 

The whole system is enclosed in the set of two massive 

nonmagnetic stainless steel pipes which are used to trans-

fer the torque to drill head. The length of nonmagnetic 

drill chain part is 2.2 m. The rest of the drill string is 

made from magnetic steel alloy. The stainless steel alloy 

is from nonmagnetic AISI 316 (µr = 1.005). The diameter 

of these pipes is 136 mm for inner pipe and 170 mm di-

ameter for outer pipe. The position of the coil with respect 

to electronic unit is known, fixed and stable. Since the coil 

needs to fit within the inner cavity the maximum diameter 

of the coil is 120 mm. The coil design has to be optimized 

with respect to the maximal achievable magnetic moment 

with given battery voltage, wire resistance, length and 

diameter. After optimization the coil has 1007 turns, re-

sistance of 3.1 Ohm, and average diameter of 80 mm and 

length of 140 mm. The available battery voltage is 48 V 

and thus the maximal achievable current is 15.5 A. Meas-

ured maximal current was 15 A due to the drop on the 

switching circuit and connections. 
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Fig. 4. Coil unit (shown with two axial coils) 
 

 

 

 

Coil current is controlled by a full H bridge circuitry 

enabling both current polarities as well as full amplitude 

control. In order to remove hard iron effect of the sur-

rounding material as well as ambient magnetic fields and 

to increase magnetic field step it is necessary to use cur-

rent of both polarities. The maximal value of the excita-

tion current is 30 A, peak-to-peak. Coils are excited con-

secutively with several current pulses of both polarities 

and also the responses on magnetometer side are evalu-

ated separately 

Unit with two high accurate magnetometers is used on 

the receiver side. The tri-axial fluxgate magnetometer 

module has a range of ±100 µT with resolution of less 

than 0.2 nT (including processing electronics). Since there 

is a high possibility of hard metal influencing from mag-

netic drill chain components there is a compensation coil 

winded around the magnetometer. 

This coil is used to compensate any field in drill chain 

axial direction. In some cases the field from magnetic 

components is that strong that it causes magnetometer 

over range problem and thus makes measurement impos-

sible. The compensation coil compensates for this hard 

iron effect and returns the value of axial field into meas-

urable range. 
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Fig. 5. Magnetometer unit 

 

The electronic unit contains also a three axis acceler-

ometer to estimate Roll and Pitch of the whole system. 

The six channel processing electronics on the magnetome-

ter side simultaneously samples data from the magnetome-

ter, data are processed by 24 bit ADC. 

Yaw angle of both units is also essential for data proc-

essing. A part of the drill string is also laser ring gyro 

which is used for dead reckoning and navigation of the 

unit during standard drilling job. This gyro provides accu-

rate information of the yaw angle for each unit. The accu-

racy of the yaw information is 0.05°. This is much better 

than accuracy of accelerometer in roll and pitch estim-

ation (0.2 deg).  

Since the coil excitation period is quite short because 

of limited battery capacity both units has to be synchro-

nized together in order to start sampling data at a right 

time and with correct phase with respect to excitation sig-

nal. The duration of the drilling job might be between 

several hours up to several days (eventually weeks) the 

time synchronization between units is quite complicated. 

Both systems are synchronized by a magnetic pattern 

transmitted by the axial coil. Excitation sequence consists 

of three phases:  
 

 

 

- Synchronization pattern 

- First coil excitation period 

- Second coil excitation period 
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Fig. 6. Excitation sequence 

 

Before the excitation sequence starts, operator 

switches the magnetometer units into listening mode 

where all coming magnetometer data are processes by a 

pattern convolution filter and unit is looking for the 

known pattern in magnetometer signal (two pulses of op-
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posite polarity 50 ms each, maximal current ±15 A on the 

transmitting coil). The coil excitation starts defined time 

after this synchronization pulse. The coil excitation se-

quence consists of known number of pulses with known 

adjustable current amplitude and also known length.  
 

 

 

 

 

 

 

4  DATA PROCESSING 
 
 

After the excitation sequence is over following data 

are available for processing: 

Coil excitation unit 

- ΨC  coil unit yaw 
- θC    coil unit pitch 
- φC coil unit roll 
- I1 First coil excitation current [Ap-p] 
- I2  Second coil excitation current[Ap-p] 

Magnetometer unit 

- ΨM  magnetometer unit yaw 
- θM    magnetometer unit pitch  
- φM magnetometer unit roll  
- B1-1 Magnetic field vector of differences meas-

ured by Magnetometer 1 for first coil excitation pe-
riod [nTp-p] 

- B1-2 Magnetic field vector of differences meas-
ured by Magnetometer 1 for second coil excitation 
period [nTp-p] 

- B2-1 Magnetic field vector of differences meas-
ured by Magnetometer 2 for first coil excitation pe-
riod [nTp-p] 

- B2-2 Magnetic field vector of differences meas-
ured by Magnetometer 2 for second coil excitation 
period [nTp-p] 

First step in data processing is transformation of mag-

netic vectors B from magnetometer body coordinate frame 

to reference navigational frame (horizontally leveled north 

aligned). 
 

                      
  

     (4) 
 

Where: 

    is magnetometer yaw rotational matrix  

    is magnetometer pitch rotational matrix  

    is magnetometer roll rotational matrix  

 

In the second step the magnetic vector is transformed 

to the coil unit body reference frame (index C means coil 

unit). 
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The iteration process [2] uses adjustable magnetic di-

pole model to find a point in space which corresponds to 

the measured magnetic field vector. Since magnetic dipole 

orientation corresponds to the coil unit orientation data 

processing is done in coil unit reference frame. There is a 

result for every measured magnetic field vector. The result 

is given by spatial Cartesian coordinates x,y,z describing 

point in the space with respect to the coil unit body refer-

ence frame. Such result is then transformed to navigation-

al frame and presented to operator in graphical form fig 7. 
 

               
       

  
   (6) 

 

There are four results in total. The result of the itera-

tion algorithm is not unique. There are always at least two 

solutions for every magnetic field vector processed. Two 

results are always point symmetrical. The results from the 

known geometry and known distance between magnetom-

eters and coils there is only one unique combination of 

results which corresponds to the real geometry. 
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Fig. 7. Operators results screen – top view: : 1 – MAG1 axial,  

2 – MAG 2 axial, 3 – MAG1 radial, 4 – MAG2 radial 
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Fig. 8. Operators results screen – cross-sectional view: 1 – MAG1, 

 axial, 2 – MAG 2 axial, 3 – MAG1 radial, 4 – MAG2 radial 
 

 

 

 

 

 

 

 

If the results are compensated for distance between magne-

tometers and distance of the coils we will get a single point 

solution which gives unique point with coordinates x,y,z Fig 

9. This point corresponds to the location of the magnetome-

ter unit with respect to coil excitation unit under the ground. 

First limitation of the system is maximal distance 

where the system is able to reliably recognize synchroni-

zation pattern. Improved triggering pattern is able to be 

recognized by the magnetometer unit on the distance up to 
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20 m from the coil system (axial position). The measure-

ment distance is limited by following facts: 
 

 

- signal to noise ratio (12dB at 20 m) 
- synchronization ability 20 m max 

The measuring accuracy is limited by: 
 

- signal to noise ratio 
- mutual position of the coil and magnetometer 
- accuracy of the yaw, pitch and roll estimation 
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Fig. 9. Operators results screen after compensation formagnetometer  

and coil offsets: : 1 – MAG1 axial, 2 – MAG 2 axial,  

3 – MAG1 radial,  4 – MAG2 radial 

 
 

 

 

 

5  RESULTS AND DISCUSSION 
 

The approximate error of the system was verified in 

several measurements points resulting in Tab.1. The esti-

mation of unit yaw, roll & pitch is critical for accuracy in 

longer distances. At 10 m error in roll of 1° might cause 

error in calculated z  and y coordinate of 0.8 m. Therefore 

a special accelerometer calibration procedure was imple-

mented. Accurate roll estimation is critical in case of radi-

al coil and magnetometers. Axial coil is not influenced by 

the roll at all since it has roll symmetry. 
 

Tab. 1. Estimated accuracy of the system 

 
Distance [m] Position error [m] 

0.5m 0,15 

2m 0.2 

5m 0.4 

10m 0.8 

15m 1.4 
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Fig. 10. Estimated error 

6  CONCLUSION 
 

 

The developed underground magnetic ranging system 

can be used up to distance of 15 m. The measurement re-

sults were achieved during test with two real drill chains 

moved by crane. The measurement accuracy steeply drops 

with increasing distance due to SNR as well as roll and 

pitch accuracy. For longer distances system is used for 

rough estimation of the position. 
The advantage is that the closer the systems are the 

more accurate results are achieved. In very close distance 

bellow 0.5 m the effect of magnetic parts in second sys-

tem has to be taken into account and thus even in very 

close positions the accuracy will not be better than 

0.15 m. The results achieved so far show the necessity to 

increase roll measurement accuracy because it strongly 

influences results. Coil unit with two axial, roll independ-

ent, coils was introduced and is going to be tested in near 

future. Also improved single roll accelerometer calibra-

tion procedure will be implemented and tested in order to 

reduce part of the error caused by roll and pitch measure-

ment.  
 
 

 

 
 

 

REFERENCES   

 

 

 

1 Takaaki Nara, Satoshi Suzuki, and Shigeru Ando: A Closed-Form 

Formula For Magnetic Dipole Localization by Measurement of Its Mag-

netic Field and Spatial Gradients, IEEE Transactions on Magnetics, vol. 

42, no. 10, october 2006 3291 
 

2 Liu, Y- Wang.Y-Yan D-Zhou Y.:DPSD Algorithm for AC Magnetic 

Tracking System, IEEE conf. Virtual Environments Human-Computer 

Interface and Meas. Syst. 2004, pp101-106 
 

 

Received 8 September 2012 
 

 

 
 

Jan Včelák (Ing, PhD), born 1979 in Kladno, Czech Republic, 

graduated from the FEE, CTU in Prague, in 2003, PhD degree in 

2007. The subject of thesis was Application of magnetic sensors 

for navigation system. 2006-2007 Ricardo Prague, 2007-2011 

Tyndall NI, Ireland, Postdoc Researcher, team leader. Currently 

works as researcher on the University Center of Energy Efficient 

Buildings UCEEB. Topics are sensor application, magnetic sen-

sors.  

 

Aleš Žikmund (Ing) was born in Velke Mezirici, Czech Repub-

lic, in 1985. Graduated from the Faculty of Electrical Engineer-

ing, Czech Technical University in Prague, in 2009 he received 

the master degree at the same university, in 1985. At present he 

is a PhD student at the Department of Measurement, Faculty of 

Electrical Engineering. 
 

Pavel Ripka (Prof, Ing, CSc) was born in Prague in 1959. He 

received an Engineering degree in 1984, a CSc (PhD equivalent) 

in 1989, Associate Prof. in 1996 and finally Prof. in 2002. He 

was elected the dean of the Faculty of Electrical Engineering, 

CTU in Prague in 2011. He continues to work at the Department 

of Measurement as a Professor, lecturing in Measurements, En-

gineering Magnetism and Sensors. His main research interests 

are magnetic measurements and magnetic sensors, especially 

fluxgate. He is a co-author of 4 books and more than 200 scien-

tific papers. 


