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A new method employing x-axis (horizontal) compensation system is introduced to reduce the magnetic noise 
measured in y-axis (vertical) in a separate shell magnetic shield. Due to the construction of the separate shell 
magnetic shield the x-axis incident magnetic field is redistributed generating a y-axis components affecting the 
operation of the sensors used in MCG measurements. The new method utilizes an active compensation system in 
x-direction to reduce both the gradient of magnetic field in y-direction and time varying magnetic noise generated in 
y-axis due to x-axis magnetic fields. Finally, a practical implementation of the adopted active compensation scheme is 
presented in order to reduce the cross effect from x-axis magnetic fields on y-axis. 
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1. Introduction

Magnetocardiography is a powerful non-invasive 
tool to detect tiny magnetic field produced from the 
human heart [1-2]. Yet measuring such small magnetic 
fields is challenging, since the signals to be measured is 
three orders of magnitude less than the environmental 
magnetic fields. Hence a strong magnetic shield is 
required to provide a magnetically quiet environment for 
the measurement process [3-5]. 

Although conventional magnetic shields can provide 
a high shielding efficiency, they are not widely used as 
they consist of many layers of high permeable magnetic 
materials that increase their cost and weight. Active 
compensation aided with separable magnetic shells is an 
effective method to mitigate the drawbacks of 
conventional magnetic shields [6].  

Full size separate shell magnetic shield aided with 
active compensation system in both x-axis and y-axis 
was introduced [7, 8 and 9]. The shielding system may 
contain 3 active shielding coils pair for each axis (x-, y-, 
and z- axes). However, as shown in Fig.1 only one active 
shielding system will be used in this paper ‘i.e. x- axis’. In 

order to measure the signal from the human heart, the 
system is prepared such that it can utilize either a 
matrix of 8*8 fluxgate gradiometers placed in y-axis or 
SQUID sensor measuring change in y-axis magnetic. 
The shielding performance of the shield was 
investigated in [7]. A shielding factor up to 100 and 1000 
in x-axis and y-axis respectively at 60 Hz were reported. 
But the noise level at 1 Hz was not reduced below 100 
pT/√Hz for both x-axis and y-axis. Also many line 
spectra were not completely eliminated at higher 
frequencies. In order to improve shielding efficiency of 
the shield, two independent controllers for time varying 
and static magnetic fields was introduced in [8] to 
compensate magnetic noise in vertical direction. The 
noise level was then improved to 30 pT/√Hz at 1 Hz and 
3 pT/√Hz noise floor was achieved at higher frequencies. 
In addition, the effect of x-axis magnetic field on y-axis 
magnetic field (cross interference) was reported. A 
method to reduce magnetic field gradient produced in 
y-axis by overcompensating x-axis magnetic field was 
proposed earlier; but yet not experimentally verified [9]. 

In this paper, the effect of x-axis magnetic field on 
y-axis magnetic field is presented. Overcompensation 
technique is experimentally verified. Moreover, an 
x-axis active compensation is realized to reduce the 
effect of time varying components of x-axis on y-axis 
magnetic fields. 

2. FEM validation for overcompensation
technique 

To demonstrate cross interference between x-axis 
magnetic field and y-axis magnetic field, a simulation is 
conducted using the finite element methods (FEM) in 
the two-dimensional stationary condition. The shielding 
system consists of three parts; the outermost part is 
made of magnetic material having a relative 
permeability of 10000, the middle part and the 
innermost parts are made of magnetic material having a 
relative permeability of 40000, and the last one is the 
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z

Fig. 1 large-scale separate shell magnetic shield with 
active compensation coils in x- axis and y- axis. The 
values are in cm 
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magnetic bridges linking the shell parts which are made 
of the same magnetic material of 40000 relative 
permeability. The compensation coils used in the 
simulation are single turn coil as shown in Fig. 1. 

An external magnetic field of 10 µT is imposed to the 
shielding system in positive x-axis. Different active 
compensation currents are injected into compensation 
system to compensate external magnetic field and 
magnetic field in y-axis is then calculated.  

As described in [9], a surface plot of magnetic field 
distribution inside the shield can be calculated. As the 

coils used for active compensation are concentric coils; 
the fields produced from these coils are not uniform. So 
at low level of compensation (Bactive < Bexternal) the null 
points (points with minimum magnetic flux density) 
occur at the center of the coils. But if the level of 
compensation increases, the magnetic flux lines become 
denser, and the uniformity increases. Hence, further 
increase in the level of compensation will lead to 
decreasing the gradient of the magnetic field inside the 
shield. But the problem is that the null points move 
upward, and the magnetic field at the area of interest 
become overcompensated (Bactive > Bexternal) and reverse 
its direction. It should be noted that in Fig. 2, excessive 
overcompensation current is used to show 
overcompensation effect for the sake of figure clarity and 
readability.  

The effect of overcompensation in y-axis magnetic 
field may then be explained by the fact that around the 
point of minimum or maximum a very high gradient 
exists. In addition, between two consecutive minimum 
points or maximum points it shall exist a point with zero 
gradient. As a result, when the null points move to 
y-axis as depicted in Fig. 2c, a point with zero/minimum 
gradient may exist in this direction [9].   

So in order to determine the optimum 
overcompensation current to be injected in x-axis 
compensation system, active compensation current is 
increased gradually and the magnetic field inside the 
shield is calculated. The difference between the reading 
of two points, in the center of the shield relative to z- axis, 
separated by 5cm is calculated at x = 10 cm and x = 5 cm 
to cover at least 20 cm width covering all the area of 
measurements; i.e. chest area (5 cm in y-axis is selected 
to fit for gradiometer sensor base line. In case of using a 
sensor with different base line, this value should be 
modified). Also the value of the Bx component at the same 
position is calculated as shown in Fig. 3, 4.  

According to Fig. 3, injecting a current of 7.5 A in the 
active compensation coil cancels the external magnetic 
flux component in x- axis. However, the gradient of y- 
component magnetic flux density is not zero and it 
increases as the distance of measuring point from the 
center increases in x-axis as shown in Fig. 4. Increasing 
the current of active compensation coil to nearly 7.7 A 
will cause the x- component of magnetic flux density to be 
overcompensated. Despite that, the gradient of magnetic 
flux density in y-axis is canceled completely as illustrated 
in Fig. 4.  

It worth mentioning that excessive 
overcompensation of x- axis magnetic flux density may 
seem not to affect main gradiometers/sensors directly, 
but small unavoidable vibrations of gradiometers/sensors 
may arise the effect of this component on the measured 
magnetic field. In addition, increasing the 
overcompensation will cause the gradient itself to 
increase, turning active compensation coils to be the 
source of noise as depicted in Fig. 4. As a consequence, 
the overcompensation current should be tightly kept 

(a) 

(b) 

Fig. 2 surface plot of magnetic field distribution inside 
the shield for three cases (a) low level of compensation 
(b) optimum level of compensation (c) overcompensation. 
All axes are in cm. 

(c) 
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constant at the the value achieving zero gradient of 
magnetic flux density component in y-axis at the area of 
interest [9].   

3. Experimental setup  

A full size separate shell magnetic shield, described 
in [7] in details, is used. The system is aided with active 
shielding system for x- axis magnetic field. The active 
shielding in x- axis consists of two sets of coils. One coil 
(A1-A2) is prepared to achieve overcompensation 
technique and to remove static components. For simplicity 
this coil is connected to a controlled DC source. The other 
coil (B1-B2) is prepared to perform the active 
compensation for time varying components (i.e. connected 
to the power amplifier output as depicted in Fig. 5). The 
two sets of coils are grounded with the same ground. Each 
set of coils consists of one pair of coils; one coil at the 
right and another one at the left of the shield; see Fig. 5. 
A proportional - integral (PI) controller controls the 
second set of coils through the power amplifier. The 
controller measures the leakage magnetic field using 
orthogonal Fluxgate (FG) sensor with sensitivity of 0.27 
V/µT and bandwidth of 700 Hz [10]. Another two FG 
sensors are used. One to characterize the magnetic field 
inside the shield in y-axis and the other one in x-axis to 

measure the level of compensation. The additional FGs 

are connected to Frequency Response analyzer (FRA) as 
depicted in Fig.5. Feedback sensor is separated by 2 cm 
in z-direction from the characterizing sensors. The 
characterization sensors are placed at the center point of 
the shield. 

The PI controller circuit shown in Fig. 6 consists of 
three stages. The first stage is the nulling circuit to 
compensate the dc offset inherent the output of FG 
sensor [10]. The second stage is a two steps preamplifier 
with total gain of 70. The third stage is the PI controller. 
The proportional and the integral parts are adjustable. 
The integral part is set to have a gain of Ki = 1/(CTRT) = 
1000 sec-1. The proportional part (Kp = R2/R1) is ranging 
from 1 to 10. All control parameters are determined 
experimentally such that the maximum possible gain is 
introduced without driving the active compensation 
current into oscillation. 

 
4. Overcompensation technique validation 

  
The block diagram in Fig. 7 describes the normal 

compensation condition. It is clear that this system will 
keep the magnetic field inside the shield to be zero or 
minimum as much as possible but on the other hand it 
will not enable us to achieve overcompensation. In order 
to overcompensate the x-component of the magnetic field, 
the modified block diagram in Fig. 8 can be adopted. A 
controlled offset can be added to the output of the flux 
gate using any adder (summer) circuit before the 
controller. Hence the controller will increase the control 
action in order to suppress the excess error seen at its 
input. 

 

 

 
 

Fig. 3 Bx component inside the shield at x = 10 cm 
and x = 5 cm with different active compensation 
currents. 

Fig. 4 Magnetic field gradient of By component inside 
the shield at different active compensation level 
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Fig. 5 Schematic diagram showing all components of 
the active compensation and testing equipment. A1, and 
A2 are over-compensation coils connected in series. B1, 
and B2 are active compensation coils connected in series. 

Fig. 6 Controller schematic describing the preamplifier 
stage and PI controller stage 

Monitoring	
F G 	circuit

C ontroller
Power	

amplifier

F RA 	
Analyser

F eedback 	
F G 	circuit

C ontrolled	
DC 	source

x

y

z

A1
B 1

A1'
B 1'

B 2

B 2'

A2'

A2



151Journal of the Magnetics Society of Japan Vol.40, No.6, 2016

INDEX

Fig. 9 shows the resultant magnetic field inside the 
shield for four cases: No compensation, under 
compensation, optimum compensation, and 
overcompensation. The magnetic field is measured using 
a fluxgate sensor placed at x = 1.5, 4.5, 7.5 cm vertically. 
The results show that the magnetic field gradient inside 
the shield is very much reduced if the magnetic field in 
x-direction is overcompensated. The ratio between 
excess current injected and the current needed to fully 
compensate magnetic field at the center of the shield 
(optimum compensation) in this case is only 0.057. The 
magnetic field inside the shield is maintained at 60 nT, 
improving the resultant magnetic field gradient inside 
the shield. The gradient drops to less than 1 nT/cm 
instead of 58 nT/cm when no compensation is used. The 
gradient is calculated by measuring magnetic flux 
density at x = 7.5 cm (point with largest magnetic flux 
density as shown in Fig. 9) divided by the distance from 
the center line of the shield (i.e. 6 cm). 
 

5. Active compensation in x-axis 
  

In this experiment two sets of coils will be used. One 
is used for compensating static magnetic field. The 
second is for compensating the time varying magnetic 
fields. The static fields will be compensated using DC 
power supply as stated earlier; see fig. 5. In case of 

compensating time varying component, the gain of the 
controller will be adjusted such that the maximum 
shielding efficiency is achieved without driving the 
system into oscillation. 

To adjust the gain controller, the value of the 
proportional controller is changed in steps kP = 2, 10, 
and 20. The frequency response at each step was 
measured as shown in Fig. 10. It is noticed that as the 
controller gain increases, the shielding factor increases. 
The maximum shielding factor obtained at low 
frequency (near 1 Hz) is -47.5 dB, equivalent to 237.13, 
that is obtained at kP = 20, that improves from -29 dB, 
equivalent to 28.1, at no compensation. Further increase 
in the proportional controller gain leads to oscillation in 
the system and high current is absorbed from the power 
amplifier. 

Furthermore, the effect of active compensation in 
x-axis on y-axis magnetic field is investigated. The 
frequency response of the shield in y-axis is measured 
using frequency response analyzer for two cases: for the 
case of no active compensation is used in x-axis and for 
the case of x-axis compensation system is turned on at 
the maximum possible gain, kP = 20. Figure 11 shows 
the relative position between x-axis fluxgate feedback 
sensor used for active compensation and y-axis fluxgate 
sensor used for evaluation. Due to symmetrical 
configuration of the shielding system the magnetic field 
at the center line of the shield will be zero, hence the 
vertical evaluation sensor should be placed off the center. 
At this point the definition of cross attenuation factor 
should be introduced. It can be defined as the ratio 
between the measured magnetic flux density in y-axis 
and the applied magnetic flux density in x-axis (from 
disturbing coil). Fig. 12 shows the cross attenuation 
factor of the vertical component of magnetic flux density 
due to active compensation in horizontal axis. The result 
shows that y-axis magnetic field generated due to x-axis 
magnetic field is attenuated in case of using active 
compensation. The generated noise in y-axis due to 

 

 

 

 

Fig. 7 A block diagram of the active shielding system 
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Fig.  9 Distribution of By component of magnetic field 
inside the shield for four cases: no compensation, under 
compensation, optimum compensation, and 
overcompensation 

Fig. 8 A block diagram of the active shielding system 
with modified controller. 
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Fig.  10 Frequency response of the attenuation factor 
of the shield in x-axis at different proportional controller 
values. The curves are center of the shield. 
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x-axis magnetic field is reduced by a factor of -75 dB, 
equivalent to 5623.5, instead of -62.5 dB, equivalent to 
1333.52, in case of no active compensation is used. It 
should be noted that this high shielding factor is not 
uniform all over the frequency spectrum of interest as 
shown by the red curve in Fig. 12. This curve indicates 
how each frequency in y-axis is attenuated after using 
x-axis active compensation is activated. The fact that all 
line spectra are not attenuated equally gives a logical 
indication that not all the measured magnetic noise in 
y-axis are originated due to external x-axis magnetic 
field. Hence, x-axis active compensation will not be 
equally effective on each line spectrum appearing in 
y-axis measurement and it is needed to combine other 
y-axis active shielding techniques to the x-axis active 
compensation in order to remove the remaining 
magnetic noise inside the shield.  

6. Conclusions
Effectiveness of overcompensation technique in 

reducing magnetic field gradients generated in y-axis 
magnetic fields is presented. With slightly 
overcompensating x-axis magnetic field, y-axis gradient 
is reduced to 1 nT/cm from 58 nT/cm when no 

compensation is used. For the case of active 
compensation of time varying magnetic field in x-axis, 
the shielding factor of noise generated in y-axis is 
improved from 1333 to 5623.  
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Fig.  12 Frequency response of the attenuation factor 
of the shield in y-axis at two cases: no x-axis 
compensation and with active compensation on. The 
curves are center of the shield. 

Fig. 11 Schematic showing the relative position 
between horizontal feedback sensor and vertical 
evaluation sensor 
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