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Compensation of Crosstalk in Three-Axial
Induction Magnetometers
Eugene Paperno, Asaf Grosz, Shai Amrusi, and Boris Zadov

Abstract—A method for the compensation of crosstalk in threeaxial induction magnetometers is developed theoretically and
verified experimentally. The compensation is based on deriving
crosstalk-free magnetometer outputs from a system of equations
describing the magnetometer total outputs as a function of the
applied field, the parameters of the magnetometer coils, and the
crosstalk factors for the applied and secondary magnetic fluxes.
Processing the total outputs of an experimental magnetometer
has demonstrated an effective reduction of the crosstalk: it has
been reduced below 0.5% in the whole magnetometer bandwidth,
including the frequencies near resonance, where the crosstalk
is especially strong (20%). In comparison, the reduction of the
crosstalk by applying magnetic feedback is much less effective: the
crosstalk has been reduced down to 6% at resonance, remained
unchanged at low and high frequencies, and even increased
just below resonance. Moreover, magnetic feedback flattens the
frequency response and significantly reduces the magnetometer
selectivity, which can be advantageous in many applications.
Employing magnetic feedback also increases the magnetometer
complexity and its power consumption.
Index Terms—Compensation, crosstalk, magnetic feedback,
three-axial induction magnetometers.

Fig. 1. Three-axial induction magnetometers with (a) low- and (b) highdensity packing of the search coils.

I. I NTRODUCTION

I

NTEGRATION OF search coils [1]–[4] into a threeaxial induction magnetometer [5]–[10] (see Fig. 1) causes
inevitable crosstalk [9], [10] between them. The crosstalk degrades the magnetometer orthogonality and, hence, the accuracy of measuring the magnitude and direction of an applied
field.
The crosstalk occurs by two mechanisms [9]: the first is
related to the distribution of the applied flux [see Fig. 2(a)], and
the second is related to the distribution of the secondary fluxes
generated by the coils’ electric currents [see Fig. 2(b)].
Fig. 2 shows a particular case where the z-coil is longitudinal
to the applied flux and the x- and y-coils are transverse. To
show separately the distribution of the primary and secondary
fluxes, we assume in Fig. 2(a) zero currents in all the coils (this
corresponds to a dc or very low-frequency case) and assume in
Fig. 2(b) zero applied flux. To show in Fig. 2(b) the distribution
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Fig. 2. Crosstalk due to (a) applied and (b) secondary fluxes. Note that the
condition of zero currents in the coils in (a) is satisfied at dc and nearly satisfied
at very low frequencies. To show in (b) the distribution of the secondary flux
generated by the z-coil only, we assume zero currents in the x- and y-coils.

of the secondary flux generated by the z-coil only, we assume
zero currents in the x- and y-coils.
One can see from Fig. 2(a) that the applied flux, Φa , flows
in not only the longitudinal coil, Φzp , but also in the transverse
coils, aΦzp , which provide an alternative path for it. Fig. 2(b)
shows that the secondary flux, Φzs , of the z-coil is partially
shunted, i.e., bΦzs , by the transverse coils. As a result, not only
the longitudinal coil but also the transverse coils are sensitive
to the applied flux.
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The crosstalk strength depends on the packing density of
the coils (see Fig. 1) and the frequency of the applied field.
The crosstalk can be relatively weak (about 1%) at low frequencies [9], [10], where the first mechanism dominates, can
be very strong [9] (above 50%) near resonance and moderate
[9] (3%–6%) at high frequencies, where the second mechanism
dominates.
In general, a crosstalk can be reduced by three different methods: 1) by reducing the strength of the crosstalk origin [1]–[10];
2) by modifying the system configuration [8], [9], [11]–[15];
and 3) by measuring and excluding the crosstalk from the
processed system output [16]–[20].
For example, the dominant crosstalk origins in three-axial
induction magnetometers near their resonance are the electrical
currents in the magnetometers’ coils. Applying magnetic feedback [1]–[9] reduces these currents, thus reducing the strength
of the crosstalk origin and, in this way, reducing the crosstalk.
The same result can also be obtained by damping the resonance
by connecting resistors in parallel to the magnetometers’ coils
[8], [10].
There are, however, principal limitations related to employing either magnetic feedback or damping resistors. The
obtained reduction will still be limited at a level between
the low- and high-frequency crosstalk values [9]. The coils’
frequency response at resonance will be flattened [1]–[10].
This significantly reduces the magnetometer selectivity, which
can be advantageous in many applications. Employing magnetic feedback also increases the magnetometer complexity and
power consumption. An additional disadvantage of excessive
dumping is that it significantly increases magnetometer noise.
An example of reducing crosstalk by modifying the system
configuration is increasing the number of coils in three-axial
magnetometers from three to six [9] or 12 [8] and arranging
them symmetrically. Due to the symmetry, the total crosstalk in
each channel is compensated. Examples of using symmetry or
providing alternative paths for opposite crosstalk while modifying a system are given in [11]–[15] for inductive and capacitive
types of coupling. A disadvantage of these methods is that they
increase the system size and complexity.
Measuring and excluding the crosstalk from the system
output can be obtained by employing additional hardware [16].
For example, the crosstalk between a number of inductive transmitters [16] operated at different frequencies can be reduced by
measuring the crosstalk current components in each transmitter
and then adding opposite excitation currents. However, such
a method cannot be applied to the reduction of crosstalk in
induction magnetometers, because their crosstalk is at the same
frequency with the main signals.
Crosstalk can also be measured and excluded by employing special algorithms [17]–[20], without using any additional
hardware. It can be done by considering the crosstalk components as unknowns in the measuring model and then finding
and excluding them algorithmically. Such a “model-based”
crosstalk compensation approach is used in this paper.
The aim of this paper is to reduce the crosstalk in three-axial
inductive magnetometers while avoiding magnetic feedback.
Instead, we reduce the crosstalk by using no additional hardware and only by processing the outputs of the magnetometer
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channels. Such compensation, aside from affecting the magnetometer selectivity, has an additional principal advantage: it
allows, at least in theory, complete zeroing of the crosstalk.
Naturally, inevitable systematic errors will limit the crosstalk
compensation. Nevertheless, we show that, even in a practical
case, the suggested compensation reduces the crosstalk much
more efficiently than magnetic feedback.

II. M ETHOD
The total primary fluxes in the magnetometer coils can be
given as follows:
⎧


Φxp = Φxp + a Φyp + Φzp + b(Φys + Φzs )
⎪
⎪
⎪
⎪
⎨


Φyp = Φyp + a Φxp + Φzp + b(Φxs + Φzs ),
⎪
⎪
⎪
⎪


⎩
Φzp = Φzp + a Φxp + Φyp + b(Φxs + Φys )

(1)

where Φxp , Φyp , and Φzp are the applied (crosstalk-free) primary fluxes; Φxs , Φys , and Φzs are the total secondary fluxes;
a is the ratio of the applied primary fluxes in the transverse and
longitudinal coils, assuming that only the longitudinal coil is
exposed to the applied flux and there are no electric currents
in the coils [see Fig. 2(a)]; and b is the ratio of the secondary
fluxes in the above coils, assuming that an excitation current is
applied only to the longitudinal coil and there are no electric
currents in the transverse coils [see Fig. 2(b)]. We assume for
relatively small applied magnetic fields a linear behavior of
the magnetization in the cores and flux concentrators and thus
consider the a and b crosstalk factors as field independent.
To derive (1), we consider that, for example, the total primary
flux Φzp in the z-core is combined from its crosstalk-free primary flux Φzp [see Fig. 2(a)]; the fractions of the primary fluxes
in the x- and y-cores Φxp and Φyp , respectively, leaking into the
z-coil due to the first crosstalk mechanism in accordance to the
a factor [see Fig. 2(a)]; and the fractions of the secondary fluxes
in the x- and y-cores Φxs and Φys , respectively, leaking into
the z-coil due to the second crosstalk mechanism in accordance
to the b factor [see Fig. 2(a)]. Φxp and Φyp are derived in a
similar way.
Fig. 1(b) suggests that there should be some difference in
the a factors for the x- and y-transverse coils. Our simulations,
based on the finite-element method (FEM), show, however, that
the a factors are nearly equal: the difference between them is
less than 1%. Thus, we use, for the sake of simplicity, one
and the same factor a in (1) for all the coils. According to the
flux distribution in Fig. 2(b), there should be no difference in b
factors.
The crosstalk-free primary fluxes in (1) can be related to the
applied field components
⎧ 
Φxp = Bax μapp A
⎪
⎪
⎪
⎪
⎨
Φyp = Bay μapp A,
⎪
⎪
⎪
⎪
⎩ Φ = B μ A
az app
zp

(2)
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Sz =


1
Nz
Voz
Nz Gz
= Iz
Gz
=
,

Φzs
jCz
Lz Iz
jCz Lz

(5)

where Nz is the number of coil turns, Lz is the coil inductance,
Iz is the coil current, Gz is the voltage gain of the preamplifier,
ω is the angular frequency, and Cz is the coil capacitance.
The second and third terms in (3) represent the crosstalk
components. Relative to the scalar crosstalk-free magnetometer
output, the crosstalk components can be defined as follows:
⎧

δvx = √ |V2ox −V2ox | 2
⎪
⎪
V
+V
⎪
ox
oy +Voz
⎪
⎪
⎨
|Voy −V  |
δvy = √ 2 2oy 2
Vox +Voy +Voz
⎪
⎪
⎪
⎪

⎪
⎩ δvz = √ |Voz −Voz | .
2
2
2

(6)

Vox +Voy +Voz

Fig. 3. Three-axial magnetometer (disassembled) and the equivalent electrical
circuit of a single channel (with no crosstalk). The coils’ parameters are given
in Table I.

where μapp is the core and flux concentrator apparent permeability, averaged over their cores’ volumes, and A is the crosssectional area of the cores.
Equation (1) can be rewritten in terms of the magnetometer
outputs
⎧
 


Voy
Voy
Voz
Voz

⎪
V
P
Px
=
V
+
a
+
+
b
⎪
ox
x
ox
Py
Pz
Sy + Sz
⎪
⎪
⎪
⎨
 



Py + b VSox
Py , (3)
Voy = Voy
+ a VPox
+ VPoz
+ VSoz
x
z
x
z
⎪
⎪
⎪


⎪

V
⎪
V

⎩ Voz = Voz
+ a VPox
+ Poy
+ Soy
Pz + b VSox
Pz
x
y
x
y
where Vox , Voy , and Voz are the total magnetometer outputs;



, Voy
, and Voz
are the crosstalk-free magnetometer outputs;
Vox
and (Px , Py , Pz ) and (Sx , Sy , Sz ) are the transfer functions
between the coils’ primary and secondary fluxes and the corresponding magnetometer outputs, respectively, such that, for
a magnetometer coil, Φzp = Voz /Pz and Φzs = Voz /Sz . (Note

/Pz .) Equation (3) is obtained
that, for a linear case, Φzp = Voz
by substituting the fluxes in (1) with the corresponding voltages
divided by the corresponding transfer functions.
For a magnetometer coil, Fig. 3 suggests that
Pz =

=

1

Iz jC
Gz
Voz
z
=


Φzp
Φzp
jNz Φzp
1
1
jCz Gz
jLz +Rz + jC
z

Φzp

=

jNz Gz
,
1 + jRz Cz − Cz Lz 2
(4)

Equation (3) can be solved for the crosstalk-free magnetometer outputs
⎧
⎪
a+bPy /Sy
⎪
1

⎪
Vox
(1+a+2abPx /Sx )Vox − Py /P
= (a−1)(2a+1)
Voy
⎪
⎪
x
⎪
⎪
⎪
⎪
⎪
⎪
⎪
z /Sz
⎪
⎪
− a+bP
⎪
Pz /Px Voz
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
a+bPx /Sx
1

⎪
⎪
⎨ Voy = (a−1)(2a+1) (1+a+2abPy /Sy )Voy − Px /Py Vox
⎪
⎪
z /Sz
⎪
⎪
− a+bP
⎪
Pz /Py Voz
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
1
x /Sx

⎪
= (a−1)(2a+1)
(1+a+2abPz /Sz t)Voz − a+bP
⎪ Voz
Px /Py Vox
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
a+bPy /Sy
⎪
⎪
− Py /P
Voy .
⎩
x
(7)
Thus, processing the magnetometer outputs in accordance
with (7) allows the compensation of the crosstalk.

III. E XPERIMENT
To validate the suggested crosstalk compensation, we have
built and tested a three-axial induction magnetometer. The
parameters of its coils are given in Table I. The coils were
positioned within a plastic housing (see Fig. 3) that was fabricated with high precision to obtain the best possible mechanical
orthogonality. The magnetometer was placed into a three-shell
magnetic shield to avoid electromagnetic interference. An external magnetic field was applied with a long solenoid along
the z-coil axis; thus, the applied primary fluxes in the x- and ychannels in (1) and the corresponding magnetometer crosstalkfree outputs in (3) were equal to zero: Φxp = 0, Φyp = 0, and


= 0, Vyp
= 0.
Vxp
To increase the signal-to-noise ratio of measurements (see
Fig. 4), the magnitude of the excitation current in the solenoid
was automatically adjusted to keep the z-channel output
near its maximum. The excitation current magnitude and the
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TABLE I
PARAMETERS OF THE MAGNETOMETER CHANNELS

Fig. 5. Compensation of the magnetometer crosstalk.

Fig. 6. Relative errors between the measured (Vox , Voy , and Voz ) and
estimated (V̂ox , V̂oy , and V̂oz ) magnetometer frequency responses.
Fig. 4.

Magnetometer frequency response.

magnetometer outputs (see Fig. 4) were processed with a National Instruments data acquisition system.
The frequency responses of the magnetometer channels are
shown in Fig. 4. Since there are no applied fields in the x- and
y-directions, the x- and y-channel outputs represent, according
to (3), the corresponding crosstalk components.

, the crosstalk components without compenRelative to Voz
sation are found in Fig. 5 as
⎧
V
⎪

⎪ δvx = Vox
⎪
oz
⎨
Voy
δvy = V 
(8)
oz
⎪
⎪

⎪
⎩ δvz = Voz −V
oz
.
V
oz

The a factor in (3) was found as the crosstalk value measured at low frequencies (see Fig. 5) in channels x and y.
This is because, at low frequencies, the crosstalk due to the
secondary fluxes can be neglected, and, according to (3) and


(6) for Vxp
= 0 and Vyp
= 0, the crosstalk becomes δvx =




Py /(Voz
Pz ). For Px ≈ Pz
aVoz Px /(Voz Pz ) and δvy = aVoz
and Py ≈ Pz , δvx ≈ a, and δvy ≈ a.

The coil electric parameters (resistance, inductance, and

capacitance), the crosstalk coefficient b (see Table I), and Voz
were set at those values that provide the best fitting (see Figs. 6
and 7) between the measured (Vox , Voy , and Voz ) and estimated
(3) (V̂ox , V̂oy , and V̂oz ) magnetometer outputs. The obtained
values were used in (7) to process the measured magnetometer
outputs and compensate the crosstalk. Since the estimated
values of the coil electric parameters, the a and b factors, and

were used in (7), instead of the true values, we denote the
Voz



, V̂oz
, and V̂oz
.
solutions of (7) as V̂ox

Relative to Voz , the crosstalk components with compensation
are found in Fig. 5 as
⎧

⎪
δv̂x = V̂Vox

⎪
⎪
oz
⎨

V̂oy
(9)
δv̂y = V 
oz
⎪
⎪

⎪
V̂
⎩ δv̂ = oz .
z
V
oz

Fig. 5 shows that, without compensation, the x- and ycrosstalk components vary from 0.91% at low frequencies to
20% near resonance and to 5.7% at high frequencies. The longitudinal z-crosstalk component is notable only near resonance,
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Fig. 8. Equivalent electrical circuit of a magnetometer channel with magnetic
feedback (with no crosstalk).
Fig. 7. Output voltage of the longitudinal z-channel. The solid bottom curve
is the measured output Voz . The coinciding dashed curve is the fitted output
 . The
V̂oz . The solid top curve is the theoretical output with no crosstalk Voz
 .
coinciding dashed curve is the compensated output V̂oz

where it approaches 10%. At low frequencies, this component
rapidly decreases down to the measurements’ noise floor.
Fig. 5 also shows that the compensation reduces crosstalk
below 0.5% in the whole frequency range. At low frequencies,
the compensation is even better: the crosstalk is reduced down
to about 0.02%.
To compare the suggested crosstalk compensation method
against the crosstalk reduction by applying magnetic feedback,
we considered the equivalent electrical circuit given in Fig. 8,
where Mz is the mutual inductance between the magnetometer
and feedback coils, If z is the feedback coil current, and Rf z
is the feedback resistor value. For this electrical circuit, the primary and secondary transfer functions can be given as follows,
assuming that the Rf z value is much higher than the other part
of the impedance at the feedback coil terminals, i.e.,
Pzf =
=


Voz
=

Φzp

z



z

jNz Gz

1 + j Rz Cz +
Szf =


Voz
=

Φzp

Mz Gz
Rf z


Voz
Lz Iz +Mz Izf
Nz

=

1
jCz

(10)

− Cz Lz 2

Voz

+

V

Lz Iz +Mz Roz

Fig. 10. Theoretical frequency responses of the magnetometer longitudinal
channel (bright curve) with and (dark curve) without feedback.

fz

Nz

=

Reduction of the magnetometer crosstalk with magnetic feedback.


Voz

1
j(Lz Iz +Mz Izf )+Iz (Rz + jC
)
z
jNz

jNz Voz





Voz
+ Voz1/Gz Rz
j Lz Voz1/Gz + Mz R
f
z
jC
jC

=

Fig. 9.

1
Iz jC
Gz
z
1
Iz
Gz
z
Lz Iz +Mz jC
Rf z

=

Nz
Lz
jCz Gz + RMfzz

.

(11)

Nz

Considering (3), (6), (10) and (11), we have calculated
the theoretical crosstalk with magnetic feedback (see Fig. 9)
for Mz = kz (Lz Lf z )0.5 , the coupling coefficient k = 1, Lf =
0.1 mH, and Rf = 70 kΩ. (It is assumed that all the coils have
similar k, Lf , and Rf parameters.)
Fig. 9 shows that magnetic feedback is unable to reduce the
x and y crosstalk components below 0.91% at low frequencies and below 5.7% at high frequencies. The longitudinal zcrosstalk component is also reduced less efficiently than by the

compensation method. Fig. 10 shows that applying magnetic
feedback significantly reduces the coil selectivity.
IV. C ONCLUSION
It has been shown that crosstalk in three-axial induction
magnetometers can be significantly reduced without employing
additional hardware, only by processing the magnetometer
outputs. The compensation algorithm (7) is based on the approximate magnetometer model (see Fig. 3), where the coils are
described by linear lumped electric coil parameters: resistance,
inductance, and capacitance.
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The crosstalk caused by the applied flux is described by a
factors, and the crosstalk caused by the secondary fluxes is
described by b factors. The difference in a factors for different
coils have been found below 1% with the help of FEM simulations, and these factors are assumed to be equal for all the coils.
There should be no difference in b factors for different coils,
because the secondary flux of each coil is shunted by the other
coils in a similar way.
The a factor was estimated as the crosstalk value measured
at low frequencies in channels x and y. To estimate the electric
coil parameters, the b crosstalk factor, and the applied field,
best matching between the measured and modeled magnetometer frequency responses was found. The matching errors (see
Fig. 6) are 10%–20% at 10 Hz, 1%–2% at lower frequencies,
and below 5% at higher frequencies.
The inevitable systematic errors related to the magnetometer
model approximation and the estimation of the model parameters limit the crosstalk compensation. It is shown, however, that
the compensation is nevertheless very efficient (see Fig. 5). For
the x- and y-coils, the crosstalk has been reduced by a factor of
30–50: from about 1% down to 0.02% at low frequencies, from
20% down to 0.5% at resonance, and from 6% down to 0.2% at
high frequencies. For the z-coil, the crosstalk has been reduced
by a factor of 30 at resonance (from about 9% down to 0.3%)
and by a factor of 10 at high frequencies (from 0.7% down to
0.07%). At dc and low frequencies, the crosstalk in the z-coil is
practically absent (below 0.01%) since the fluxes applied to the
x- and y-coil are equal to zero, i.e., Φxp = 0 and Φyp = 0, and
the secondary fluxes, Φxs and Φxs , are very low (equal to zero
at dc). The compensation is unable to reduce such a very low
crosstalk. It actually increases a bit, but the resultant crosstalk
is still below 0.01%.
For comparison, employing magnetic feedback is much less
efficient (see Fig. 9). For the x- and y-coils, the crosstalk
at resonance is reduced by a factor less than 4: from about
20% down to 6%. There is no crosstalk reduction at both low
and high frequencies. At frequencies just below resonance, the
crosstalk is significantly increased. For the z-coil, the crosstalk
at resonance is reduced by a factor of 13 (from about 9% down
to 0.7%). At frequencies just below resonance, this crosstalk is
significantly increased.
In contrast to magnetic feedback, the suggested compensation does not also affect the magnetometer selectivity.
The crosstalk compensation efficiency may still be increased
by more accurate modeling of the magnetometer; however,
from a practical point of view, the reached maximum crosstalk
of 0.5% well suits even most demanding applications. Such
a low crosstalk results in the maximum uncertainties in the
measured field direction and magnitude of about 0.4◦ and 1%,
respectively.
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