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Abstract— Frequency differential magnetic induction tomography allows the reconstruction of images of relative conductivity spectra with the aid of magnetic AC fields and coil arrays. While the technique works well at high frequencies (> 1
MHz) the induced voltages due to physiological conductivities
are very low in the β-dispersion range of most tissues. Even
when using special cancellation techniques for the primary
magnetic field (e. g. gradiometers) the signals are sensitive to
severe systematic errors. Small phase errors in the receiver
network, thermal drift and small movements of the gradiometers can produce huge spurious signals which make image
reconstruction very difficult. In this paper we propose a new
method which allows for the cancellation of such errors in case
of frequency differential MIT.
Keywords— Magnetic induction tomography, systematic errors,

disadvantage remain the very small signals which have to
be extracted from a background of noise. At 100 kHz the
ratio ΔV/V0 of the detected signal ΔV due to a conductivity
change Δσ and the voltage V0 directly induced in the receiving coils can be as low as 10-6 -10-7 for physiological conductivity changes in perturbations with a radius of few cm.
ΔV/V0 is usually enhanced by a factor of around 1000 with
gradiometers or zero-flow coils [1,2]. Here we focus on
planar gradiometers for which typical arrangements are
depicted in Fig. 1.
As ΔV is 90° phase shifted with respect to V0 it can be
separated theoretically by coherent demodulation. However,
small phase errors in the receiver network, e. g. due to
thermal drift, project V0 into the ΔV axis and thus produce
huge spurious signals, for a detailed analysis see [3]. This
leads essentially to three highly unwanted effects:

I. INTRODUCTION

•

Magnetic induction tomography (MIT) has advanced
considerably during the last decade and now the quality of
MIT closely approaches that of EIT. However, the major

•
•

Modulation of ΔV by a change of the projection angle
(later denoted ϕ) due to thermal drifts of the gradiometer and the front end at a constant V0
Modulation of ΔV due to movements of the receiver
coils with respect to the excitation coil (EXC) at a constant projection angle
Modulation of ΔV due to metallic parts which move
relatively to the coils and which change V0 by changing
the field geometry.
II. METHOD AND RESULTS

We propose a method which eliminates the above artefacts without the need for time-consuming and complicated
calibration sequences. It is based on frequency-differential
MIT (FDMIT), which exploits the fact that the frequency
dependence of the conductivity of different tissues (ßdispersion) depends on the specific type of tissue [4]. Thus
a contrast between tissues can be obtained when measuring
at different frequencies and subtracting the scaled signals.

Fig. 1: possible orientations of planar gradiometers in the excitation
field so as to achieve zero net magnetic flow. PGRAD: normal planar
gradiometer, ZFGRAD: zero flow gradiometer [1]

A. Error model and error analysis
Fig. 2 shows the equivalent network of the gradiometer
coils plus the terminating network formed by the resistors
Ra and Ra’. The capacitances Ca and Ca’ denote the stray
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The first term represents the difference of the two directly induced voltages V0,# after filtering with the transfer
functions H1 and H2, respectively. K1, K2 are the product of
the excitation current and the mutual inductances between
EXC and the gradiometer halves. The second righthand
term denotes the signals η1 and η2. They are proportional to
the perturbation’s conductivity, the square of the frequency
and coupling constants K3 and K4 which depend on the
location and shape of the perturbation. For a fixed position
and shape we may relate them by K4=cK3. Ideally K1 and
K2 are equal in a completely balanced gradiometer. In real
life they will differ by a factor b close to unity according to
K2=bK1. Now we can re-write eq. (4):
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Fig. 2 : Equivalent gradiometer network.
capacitances of the preamplifiers. This network is the one
published in [3] extended by the termination components.
The measurable voltages V1 and V2 are filtered copies of
the induced EMFs which consist of the directly induced V0,#
and the signal voltages η#, whereby ΔV=η1–η2. The transfer
function for one half of the gradiometer is
H =

(1)

1
⎛
L ⎞
R
⎟⎟
− ω 2 L (C + C a ) + j * ω ⎜⎜ R (C + C a ) +
1+
R
Ra
a ⎠
⎝

Sufficiently below the resonant frequency we can approximate this transfer function with a first order transfer
function:
H1 =

(2)

1

(

)

+ ω 2K 3 H1 (ω ) 1 − ace jχ (ω ) e

= H1 e jϕ (ω )

⎛
L ⎞
⎟
1 + jω ⎜⎜ R (C + Ca ) +
Ra ⎟⎠
⎝
1
H 2 (ω ) =
= H1 a(ω )e j (ϕ (ω ) + χ (ω ) )
⎛
L' ⎞
⎟
1 + jω ⎜⎜ R ' (C '+Ca ' ) +
Ra ' ⎟⎠
⎝

(3)

χ is the phase difference between the two halves. For
weak coupling the signal voltage S = V1 – V2 is [4]:
S (ω ) = jω (K1 H 1 (ω ) − K 2 H 2 (ω ) )

− ω 2 (K 3 H 1 (ω ) − K 4 H 2 (ω ) )σ (ω )

(4)

)

jϕ (ω )

σ (ω )

(5)

In the ideal case H1=H2=1 the first term at the right hand
side becomes purely imaginary while the second one is
purely real. The term ω 2K 3 (1 − ac ) is the sensitivity of the
idealized coil system to a perturbation. Evaluating only the
real part allows a clear separation of the wanted signal from
the carrier V0,#. In real life the transfer functions differ from
unity. The phase error ϕ (ω ) can be calibrated e. g. by measuring the frequency response of purely paramagnetic material. Multiplication with e − jϕ (ω ) yields a corrected signal

(

~
S (ω ) = jωK1 H1 (ω ) 1 − abe jχ (ω )

(

+ ω K 3 H1 (ω ) 1 − ace

For the following analysis we assume perfectly matched
gradiometer halves provided that both have the same temperature. In case of a thermal mismatch, the values R, L, C
differ from R’, L’, C’ due to their thermal coefficients. In
this case we get slightly different transfer functions H1 and
H2 for both halves. With |H2|/|H1| = a we can write:
1

(

S (ω ) = jωK1 H1 (ω ) 1 − abe jχ (ω ) e jϕ (ω )

2

⎛
L ⎞
⎟
1 + j * ω ⎜⎜ R (C + C a ) +
Ra ⎟⎠
⎝

H1 (ω ) =

477

jχ (ω )

)σ (ω )

)

~
Re(S (ω )) = ωK 1 H1 (ω ) ab sin χ (ω )
+ ω 2 K 3 H1 (ω ) (1 − ac cos χ (ω ) )σ (ω )

(6)

(7)

Subtracting the ideal signal ω 2K 3 (1 − ac )σ (ω ) we get
the absolute error:

E (ω ) = H1 (ω ) ωK1ab sin χ (ω )

+ ω 2K 3 ( H1 (ω ) − 1 − H1 (ω ) ac cos χ (ω ) + ac )σ (ω )

(8)

Usually the phase mismatch between the two gradiometer halves can be assumed as very low, |H1(ω)| is close to
unity and ω2K3σ << ωK1 so that the second right hand term
is negligible with respect to the first one and the error can
be approximated well enough with:
E (ω ) ≈ ωK1 H1 (ω ) ab sin χ (ω )

(9)

Recognizing that for a PGRAD
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ω 2K 3 (1 − ac )σ (ω )
ωK1

(10)

is in the order of 10-6 to 10-7, the error term can easily
come into the range of the ideal signal even at a very low χ.
Now we expand the preceding analysis to the frequency
differential case. A frequency-differential signal FSD can be
obtained by weighting the individual components with the
square of the frequency [5]:
⎧⎪ ~
⎛ω
FSD(ω1 , ω 2 ) = ⎨S (ω1 ) − ⎜⎜ 1
⎪⎩
⎝ ω2

2

⎞ ~
⎟⎟ S (ω 2
⎠

⎫⎪
)⎬
⎪⎭

(11)

⎧⎪ ~
⎛ω
RFSD(ω1 , ω 2 ) = Re⎨S (ω1 ) − ⎜⎜ 1
⎪⎩
⎝ ω2

⎫⎪
⎞ ~
⎟⎟ S (ω 2 )⎬
⎪⎭
⎠

(12)

If we expand this further we get

RFSD (ω1 , ω 2 ) =
⎧ H1 (ω1 ) a(ω1 )b sin χ (ω1 )
⎫
⎪
⎪
− ω1K 1 ⎨ ω1
⎬
⎪− ω H1 (ω 2 ) a(ω 2 )b sin χ (ω 2 )⎪
2
⎩
⎭
⎪⎧ H1 (ω1 ) (1 − a(ω1 )c cos χ (ω1 ) )σ (ω1 ) ⎫⎪
+ ω12 K 3 ⎨
⎬
⎪⎩− H1 (ω 2 ) (1 − a(ω 2 )c cos χ (ω 2 ) )σ (ω 2 )⎪⎭

(13)

= ω12 K 3 (1 − c )Δσ

A way out is to modify eq. (12) by correcting the frequency weighting factor with a correction γ so that the
bracketed expression in eq. (15) vanishes:
⎧⎪ ~
⎛ω
FSD(ω1 , ω 2 ) = ⎨S (ω1 ) − γ ⎜⎜ 1
⎪⎩
⎝ ω2

2

⎞ ~
⎟⎟ S (ω 2
⎠

⎫⎪
)⎬
⎪⎭

(16)

RFSDCORR (ω1 , ω 2 ) =
⎧ H1 (ω1 ) a(ω1 )b sin χ (ω1 )
⎫
⎪
⎪
(17)
− ω1K 1 ⎨
ω1
⎬
γ
H
ω
a
ω
b
χ
ω
−
(
)
(
)
sin
(
)
1
2
2
2 ⎪
⎪ ω
2
⎩
⎭
⎫⎪
⎧⎪ H1 (ω1 ) (1 − a(ω1 )c cos χ (ω1 ) )σ (ω1 )
+ ω12 K 3 ⎨
⎬
⎪⎩− γ H1 (ω 2 ) (1 − a(ω 2 )c cos χ (ω 2 ) )σ (ω 2 )⎪⎭
Subtracting the ideal signal (14) from (17) and again neglecting small terms in the second bracket yields the error:

ESDCORR ≈

Changes of the real part of the conductivity are reflected
in the real part RFSD, while many error signals, such as
vibrational signals, appear in the imaginary part [3].
Ideally (H1=H2=1) the first bracketed right term vanishes:

RFSDideal (ω1 , ω 2 ) = ω12 K 3 (1 − c )(σ (ω1 ) − σ (ω 2 ) )

B. nulling condition for the error signals

Re-analyzing the problem this way we obtain:

For a further analysis we retain only the real part RFSD:
2

between two acquisitions is negligible, here no complete
suppression can be achieved.

(14)

whereby Δσ is the difference of the conductivities at the
two frequencies. This is the ideal weighted frequencydifferential, being proportional to the difference of the conductivities at different frequencies. Again leaving out small
terms we obtain as approximate error the difference of (13)
and (14):

⎧ H1 (ω1 ) a(ω1 )b sin (χ (ω1 ) )
⎫
⎪
⎪ (15)
ESD (ω1 , ω 2 ) ≈ ω1K 1 ⎨ ω1
⎬
⎪− ω H1 (ω 2 ) a(ω 2 )b sin (χ (ω 2 ) )⎪
2
⎩
⎭
This is an offset term which corrupts the data for image
reconstruction. In contrast to dynamic imaging, where the
offset value is theoretically completely subtracted if the drift

⎧ H1 (ω1 ) (a(ω1 ) sin (χ (ω1 ) ))
⎫
⎪
⎪
ω1
⎬
⎪− γ H1 (ω 2 ) ω (a(ω 2 ) sin (χ (ω 2 ) ))⎪
2
⎩
⎭
2
+ ω1 K 3 (1 − c )(1 − γ )σ (ω 2 )

ω1K 1b ⎨

(18)

The first term reflects highly unwanted motion artefacts
in case that b varies with time. It can be cancelled if

γ=

H1 (ω1 ) (a(ω1 ) sin (χ (ω1 ) )) ω2
H1 (ω2 ) (a(ω2 ) sin (χ (ω2 ) )) ω1

(19)

The second term in (18) is only a virtually static bias of
the wanted differential signal, so it does not change with
time. Defining as the wanted information the difference
σ(ω1)−σ(ω2) we can calculate the relative error:

er =

(1 − γ )σ (ω2 )

(σ (ω1 ) − σ (ω2 ))

(20)

Simulations show that sufficiently below the resonance
frequency of the gradiometer γ deviates from unity only by
few percent, so that this bias may be acceptable and eq. 12
is still approximated sufficiently accurately.
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rotational vibration
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translational vibration
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e. changes of the coil’s misalignment, described by b(t) and
changes of the coupling, described by K1(t). The first is
responsible for movement artefacts in conjunction with
phase errors, the second one for alterations of the mutual
coupling between exciters and receivers. One important
source for the second factor is the presence of metallic parts
near the coils, which can produce significant artefacts [3].
Conductors with high conductivity behave like coupled
inductor coils which therefore essentially modify the coupling K1. The nulling procedure therefore also cancels these
contributions.

actuator
excitation coil
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