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Abstract — This paper presents a precise
and low cost absolute position inductive mea-
surement system for rough industrial environ-
ments. This transducer works on similar prin-
ciples as contactless resolvers but consists of a
rectangular antenna PCB, a passive LC reso-
nance target and a signal processing unit. The
read out electronics utilize undersampling to de-
modulate the transducer in–phase and quadra-
ture output signals. Furthermore, the corre-
sponding position is estimated from a lookup ta-
ble (LUT) to avoid singularities in the inverse
tangent and cotangent calculation. The me-
chanical transducer arrangement, signal condi-
tion electronics design and measured results will
be presented.

Keywords — inductive sensor, contact-
less, undersampling, quadrature, synchronous
demodulation

1. INTRODUCTION

Many industrial applications demand for pre-
cise absolute position measurement of objects in
a harsh environment. Sensors for industrial ap-
plications have to meet criteria such as reliabil-
ity, small size, wide temperature range, insen-
sitivity to moisture, vibrations, dust, chemicals
and mechanical offset even in rough conditions.
Ideally, the measurement system should fulfill
these criteria without any mechanical contact to
maintain long service life and should be applica-
ble for high dynamical drives.

Prime candidates to meet these requirements
are contactless inductive sensors. One of these
inductive sensors is based on inductive resonance
[1–3]. The applied sensor can be used for ab-
solute displacement measurement even in harsh
environments and measures the position right
from start up.

The introduced sensor works on a similar
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Fig. 1: Contactless inductive position sensor
in linear arrangement, consisting of an antenna
PCB, a movable high Q resonant circuit and a
signal conditioning electronic.

principle to contactless resolvers and utilizes the
mutual inductance between an elongated an-
tenna on a printed circuit board (PCB) and
a target which acts as a resonance circuit.
The principle operation is shown in Figure 1.
The target is a passive high-Q resonant circuit
formed by tracks on a PCB (LT ) and a capaci-
tor (CT ) (see Figures 2 and 3). Furthermore, the
antenna PCB contains five different planar coils
which work as transmit and receive antennas.
The sine and cosine coil pair with the period over
the full antenna PCB length lth is used for ab-
solute position measurement and the other two
coils with the period lth/9.75 is used for increas-
ing the position measurement precision, but are
incremental. The amplitude modulated output
voltages of the receiver coils contain the position
information of the target. These voltages have
to be demodulated and quantized to calculate
the position on a DSP.

Conventional resolver to digital converters
seem to be ideal for high–frequency inductive
position sensors but the carrier frequency of
these converters, which is usually between 2 and
30 kHz, is too low. In [1, 4], an ASIC front end
was developed for this kind of sensor which de-
modulates, amplifies and filters the in–phase and
quadrature signals from the receiver coils and



provides an excitation voltage that supplies the
transmitter coil, but the ASIC can not simul-
taneously sample the four receiver coil signals.
This is necessary, however, for fast moving ob-
jects.

After this introductory part, Section 2 de-
scribes the basic theory of operation of the sen-
sor. Section 3 describes the demodulation of
the received sensor signals utilizing digital un-
dersampling. Section 4 gives an overview of the
already developed signal conditioning electron-
ics and preliminary measurements. Finally, con-
clusions are suitably drawn in Section 5.

2. OPERATING PRINCIPLES

The inductive position sensor operating prin-
ciple is similar to the resolver operating princi-
ple. However, instead of a rotor winding and
two stator windings there are the transmit coil
and four receive coils on the same antenna PCB.
Furthermore, the coils are planar on the PCB in-
stead of a spatial arrangement like the resolver
windings in a motor stator.

A typically planar arrangement of tracks
which forms transmit and receive circuits illus-
trates Figure 3. The transmit coil is formed
by tracks which extend around the periphery
of the PCB forming three loops. The sine-
shaped tracks are the receive coils. Four coils
with two different periods of both sine- and
cosine-structures determine the target position
(see Figure 3). The target is a simple passive
serial LC resonant circuit whose Q-factor should
be as high as possible. The inductance is formed
by tracks on a PCB (see Figure 2). Targets are
relative short compared to the stator antenna.

Fig. 2: Resonant target PCB with the rectangu-
lar planar coil windings to form the inductance
for the serial LC resonant circuit

The two long pitched coils determine the ab-
solute position. The fine pitched windings im-
prove the transducer resolution but are incre-
mental. Thus, the long pitched coils must re-
solve smaller displacements than half the period
of the small pitched coils to obtain the correct in-
cremental index. Consequently, the multiplica-
tion of the increment number and period length

Fig. 3: The developed and manufactured an-
tenna PCB can be seen with the excitation wind-
ing and the different sine and cosine structures
which are manufactured on a four layer PCB.
The illustrated sensor offers a theoretical abso-
lute measurement length lth of 390 mm

plus the relative target position delivers the pre-
cise and absolute target position. The combina-
tion of different pitches improves the transducer
for high resolution position measurement.

Usually, a sine or square wave signal supplies
the rectangular transmitter coil which has a fre-
quency range between 100 kHz and 4 MHz [1]
where the fundamental oscillation can be rep-
resented as UTx = ATx sin(2πf0t), where ATx

and f0 are the amplitude and the fundamental
frequency of the excitation signal.

In the region of the transmitter coil, a uni-
form, elongated and alternating electromagnetic
field is formed due to the excitation. When the
target enters the alternating exciting field, cur-
rents are induced to flow in the resonant cir-
cuit. These currents generate their own flux
field, which induces a voltage in the receiver
coils. The magnetic coupling between the res-
onant circuit and each of the sensor windings
varies with position, so that by applying an os-
cillating signal to the excitation winding at tar-
get resonant frequency, a signal is induced in the
transducer winding which oscillates at the reso-
nant frequency but whose amplitude varies as a
function of the relative position of the antenna
and the target PCB.

An in-phase signal and a quadrature signal
(that is 90◦ out of phase to the in-phase signal)
are measured at the receiver coils. The two am-
plitude modulated receiver signals from the ab-
solute structure can be represented in the time
domain as follows:

UAsin = AA sin

(
2πx

lth

)
sin
(
ω0 +

π

2

)
, (1)

UAcos = AA cos

(
2πx

lth

)
sin
(
ω0 +

π

2

)
, (2)

where x is the absolute position of the target
along the measurement axis, lth is the pitch of
the antenna absolute position coils, and ω0 is
the angular speed of the target resonance and
excitation voltage carrier frequency [1].



Furthermore, the two amplitude modulated
receiver signals from the precise structure can
be represented in the time domain as follows:

UPsin = AP sin

(
2πxP
lP

)
sin
(
ω0 +

π

2

)
, (3)

UPcos = AP cos

(
2πxp
lP

)
sin
(
ω0 +

π

2

)
, (4)

where xp is the precise but incremental po-
sition of the target and lP is the pitch of the
antenna precise position coils.

The target position is determined from the
relative amplitudes of the components of the sig-
nal induced in the sensor windings correspond-
ing to the in-phase and the quadrature signal.
Because of the receive coils design, the signals
in the coils due to the oscillating target flux are
in phase with each other but are in quadrature
as a function of position along the antenna PCB.
The measured in-phase signal from the sine coil
and the quadrature signal from the cosine coil
are inputs to two simultaneous sampling ana-
log to digital converter (ADC) which sample at
the same frequency as the carrier frequency f0.
This, so called undersampling, synchronously
demodulates and quantizes both analog signals.

A key characteristic of this sensor is that
there is no hysteresis unlike in many other mag-
netic sensor designs, where hysteresis effects sig-
nificantly increase in the magnetic field intensity
and flux density curve. Furthermore, without
the target circuit there are no induced currents
in the receive windings, because the conductive
tracks of the sine and cosine receive coils are ar-
ranged as balanced dipoles. Therefore, the elec-
trical current induced by the exciting field to
flow in one loop of the stator winding is can-
celed by an equal and opposite in phase induced
current of the other loop. Using such balanced
dipoles has the advantage that the influence by
electromagnetic noise and inductive crosstalk of
the exciting coil current becomes reduced.

Crosstalk is generally a cause for concern for
this kind of sensor and can influence the mea-
surement result significant. However, inductive
crosstalk becomes strong suppressed trough the
balanced dipole design as already explained, but
the capacitive coupling situation influence the
linearity of the arc–tan ratio and is difficult to re-
duce. Since, the receive coils and the excitation
share the same Antenna PCB relative closely
spaced and due to the relative high excitation
frequency, capacitive crosstalk appears from the
transmit to the receive coils. A transfer func-
tion which describes the coherent capacitive in-
terference between two parallel conductors (see
Figure 4) that lie in close proximity is given

in [5] and can be used as a simple model for the
coupling between transmitter and receiver coils.
The transfer function for the coherent interfer-
ence on any receive coil is given by:

URx

UTx
(jω) =

jωC12R2

jω(C12 + C2)R2 + 1
, (5)

where C12 is the capacitance between the
transmit and receive coil, which picks up the in-
terference from the transmit coil. Resistance R2

and capacitance C2 are parallel–connected, and
are the capacitive with respect to ground and
ohmic receive coil resistance. From inspection
of Equation 5, it is easy to see that in order
to minimize the voltage URx, due to capacitive
crosstalk for all ω > 0, C12, R2 and UTx have
to be small. However, the coupling capacity C12

is difficult to reduce due to the closely spaced
transmit and receive coil arrangement, and in-
creasing the distance between the transmit and
receive coils will increase the dimensions of the
antenna PCB in width and length. The ohmic
resistance can be reduced by reducing the num-
ber of vias and choosing thicker copper layers.

R2 C2

C12

UTx

Fig. 4: Simple model describing the electrostatic
coupling between two parallel conductors.

This capacitive coupling voltages are illus-
trated in Figure 5 and Figure 6 for a square wave
and a sine wave excitation signal. As we will
have gathered, the square wave excitation sig-
nal causes significant higher disturbances than
the sine wave excitation due to the higher har-
monics of the square wave signal fundamental
frequency (3 f0, 5 f0, 7 f0,...). Therefore, a sine
signal excitation is recommend.

Theoretically the voltage due to the capaci-
tive coupling appears in phase with the induced
voltages UAsin, UAcos, UPsin and UPcos due to
the target oscillating field. An offset voltage ap-
pears after demodulation, and thus, the linearity
of the arc–tan ratio becomes disturbed [3].

In addition the radiometric transducer de-
sign, which means that the position is calculated
by the ration of two measurement quantities, of-
fers a strongly reduced influence of mechanical
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Fig. 5: The measured coupling voltages on the
absolute sine receiver coil show voltage tran-
sients of 150 mV amplitude. The excitation volt-
age is approximately a 4 V peak–to–peak 1 MHz
square wave signal.
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Fig. 6: The measured coupling voltages on the
absolute sine receiver coil show voltage tran-
sients of approximately 13 mV amplitude. The
excitation voltage is a 4 V peak–to–peak 1 MHz
sine wave signal

tolerances such as gap variations between target
and antenna PCB or other target movements
normal to the measurement axis. Therefore,
lateral misalignment variations to the measure-
ment axis within ± 10% of the transducer affect
the measurement result marginally. The verti-
cal distance between stator and target PCB de-
pends on the application and is usually between
0.5 mm and 3 mm.

The two single period receive coil structures
offer absolute position measurement, but the ef-
fective measurement length should be limited to
80% of the structure length lth to avoid end ef-
fects.

The high inherent resolution allows theoreti-
cally resolutions of 0.1% to 0.01% of the antenna
length and the absolute linearity of the trans-
ducer is between 0.1% and 1% [6].

Figure 7(a) and Figure 7(b) illustrate the

receive coil signal behavior after demodulation
along the antenna measurement axis. The sig-
nals are plotted over the full measurement range
(lth = 390) mm. A 1 MHz sine signal supplied
the transmitter coil when the receive coil signals
were measured single ended. Especially the UQ

signal of Figure 7(a) deviates from the ideal co-
sine curve at x ∈ [0, 90) ∪ (300, 390] mm. These
distortions occur due to the interrupted cosine
structure at the beginning and end of the an-
tenna PCB (see Figure 3) by the connector at
one end and the straight track at the other end.
These distortions also affect the linearity of the
arctan ratio, but a look up table can be used
to straighten out the signals. In Figure 7(a), it
is easy to see that the demodulated signal UAsin

fits the ideal sine over the full range much better
than the demodulated UAcos. The sine struc-
ture benefits from its closed structure, which
prevents connections by a straight track.

3. SYNCHRONOUS AMPLITUDE
DEMODULATION USING

UNDERSAMPLING

For obtaining the position of the target, the
two absolute receiver signals UAsin and UAcos

(Equation 1 and Equation 2) and precise re-
ceiver signals UPsin and UPcos (Equation 3 and
Equation 4) have to be demodulated. One basic
method utilizing digital demodulation is intro-
duced in this section. The UAsin, UAcos, UPsin

and UPcos signals have to be sampled at the
same frequency as the carrier frequency f0. Un-
dersampling demodulates the receiver signals,
and the demodulated and quantized complex en-
velopes of the amplitude modulated signals can
be represented as

UIA[i] =
AR

2

∞∑
i=0

sin

(
2πx(t)

lth

)
δ(t− iT ), (6)

UQA[i] =
AR

2

∞∑
i=0

cos

(
2πx(t)

lth

)
δ(t− iT ), (7)

UIP [i] =
AR

2

∞∑
i=0

sin

(
2πxP (t)

lP

)
δ(t− iT ), (8)

UQP [i] =
AR

2

∞∑
i=0

cos

(
2πxP (t)

lP

)
δ(t− iT ), (9)

where δ is the Kronecker delta, UIA and UQA

the envelope of the absolute receiver signals and
UIP and UQA the envelope of the precise receiver
signals. To obtain the best possible signal–to–
noise ratio the signals UAsin, UAcos, UPsin, and
UPcos have to be sampled simultaneously close
to their positive maximum value, synchronized



50 100 150 200 250 300 350
-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

Position in mm

V
ol

ta
ge

 i
n

 V

Ideal cosine  UQA Ideal sine  UIA

(a) Demodulated output voltages UIA and UQA of the
two absolute position receive channels compared to ideal
sine and cosine signals.
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(b) Demodulated output voltages UIP and UQP of the
two precise position receive channels compared to ideal
sine and cosine signals.

Fig. 7: The demodulated and amplified by a fac-
tor 10 measured output voltages of the two ab-
solute (a) and precise (b) position receive chan-
nels compared to ideal sine and cosine signals
show the behavior of the target resonance cir-
cuit along the antenna PCB axis. The target
PCB was shifted relatively to the antenna PCB
by a linear stage, in 1 mm steps, from the cur-
rent x–position to the new x–position along the
antenna measurement axis. Furthermore, at ev-
ery position one voltage measurement at the co-
sine and sine coils were taken. The voltages are
not averaged in the figures (a) and (b) and show
the demodulated receive coil signals over the full
measurement range from 0 mm to 390 mm.

to the carrier frequency f0. A second order RC–
band–pass filter rejects signal components out-
side the band of interest f0±fB before the mod-
ulated signals become sampled.

The inverse tangent function of the ratio of
absolute structure Equation 6 and Equation 7
and of precise structure Equation 8 and Equa-
tion 9 is computed digitally by the DSP to ob-
tain the position. At multiples of π/2, the com-

putation of tan(2πx/lth) has singularities that
cause numerical implementation problems. Such
singularities are avoided by use of a look–up ta-
ble (LUT) which uses the symmetrical proper-
ties of the tangent and co–tanget functions by
correctly selecting the quadrant, octant, and the
tangent or cotangent part of ϕ = 2πx/lth (see
Figure 8). Therefore, the tan– and cotan– func-
tions are always bounded by ±1. The conditions
for selecting the quadrant are given by:

Qi =


i = 1, if UI ≥ 0 ∧ UQ > 0
i = 2, if UI > 0 ∧ UQ ≤ 0
i = 3, if UI ≤ 0 ∧ UQ < 0
i = 4, if UI < 0 ∧ UQ ≥ 0

(10)

This gives a full position calculation of the
target without any discontinuities at the singu-
lar points [7].
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Fig. 8: Arc–tan computation for measurement
range [0, 2πx/lth] [8].

4. MEASUREMENT SYSTEM AND
PRELIMINARY

MEASUREMENTS

Figure 9 illustrates the main components of
the signal condition electronics for two receive
coils. Each receive channel consists of a band–
pass filter, an amplifier and a 12–bit ADC. The
two coarse and the two fine pitched receive chan-
nels become digitalized by a dual channel simul-
taneous sampling ADC. A DEV–BF537EDA–
Lite eval board and the extender board EXT–
BF5xx–AD/DA from Bluetechnix provide the
digital evaluation electronics. One end of the re-
ceiver coils is connected to GND and the other
is connected to a second order band–pass fil-
ter. The functional block diagram also shows
a PWM generated transmit signal, but for the
current measurement results and analysis, the



excitation was done by a Agilent 33250A func-
tion waveform generator. The PWM excitation
has not yet been implemented, but will be done
in further development steps. Figure 10 shows
the position error along the measurement axis
over a range of 350 mm. Approximately 90 % of
the theoretical absolute measurement length lth
is used by applying precise and absolute struc-
tures. Moreover, the preliminary measurement
results show that the precise structure position
errors are smaller than 0.05 %.
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Fig. 9: Functional block diagram of the signal
condition electronic for the absolute or precise
position receive coils.
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Fig. 10: Full scale position error of the abso-
lute (black line) and precise structure (blue line)
along the measurement axis.

5. CONCLUSION

A high-frequency inductive position sensor
and a DSP based read–out system has been pre-
sented and the sensor operating principle has
been explained in detail. Moreover, the con-
cept of sensor signal condition electronics and
the measurement results has been explained and
presented. The measurement results demon-
strate that the sensor, by using an absolute and
precise structure, offers a measurement error,
with respect to the upper range value, smaller
than 0.05 % over 90 % of the theoretical mea-
surement range without further digital signal

processing such as angle tracking observer or
least square filters. Moreover, the proposed sen-
sor provides high resolution and wide measure-
ment range at reasonable costs.
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