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processing such as filtering or spectral analysis
is straightforward.

Fig. 1. Architecture of the digital-analog interface.
𝑢𝑢𝐸𝐸 and 𝑢𝑢𝑀𝑀 refer to the excitation and measured signal
used in processing, 𝑢𝑢𝐸𝐸∗ is the original generated sig-
nal.

One significant advantage of this design is that it 
does not require impedance measurement while 
still obtaining the full response characteristic. 
The digital nature of further processing also en-
ables rapid development cycles for new analytic
methods not easily possible in conventional cir-
cuits.

Application
This design has been applied first to eddy-cur-
rent testing application in the form of an applica-
tion for educational use. Here, the low hardware
requirements are used to enable many students
to participate in exercises while having the capa-
bility of modifying many parameters of test 
equipment [9]. The DSP here consists of a sinus-
oidal signal generator on the sending side and
complex division of the measured and transmit-
ted signal, offset/zero correction 𝑂𝑂, phase cor-
rection 𝜑𝜑 and amplification 𝐴𝐴 which result in a 
value in the complex plane 𝑉𝑉 that can be directly
displayed, as shown in eq. (1):

𝑉𝑉 = (𝑢𝑢𝑀𝑀
𝑢𝑢𝐸𝐸

− 𝑂𝑂) ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑖𝑖𝑖𝑖) ⋅ 𝐴𝐴 (1)

A more complex application is found in the spec-
troscopic application previously mentioned. In
this case, the excitation is a broadband noise
signal. The response is therefore also an uncor-
related noise-like signal which is affected by the 
material under test. Since only the sensor itself 
is in the analog loop, its transfer function can be
found by Fourier transform of the time domain 
signal and complex division. As the only system
part interacting with the material, this transfer
function must include all effects of the material’s
electromagnetic properties (as well as those of
the coils). The details have been described in [7], 
but most importantly this transfer function can be
modeled as that of a lossy transformer with two 
major contributions: the direct transfer of energy
between the sender and receiver coil with a
phase delay depending on the material as well
as a part relating to the eddy currents them-
selves which involves the induced currents and 
the leakage coefficient. In this case, the main ad-
vantage of the digital system is in its ability to

identify the model parameters using the entirety
of the available information.

Summary
Using DSP techniques, rapid development of 
new analysis techniques for the application of
eddy currents in the field of non-destructive eval-
uation and material characterization is possible.
This advantage has been used to develop a new 
modeling approach for the voltage transfer func-
tion of eddy current sensors in transformatoric
circuit.
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Summary: 
This paper presents an approach to measuring axial piston ring movement in a running combustion 
engine using a wireless telemetry system. The electrical design of the telemetry is discussed as well as 
steps taken to enable operation under the extreme conditions inside an engine. Emphasis is placed on 
the embedded system, power supply, signal acquisition, and data post-processing techniques. The pa-
per concludes with an outlook for future applications and measurements with eddy current sensors. 
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Background 
Ongoing development of sensor technology and 
electronics is making it possible to solve more 
and more measurement tasks that were not pos-
sible in the past. Modern sensor systems are be-
coming increasingly popular in the field of com-
bustion engines, the further development of 
which is essential in the fight against climate 
change with regard to the use of alternative fuels 
[1]. Conventional sensor systems are typically 
not suited for application inside the engine or on 
the piston, due to the high temperatures, vibra-
tion, and size constraints. While measurements 
of piston temperature and pressure are possible 
with both wired [2] and wireless [3] methods, until 
now, the piston ring kinetics could only be calcu-
lated with the help of simulation models [3],[4]. 

In piston engines, the combustion of fuel initiates 
an oscillating movement of a piston, which is 
then converted into a rotational movement at the 
crankshaft. The combustion chamber, between 
the moving piston and the cylinder in which it 
moves, is sealed with the aid of piston rings. The 
kinetics of the ring are crucial regarding the effi-
ciency and reliability of the engine, as this sys-
tem causes up to 50 percent of internal friction 
losses [5] and 20 percent of the total mechanical 
losses of the engine [6]. 

Methodology 
Piston ring movement in the axial direction is 
measured with a wireless telemetry system de-
veloped for application in the crankcase of a 
combustion engine. The embedded measure-
ment system is based on an ARM cortex-M33 

microcontroller with extended operating temper-
ature range to 125 °C. Measurement data is 
transmitted to a receiver on the testbench via a 
Bluetooth radio integrated in the microcontroller. 
Due to the low number and compact size of the 
auxiliary components and microchips required 
for the telemetry, the entire signal acquisition 
system, measuring 3 x 6 cm, can be mounted on 
the piston.  

Power is supplied to the system via inductive 
coupling. A receiver coil, buffer, and voltage reg-
ulator are mounted on the side of the piston. 
When the piston reaches the bottom of the cylin-
der, the receiver coil becomes aligned with a 
transmitter coil mounted inside the engine. A 
changing magnetic field produced by the trans-
mitter coil charges the receiver during their align-
ment. The stored energy allows for the telemetry 
to measure continuously over the complete en-
gine rotation.  

The axial ring movement is measured by eddy 
current sensors installed in the piston ring 
grooves. A cross-section of the sensor installa-
tion is shown in Fig. 1. The top ring position is 
measured with a sensor installed in the bottom 
flank of the groove, while the second and third 
rings are measured with sensors installed in the 
top flanks of the respective grooves. The sen-
sors feature a sub 5 mm diameter and 2 mm 
height, allowing them to be installed in a piston 
with 19 cm bore without modifying the piston and 
potentially influencing its performance. Signal 
acquisition of the eddy current sensors is per-
formed with Texas Instruments LDC1101 induct-
ance to digital converter integrated circuits. 
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Fig. 1: Cross section of eddy current sensors in pis-
ton ring groove flanks 

The LDC feature an internal sensor driver which 
brings inductive sensors into oscillation. Each 
sensor is paired with a parallel capacitor to set 
the resonant frequency around 2.5 MHz. Capac-
itors with C0G dielectric are used due to their low 
temperature coefficient of capacitance, as tem-
perature on the telemetry PCB readily exceeds 
100 °C during full engine load.  

In most applications, the distance of a conduc-
tive target to an eddy current sensor is measured 
by the change in power input to the sensing coil 
as it induces eddy currents and dissipative 
power in the target. Due to the low Q factor of the 
small eddy current sensors required for installa-
tion in the piston ring, this parameter is out of the 
measurable range for the LDC1101. Instead, the 
position of the ring is acquired by measuring the 
change in inductance of the eddy current sensor. 
As the ring approaches the sensor, the sensor’s 
inductance decreases and resonation frequency 
increases. This frequency is digitized by the LDC 
with an internal register and reference clock gen-
erated by the telemetry microcontroller. 

The digitized frequency is polled at a sample rate 
of 10 kHz. For an engine operating at 1500 rpm, 
this corresponds to approximately 400 samples 
per revolution which is sufficient to capture tran-
sient motion during combustion. While the M33 
microcontroller features a core clock speed of 
38.4 MHz, there is insufficient time to simultane-
ously sample and transmit data from all sensors 
in real time at this rate. Therefore, a buffer solu-
tion using magneto-resistive random-access 
memory is employed to store data over an 8 sec-
ond sample period. The high storage density, ex-
tended temperature range, and lack of write de-
lays are essential for successful implementation 
of the telemetry. Time synchronization with other 
sensors on the testbench is achieved with a ref-
erence signal transmitted once per revolution via 
an infrared diode to a photodiode receptor on the 
telemetry. When a sampling period is complete, 

measurements are wirelessly transferred to the 
testbench. 

Results 
An example of the eddy current sensor output of 
the 2nd piston ring’s axial movement is plotted in 
Fig. 2. As the measurements were performed on 
a 4-stroke engine, the x-axis covers 720 degrees 
of revolution, starting at 90 degrees before com-
bustion and continuing to the compression 
stroke of the next cycle at 630 degrees. The 
measurement consists of 150 combustion cycles 
overlaid on the same plot in gray. For each crank 
angle, the most common result is displayed in 
navy and the average result in orange. This post 
processing strategy is required as the incremen-
tal resolution of the sensor is low, with approxi-
mately 10 increments of 12 µm corresponding to 
a maximal ring movement of 120 µm.  

Fig. 2: Eddy current sensor measurement results 

It can be seen that for some portions of the cycle, 
45° before combustion for example, the mode 
and mean values agree with each other, indicat-
ing minimal variation between cycles. However, 
during combustion, from 0° to 80°, the mode and 
mean diverge, indicating larger variations be-
tween cycles due to irregularities in the combus-
tion process. 

Conclusion 
The development and successful testing of the 
measurement system confirms that this tech-
nique is suitable for applications in combustion 
engines. The sensors and signal acquisition cir-
cuitry proved to hold up to the extreme condi-
tions in the engine, although improvements are 
required to robustness of the first ring’s sensor, 
as it failed during the first combustion cycles. 

Future research will focus on broadening the ap-
plication of wireless eddy current sensor teleme-
try systems. Current topics include measure-
ment of cylinder liner distortion and oil film thick-
ness, as well as improvements to sensor robust-
ness and measurement quality in the second 
generation of the telemetry.  
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Fig. 1: Cross section of eddy current sensors in pis-
ton ring groove flanks

The LDC feature an internal sensor driver which
brings inductive sensors into oscillation. Each 
sensor is paired with a parallel capacitor to set 
the resonant frequency around 2.5 MHz. Capac-
itors with C0G dielectric are used due to their low
temperature coefficient of capacitance, as tem-
perature on the telemetry PCB readily exceeds
100 °C during full engine load.  

In most applications, the distance of a conduc-
tive target to an eddy current sensor is measured
by the change in power input to the sensing coil 
as it induces eddy currents and dissipative
power in the target. Due to the low Q factor of the
small eddy current sensors required for installa-
tion in the piston ring, this parameter is out of the
measurable range for the LDC1101. Instead, the
position of the ring is acquired by measuring the
change in inductance of the eddy current sensor.
As the ring approaches the sensor, the sensor’s
inductance decreases and resonation frequency
increases. This frequency is digitized by the LDC 
with an internal register and reference clock gen-
erated by the telemetry microcontroller.

The digitized frequency is polled at a sample rate
of 10 kHz. For an engine operating at 1500 rpm,
this corresponds to approximately 400 samples
per revolution which is sufficient to capture tran-
sient motion during combustion. While the M33
microcontroller features a core clock speed of
38.4 MHz, there is insufficient time to simultane-
ously sample and transmit data from all sensors 
in real time at this rate. Therefore, a buffer solu-
tion using magneto-resistive random-access 
memory is employed to store data over an 8 sec-
ond sample period. The high storage density, ex-
tended temperature range, and lack of write de-
lays are essential for successful implementation
of the telemetry. Time synchronization with other
sensors on the testbench is achieved with a ref-
erence signal transmitted once per revolution via 
an infrared diode to a photodiode receptor on the
telemetry. When a sampling period is complete,

measurements are wirelessly transferred to the
testbench.

Results
An example of the eddy current sensor output of 
the 2nd piston ring’s axial movement is plotted in
Fig. 2. As the measurements were performed on
a 4-stroke engine, the x-axis covers 720 degrees
of revolution, starting at 90 degrees before com-
bustion and continuing to the compression
stroke of the next cycle at 630 degrees. The
measurement consists of 150 combustion cycles
overlaid on the same plot in gray. For each crank
angle, the most common result is displayed in 
navy and the average result in orange. This post
processing strategy is required as the incremen-
tal resolution of the sensor is low, with approxi-
mately 10 increments of 12 µm corresponding to
a maximal ring movement of 120 µm.

Fig. 2: Eddy current sensor measurement results

It can be seen that for some portions of the cycle, 
45° before combustion for example, the mode
and mean values agree with each other, indicat-
ing minimal variation between cycles. However,
during combustion, from 0° to 80°, the mode and
mean diverge, indicating larger variations be-
tween cycles due to irregularities in the combus-
tion process. 

Conclusion
The development and successful testing of the
measurement system confirms that this tech-
nique is suitable for applications in combustion
engines. The sensors and signal acquisition cir-
cuitry proved to hold up to the extreme condi-
tions in the engine, although improvements are
required to robustness of the first ring’s sensor, 
as it failed during the first combustion cycles. 

Future research will focus on broadening the ap-
plication of wireless eddy current sensor teleme-
try systems. Current topics include measure-
ment of cylinder liner distortion and oil film thick-
ness, as well as improvements to sensor robust-
ness and measurement quality in the second
generation of the telemetry.
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