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Abstract

This paper presents a sensor system for capacitive ice detection, with planar electrodes located on a
PCB. In order to minimize the required area, the electrodes are concurrently designed as an antenna
structure for wireless data communication. With this approach a compact and thin sensor system for
capacitance measurements can be realized. The capacitive sensor works on the principle of a mutual
capacitance measurement method. An electrode of the sensor system works on one hand as an
excitation source, emitting an electric field with a few hundred kHz and at the same time on the
other hand the electrode acts as a 2.45GHz ISM patch antenna for wireless data communication. The
scientific questions addressed in this paper are: Are the parasitics introduced as a result of the patch
antenna and transmitter/receiver electrodes controllable under the assumption that the measured
capacities are within the range of several hundred femtofarads? Do the capacitive couplings of the
measuring electrodes influence the matching and the radiation pattern of the antenna, so that wireless
data transmission is still possible? For both questions also the impact of the temperature is
investigated.
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1. Introduction

Measurements of icing on the surfaces of wind turbines, wings of airplanes on roads or rails have been research topics
for decades, as ice formation and the associated changes to the systems in terms of aerodynamics, weight,
controllability, etc. represent a safety risk that should not be underestimated [7] and [8]. There are currently different
systems based on different physical principles in use [6]. In this paper a planar capacitive sensor concept is used for
detection of icing. The changes in the permittivity of the medium between the sensor electrodes due to the occurrence
of water or ice, cause a change in the capacitance and thus a measurable change of the environment condition. This
measuring principle is basically not new and described e.g. on [1]. The special feature of the sensor concept described
in this paper is, that the planar electrodes for measuring the capacitance are concurrently used for wireless data
transmission. The main focus of the research was the question whether it is possible to control the mutual influences
of the sensors and the radio transmission to such an extent, that the systems operate
perfectly alongside each other although the same structures are used. The paper gives an overview of the structure and
design of the sensor elements, the selected test setup and the performance that can be achieved with it. The evaluation
circuitry can be reduced in size, such that the size of the complete sensor will be close to the size of the sensor
element/antenna. In this case, with a planar patch antenna including sensor electrodes on a ceramic substrate it is
possible to reduce the area of the sensor to a size of approximately 40x40mm.
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2. Test Setup

The capacitance sensor system consists of four sense electrodes arranged around the bigger electrode, denoted as
source electrode, in the middle of the structure (Figurel). This electrode in the middle acts as a transmitter or source
for the 250kHz excitation signal which is capacitively coupled to the four smaller electrodes around. The sense
electrodes are working as receivers of the source signal. The measured capacitance is depending on the dimensions
and the distances of the sense to the source electrode [1]. The identified capacitances are only the capacitance between
the sense and the source electrodes (differential capacitances) and not the ones to other conducting planes in the
vicinity like ground planes, if the planes are guarded [2].
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Concurrently the big electrode in the middle is designed as a linear polarized patch antenna with a resonance frequency
at approximately 2.45GHz [3].

The structure is built upon a double sided 17pum copper plated high frequency ceramic filled PTFE composite laminate
with a thickness of 0.64mm. The PTFE material was chosen because of its high stability of the dielectric constant
regarding the temperature and frequency and its low dielectric losses. With a chosen relative dielectric constant of
6.15 the necessary size of the antenna becomes smaller than for materials with lower dielectric constants and the
radiation efficiency is still sufficient with this type of material [4]. The PTFE part was stacked on a Imm double sided
FR4 composite material for carrier purposes and for the electrical connection of the electrodes to the mutual
capacitance measurement chip and in particular the antenna feed line to the transceiver chip (Figure 2). The traces
were carried out as 50 Ohm impedance controlled coplanar microstrip lines. The essential ground plane of the patch
antenna was galvanically coupled with the guarding pin of the capacitance measurement chip for reducing the parasitic
line capacitances (Figure 3).
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Figure 2. Electrode structure on PTFE stacked on Figure 3. Bottom side of the FR4 carrier with 50
a FR4 carrier. Ohms coplanare microstrip lines.

For capacitance measurement a programmable capacitance to digital converter (CDC) with an on chip environmental
calibration was chosen. The CDC has 14 input channels, four of them were used. The channels were switched through
a chip integrated matrix to a 16 bit, 250kHz sigma delta analogue to digital converter. The converter provides a typical
capacitance input range of 2pF with a resolution of 1{F and an update rate of 36ms. The CDC communicates to a low
energy 32-bit ARM Cortex MO Processor with an embedded 2.4 GHz Bluetooth transceiver. In the prototype setup,
the radio frequency transceiver output was connected via a discrete coaxial 50 Ohm high pass filter and a 50 Ohm
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broadband two way-0° resistive signal combiner to the electrode (ES) of the patch antenna. A coaxial 50 Ohm low
pass filter connects the source electrode (ES) with the source pin of the CDC (Figure 4). With the shared use of the
electrode ES it is possible to measure the capacitance simultaneously to the wireless data transmission.
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The four sense electrodes were designed with different copper areas and distances to the source electrode. The defined
dimensions were based on simulations in dry conditions and under the appearance of ice and water. The dimension of
the source electrode was determined from the necessary size of a patch antenna tuned to a resonance frequency of
2.45GHz.

For capacitance measurements under ice conditions the sensor prototype was placed into a climate chamber. The
temperature was set between 30 and -50°C, to the lowest possible humidity to protect the exposed electronics. A
special plastic foil was used to protect the electrodes against the water, which was filled in a plastic water tank mounted
above the foil (Figure 5). This construction allowed to simulate water droplets and differently defined and equally
distributed ice thicknesses from 1 to 10mm.
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Figure 5. Sensor Prototype inside the climate Figure 6. Test setup with prototype inside the climate
chamber, with mounted plastic foil and water chamber, wireless data acquisition via MATLAB.

tank above the electrodes.

The measured data were transmitted wirelessly via Bluetooth and fetched by a data acquisition code executed in
MATLAB (Figure 6). For monitoring reasons, the values were constantly updated in a live graph.

The influence of the external filters and the combiner reduced the performance of the radio communication as well as
the source path. The return loss of the antenna path decreased from -20dB to -6dB at 2.4 GHz. The transmission losses
increase in the source path by 2.8dB, in the antenna path by 4.9dB.

3. Measurement and Results

To investigate the change in capacitance resulting from different dielectric constants, four fundamental test cases (TC)
have been considered. TC1 air - dry condition, TC2 water droplets, TC3 water and T4 glaze ice — equally distributed
in different heights. In the test series pictured in Figure 7, a trial with Smm water was done. The capacitance
measurement starts at 30°C with 15% humidity and steps down to -40°C and back, up to 30°C. The time per step were
set in such a way that the prototype reached a steady temperature.

As long as there is water on the electrodes, the capacitance on all four electrodes is more than 2pF with the present
electrode configuration. This is outside the measuring range of the CDC. Depending on the electrode surface and the
distance to the source electrode, the capacitance of the largest and most distant electrode E2 varies between 140fF
under dry and 5500fF under Smm water condition. The capacitance of the electrode with the smallest area and the
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smallest distance E3 is between 520fF and 2200fF. E3 is even with Smm water with 2200pF only 10% above the
measuring range (Figure 8).
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Figure 7. 5Smm water between 30 and -50°C. Figure 8. Measured capacitances between 140fF
Temperatures in chamber (blue dotted) and water tank and 5600fF, from dry up to Smm water, in Imm
(blue). Measured capacitances El(green), E2(red), steps at 25°C. Measured with Hioki LCR bridge.

E3(yellow) E4(brown).

At Smm water, the capacitance measurement chip does not leave saturation until the end of the phase transition from
water to ice, whereas this is the case with E2. E3 comes out of saturation a little earlier, during the phase transition at
0° Celsius. The measured capacitances are depending on the temperature and change immediately under ice conditions
at negative temperature of the medium. In the heating phase, all four electrodes go into saturation almost
simultaneously at the beginning of the phase transition from ice to water (Figure 7).

The radio link was not interrupted at any time during the entire measurement cycle of 25000 seconds, starting from
the liquid to the solid phase and back again. The measurement data were transmitted every second. If the temperature
falls below -40°C, outside the working area of the chips, an error in data transmission occurs within a few seconds.

4. Conclusion and Outlook

The integrated capacitive sensor concept described in this paper, demonstrated the function of a planar electrode
structure for capacitance measuring and simultaneously wireless data communication using the same structure. The
mutual influence of the parasitics between antenna and sensor electrodes is controllable with the shown structure. No
additional temperature dependence was observed due to the parasitic effects.

By optimizing the sense electrodes, it is likely possible to avoid saturation even under water conditions. An electrode
structure with more than four sense electrodes shall be considered. By better matching of the antenna path and
reduction of insertion losses, it should be possible to increase the transmission range of the system from currently 6
meters. An essential factor for this improvements is the replacement of the used filters and the combiner to SMD
components and a higher integration density. In order to test the behaviour of the sensor at rime ice, it must be sealed
waterproof and tested in an ice tunnel.
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