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1 Introduction

Fill level measurements can be useful in many applications. Conventional fill level sensors are often
based on floating potentiometers. They are mechanically relatively complicated and therefor
expensive. A capacitive sensor can give many benefits in the application. No moving parts are
necessary anymore.

This application note describes how the capacitive sensing method can be used for fill level
applications. This gives a basic understanding about capacitance and the most important influences.
Capacitive fill level measurements can be challenging. PCap04 can provide many solutions here. How
this can be done will be also part of this document.

PCap04 is a capacitance-to-digital converter (CDC) with integrated digital signal processor (DSP) for
on-chip data post-processing. Its front end is based on ams PICOCAP principle. This conversion
principle offers outstanding flexibility with respect to power consumption, resolution and speed.
Further, PCap04 covers a wide capacitance input range from a few femtofarads up to several
hundreds of nanofarads. It is easy to configure the PCap04 for different capacitance measurement
tasks, i.e. single as well as differential sensors in both, grounded or floating connection. The on-chip
DSP allows to implement sensor algorithms like linearization and temperature compensation, with
data output in a digital (SPI or IIC) or analog (PDM/PWM) way.

Figure 1:
Added Value of Using PCap04

Benefits Features

Up to 6 capacitors grounded, 3 capacitors

High Flexibility: Easy adaption to various floating._
applications — ultra low power, high resolution or ~ Capacitive range 1 pF to 100 nF
high speed —just by configuration. Internal reference 1 pF to 31 pF

Integrated guard driver

Up to 8 aF at 2.5 Hz and 10 pF base
capacitance

Up to 50 kHz sample rate

Up to 20-bit resolution

32-bit DSP

On-chip DSP for sensor algorithms, signal post- 3 kK ROM code, 1 k NVRAM
processing including linearization and 96 x 32 bit RAM
temperature compensation SPI/IIC interface

PDM/PWM outputs, GPIO

High resolution or high speed
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EENES Features

Supply voltage 2.1/3.0Vto 3.6 V
Operating current down to 3 pA
PCap04-Bxxx -40 °C to 85 °C
PCap04-Axxx -40 °C to 125 °C
QFN24 or die (1.588 mm x 1.46 mm)

On-chip and external temperature measurement
capability

Application Note « PUBLIC
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2 Ordering Information

Figure 2:
Ordering Information

Ordering Code Package Marking Delivery Form Delivery Quantity

13” Tape & Reel in dry

PCap04-AQFT-24 PCAPO04 pack 6000 pcs/reel

QFN24 AQF V1 . :
PCap04-AQFM-24 YYWWXZZ ;a;? pe & Reelin dry 1000 pcslreel
PCap04-BQFT-24 PCAPO04 :)gcl-(r ape & Reel in dry 6000 pcs/reel

QFN24 BQF V1 . :
PCap04-BQFM-24 YYWWXZZ ;a;f pe & Reel in dry 1000 pcslreel
PCap04-ASWB n.a n.a Sorted wafer in box 1 wafer = ~ 10000 die
PCap04-ASDF n.a n.a Sorted wafer on blue foil 1 wafer = ~ 10000 die
PCap04-BSWB n.a n.a Sorted wafer in box 1 wafer = ~ 10000 die
Eval Kit Ordering Code Description
PCAPO4-EVA-KIT PCap04 Eval Kit Standard Board
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3 Capacitance Basics

Figure 3: Figure 4:
Parallel Plate Capacitor Model Parallel Plate Capacitor Equation

“E&g d = distance between plates
£, = relative permittivity (~1 for air)

E=Erk £y = permittivity of vacuum 8,854 * 102 As/Vin

The simplest model of a capacitor consists of two thin parallel conductive plates each with an area of
A separated by a uniform gap of thickness d. d is filled with a dielectric. This dielectric material has a
characteristic permittivity €. € consists of the constant permittivity of vacuum &o and the relative
permittivity er. Most materials has their unique permittivity at a certain temperature. There are some
examples of materials with their properties shown in Figure 5.

Figure 5:
Relative Permittivities of Some Materials vs Temperature

Material Relative Permittivity er Temperature [°C]
Air 1 25

Ammonia 26, 22, 20, 17 -80, —40, 0, 20
Methanol 30 25

Ethylene glycol 37 25

Water 88, 80, 55.3, 34.5 0, 20, 100, 200

Material properties have an effect on the permittivity. In addition, the actual temperature of the material
can also have a strong impact. Figure 6 shows how temperature vs permittivity are corresponding to
water.
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Relative Permittivity of Water vs Temperature
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Liquid Fill Level Sensing

Now let’s focus on how capacitive fill level measurement can be done. The goal is to measure the
level of a medium. Assuming an application for fill level measurements of water. This can be done by
a simple sensor configuration based on a parallel plate capacitor. Figure 7 shows a container with two
sides covered by conductive plates. As capacitive measurements cannot be done through conductive
materials, the container has to be made of non-conductive materials. The distance (d) between those
plates and the surface area (A) are constant. The permittivity will change and this is mainly determined
by the level of water inside the container.

Figure 7:
Fill Level Sensor for Water

90 -

80
70 -
60 € r water
50

40

Fill Level

30

20

10

Level Sensor

Due to the material properties of air and water, an empty container would have the relative permittivity
of air (e=1). A container full of water at 20 °C would have a relative permittivity of 80 and 40 for a half-
full container. The measured capacitance would directly represent the fill level of the container. The
capacitance increases near linearly as the liquid level increases. Figure 8 represents the relation
between capacitance and fill level between 1 °C and 100 °C. (Simulation based ond =1 cm,
A=2cm?)
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Capacitance vs Fill Level of Water Between 1 °C and 100 °C
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5 Application Topics and Challenges

This chapter is focusing on the most relevant applications for capacitive fill level sensing. Each of them
has its own challenges. It is a guideline on how to design sensor plates and what parameters might
affect the measurement.

5.1 Temperature Dependency

As already mentioned in chapter3, the permittivity of water varies over temperature Figure 8 shows the
relation between fill level and absolute capacitance values. To get absolute capacitance values, a
calibrated measurement system is required. A low cost alternative to calibrated systems is the
PCap04. It measures the capacitance ratio of a known internal or external reference and the variable
sensor capacitance. As can be seen in Figure 9, the gradient and linearity corresponds to the results
of Figure 8. This method can be useful if liquid material and temperature is known.

Figure 9:
Ratio vs Fill Level of Water between 1 °C and 100 °C
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51.1 Ratiometric Measurements

In case permittivity and temperature are unknown, a reference sensor can be used to replace the
reference capacitance. Figure 10 shows an example of a container with two sensor plates and a
reference sensor at the bottom. This is to make sure, the reference is measuring the liquid even with a
low fill level.

This configuration produces ratiometric measurements. This means the ratio between level sensor
and reference sensor will be always the same independent of material properties or temperature. In
this configuration, both parameters will affect both sensors and therefor balances itself amongst them.

Figure 10:
Ratiometric Fill Level Setup
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90 - L Level Sensor
80
70
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Fill Level
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Reference Level Sensor
Sensor Ratio ™ Reference Sensor
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As seen in Figure 11, the Ratiometric setup can compensate the temperature spread seen in Figure 9.

Figure 11:
Ratiometric Fill Level Sensing

10
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0 10 20 30 40 50 60 70 80 90 100
Fill Level [%]

In Figure 11 the ratio metric setup appears to have a linear behavior. As this figure is based on
simulations only, a nonlinear behavior is to be expected from a real-world measurement. This is due to
mechanical tolerances and additional parasitic capacitances influencing the measurement. Therefore,
additional linearization is highly recommended. It can be accomplished with the linearized firmware as
described in the next chapter
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5.1.2 Linearization with PCap04

Figure 12:
PCap04 In-Build Linearization

Non-linearity and Temperature Dependence

Measured Capacitance
%
4’&
Y
P

Physical Unit Z

ams provides a ready-made linearize firmware that performs a linearization via polynomial of third
degree and temperature compensation via polynomial of second degree. Many functional blocks for
the linearization firmware are implemented as ROM code. This way, the main firmware can be very
compact and can fit into the 1 k NVRAM. How this can be done with the PCap04 eval kit is described
in a separate application note “Linearization with PCap04”
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5.2 Parasitic Influence

Many external factors could have an impact on the capacitive sensor elements. The human body itself
can introduce a lot of parasitic capacitances and therefore disturb the measurements.

Figure 13:
Parasitic Influence

Parasitic
Capacitance
Influence

%§>I
|~ J_CP

-

Co Ce
The high content of water in the human body causes a potential difference between the sensor plates

and therefor influences the measurement. This additional parasitic capacitance will be measured and
would bring a distortion to the fill level relation, as can be seen in the simulation in Figure 14.
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Figure 14:
Distortion by Human Hand
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Fill Level [%]

5.2.1 Shielding with Conductive Container

One way to reduce external parasitic influences is to build up a shielding around the level sensor, as
shown in Figure 15. An additional conductive container, that is not connected to the sensor ground
acts as a shield against parasitic capacitances coming from outside.

It is important to keep the sensor ground and the container isolated from each other to have the
measurement system isolated from the environmental ground.

Application Note « PUBLIC
ANO000596 * v1-00 » 2019-May-21 21| 15


http://www.ams.com/Document-Feedback
http://ams.com

am

5.2.2

Document Feedback PCap04
Application Topics and Challenges

Figure 15:
Shielding vs Parasitic Influence

Parasitic
Capacitance

Conductive
Container
Material

Environmental

IT7 Ground

Compensate Parasitic Influences with PCap04

With floating capacitors, PCap04 has the additional option to compensate external parasitic influences
against ground. On the PCB, the wire capacitance typically refers to ground. For long wires, it is
recommended to use shields which should be grounded to the conductive container and PCB side as
can be seen in Figure 16.
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Figure 16:
Shielding Container and Cables Against External Parasitic Influence

Conductive Container

Three measurements are necessary for each capacitor in case of floating sensors. This is shown in
the Figure 17. First, the electrode at PCO is loaded to VDD18. The discharge time is defined by the
sensor capacitance, the parasitic capacitance of the connection, including the chip pad, and the
internal capacitance. Second, the same measurement is done for the electrode at PC1. Third, both
electrodes are set at VDD18. Therefore the field across the sensor is zero and has no impact. The
discharge time includes only the connection and pad capacitance as well as the internal capacitance.

Now it is possible to correct mathematically for the parasitic capacitance. This correction is covered by
the ams firmware

Figure 17:
PCap04 External Parasitic Compensation
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Additional information on the parasitic compensation can be found in the PCap04 datasheet under
section “External Compensation”

5.3 Removable Container

In some applications, removable containers are necessary. Practically, sensors cannot be applied
directly on a removable container. A good idea is to place the sensor plates outside on the container
mount as shown in Figure 18. The removable container has to be made of a nonconductive material.
Field lines between parallel plates follow a direct path.

Figure 18: Figure 19:
Removable Container Air & Water

§ —— Direct Electric Field Lines

Air gap variations between the containers do not have an effect on the measurement result, as the
total amount of air and water is always the same between the parallel plates. No matter how the
removable container is moving inside the container holder.

0 Information

Permittivity of the materials are ignored in these illustrations.
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54 Coplanar Sensor Plates

In some applications it is more practical to build up coplanar sensor plates instead of parallel plates.
This configuration has to be applied on only one side of the container. The reference sensor can be
placed on the opposite side on the bottom of the container as shown in Figure 20. The equation
behind this coplanar sensor setup is for sure different and more complicated. However, at the end only
the ratio between level sensor and reference sensor will be measured.

Figure 20: Figure 21:
Coplanar Sensor Plates Electric Field Lines
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5) Revision Information

Changes from previous version to current revision v1-00

Initial Version
° Page and figure numbers for the previous version may differ from page and figure numbers in the current revision.
° Correction of typographical errors is not explicitly mentioned.
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Copyrights & Disclaimer

Copyright ams AG, Tobelbader Strasse 30, 8141 Premstaetten, Austria-Europe. Trademarks Registered. All rights reserved.
The material herein may not be reproduced, adapted, merged, translated, stored, or used without the prior written consent of the
copyright owner.

Information in this document is believed to be accurate and reliable. However, ams AG does not give any representations or
warranties, expressed or implied, as to the accuracy or completeness of such information and shall have no liability for the
consequences of use of such information.

Applications that are described herein are for illustrative purposes only. ams AG makes no representation or warranty that such
applications will be appropriate for the specified use without further testing or modification. ams AG takes no responsibility for
the design, operation and testing of the applications and end-products as well as assistance with the applications or end-product
designs when using ams AG products. ams AG is not liable for the suitability and fit of ams AG products in applications and
end-products planned.

ams AG shall not be liable to recipient or any third party for any damages, including but not limited to personal injury, property
damage, loss of profits, loss of use, interruption of business or indirect, special, incidental or consequential damages, of any
kind, in connection with or arising out of the furnishing, performance or use of the technical data or applications described
herein. No obligation or liability to recipient or any third party shall arise or flow out of ams AG rendering of technical or other
services.

ams AG reserves the right to change information in this document at any time and without notice.

RoHS Compliant & ams Green Statement

RoHS Compliant: The term RoHS compliant means that ams AG products fully comply with current RoHS directives. Our
semiconductor products do not contain any chemicals for all 6 substance categories, including the requirement that lead not
exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, RoHS compliant
products are suitable for use in specified lead-free processes.

ams Green (RoHS compliant and no Sh/Br): ams Green defines that in addition to RoHS compliance, our products are free of
Bromine (Br) and Antimony (Sb) based flame retardants (Br or Sb do not exceed 0.1% by weight in homogeneous material).

Important Information: The information provided in this statement represents ams AG knowledge and belief as of the date that
it is provided. ams AG bases its knowledge and belief on information provided by third parties, and makes no representation or
warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. ams AG
has taken and continues to take reasonable steps to provide representative and accurate information but may not have
conducted destructive testing or chemical analysis on incoming materials and chemicals. ams AG and ams AG suppliers
consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for

release.

Headquarters Please visit our website at www.ams.com

ams AG Buy our products or get free samples online at www.ams.com/Products
Tobelbader Strasse 30 Technical Support is available at www.ams.com/Technical-Support

8141 Premstaetten Provide feedback about this document at www.ams.com/Document-Feedback
Austria, Europe For sales offices, distributors and representatives go to www.ams.com/Contact
Tel: +43 (0) 3136 500 0 For further information and requests, e-mail us at ams_sales@ams.com

Application Note « PUBLIC
AN000596 « v1-00 » 2019-May-21 21| 21


http://www.ams.com/Document-Feedback
http://ams.com
https://ams.com/
https://ams.com/products
https://ams.com/Technical-Support
https://ams.com/Document-Feedback
https://ams.com/contact
mailto:ams_sales@ams.com

	ScioSense_Cover_page
	PCap04 Application Note - Fill Level Sensing
	Content Guide
	1 Introduction
	2 Ordering Information
	3 Capacitance Basics
	4 Liquid Fill Level Sensing
	5 Application Topics and Challenges
	5.1 Temperature Dependency
	5.1.1 Ratiometric Measurements
	5.1.2 Linearization with PCap04

	5.2 Parasitic Influence
	5.2.1 Shielding with Conductive Container
	5.2.2 Compensate Parasitic Influences with PCap04

	5.3 Removable Container
	5.4 Coplanar Sensor Plates

	6 Revision Information
	7 Legal Information


