(infineon

Never stop thinking

Review - 2017-04

TLE4922

Cost Efficient Hall Effect Sensor

TLE4922-XAN-F
TLE4922-XIN-F

User manual

V1.0, 2017-04

Sense & Control



Edition 2017-04

Published by
Infineon Technologies AG
81726 Munich, Germany

© 2017 Infineon Technologies AG
All Rights Reserved.

Legal Disclaimer

The information given in this document shall in no event be regarded as a guarantee of conditions or
characteristics. With respect to any examples or hints given herein, any typical values stated herein and/or any
information regarding the application of the device, Infineon Technologies hereby disclaims any and all warranties
and liabilities of any kind, including without limitation, warranties of non-infringement of intellectual property rights
of any third party.

Information

For further information on technology, delivery terms and conditions and prices, please contact the nearest
Infineon Technologies Office (www.infineon.com).

Warnings

Due to technical requirements, components may contain dangerous substances. For information on the types in
question, please contact the nearest Infineon Technologies Office.

Infineon Technologies components may be used in life-support devices or systems only with the express written
approval of Infineon Technologies, if a failure of such components can reasonably be expected to cause the failure
of that life-support device or system or to affect the safety or effectiveness of that device or system. Life support
devices or systems are intended to be implanted in the human body or to support and/or maintain and sustain
and/or protect human life. If they fail, it is reasonable to assume that the health of the user or other persons may
be endangered.


http://www.infineon.com

TLE4922

ineon

Table of Content

Table of Content

Table of Content . ... ... .. . . . 3
1 Comparison Hall versus VR . . .. ... ... . . e 4
1.1 PassiVe SeNSOrS . . ... 4
1.2 ACtiVE SENSOIS . . . . 5
1.3 Principle and basic operation of different speed sensing technologies . ....................... 6
1.3.1 Variable reluctance sensor ... ... ... e 6
1.3.2 Hall SENSOr . . . . 6
14 Comparison of active and passive sensors based on application parameters . .................. 7
1.4.1 Air gap performanCe . ... ... e 8
142 Zero speed and true power on function . . ... ... 9
143 Reference zone . . ... ... .. 10
14.4 Jitter (repeatability of a tooth revlution by revolution) . ....... ... ... ... ... ... L. 10
145 Elecromagnetic compatibility (EMC), output signal and signal conditioning .................. 11
1.4.6 Module size, module weight and mounting considerations . .............................. 12
14.7 Direction detection and vibration detection . ...... ... ... ... . . . . . 12
2 Consideration in magnetic circuitdesign .......... ... ... .. ... 13
21 Mechanical setup . . ... ... 13
22 Magnetical setup . . . ... 14
23 Tracking algorithm of TLE4922, Offset-update . .. ....... ... .. ... . . .. 15
24 Flux concentration on toothed wheel, strong back bias magnet and small operational airgap .. ... 16
3 Customer Interface ... ... ... . . . . 17
3.1 Serial Inspection and Configuration Interface (SICI) ......... ... .. ... . . . . .. 17
3.2 SICIProtocCol . . . 18
3.3 Test modes activation ... ... ... e 19
3.4 CommaNnd COUES . . . ..ottt e 20
4 Evaluation Kit / Mapping Tool . ......... .. . . . 21
41 “SPEED SENSOR 2 GO’ -Hardware . . . ... ... e e e e 21
4.2 “SPEED SENSOR 2 GO” - Software ... ..... ... . e e 22
4.3 IMAT - Speed VieWEr . ... 24
5 Frequently asked questions .. ...... .. . ... . . . 25
5.1 What is the working principle of TLE49227 Can you explain the blockdiagram? ................ 25
5.2 Can you give me some details on start up behaviour and calibrated mode? How many magnetic edges

are needed for stable operation? 28
5.3 How does the hidden adaptive hysteresis conceptwork? ........ ... ... ... .. ... ... ... ..... 30
54 What is the miminum air gap? ... ... . e 31
5.5 What types of magnets can be used? . ... . .. 31
5.6 What is the reset voltage of TLE49227 . . . .. .. .. e 32
5.7 Can TLE4922 be used together with a magnetic encoderwheel? .. ... ......... ... .. ... ... 32

User manual 3 V 1.0, 2017-04



@i neon TLE4922

/

Comparison Hall- and VR-technology

1 Comparison Hall versus VR

For automotive speed sensing mainly magnetic sensors are used due to their robustness against harsh environmental
conditions. Choosing magnetic sensors nearly eliminates speed measurement impediments, such as friction, light or
contaminants. In general, two different principles are used: passive and active magnetic sensors.

1.1 Passive Sensors

A typical passive magnetic sensor is the variable reluctance sensor (VR Sensor) which is shown in Figure 1 in front of a
passive encoder (ferro magnetic tooth wheel).
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Figure 1 Basic scheme of sensing-principle of a VR-sensor

Variable reluctance sensors (VRS) are built of a small magnet in shape of a stick. Around this stick there are several
windings of copper. When the magnetic flux changes due to the movement of the toothed wheel, a voltage is induced
according to Faraday s law (Figure 2).

SZ_E

Where € is the electromotive force and ) is the magnetic flux.

Figure 2 Equation on the magnetic flux

While the wheel is turning, the teeth of the toothed wheel create a sinusiodal output signal as shown in Figure 3.
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Figure 3 Toothed wheel mapped into Voltage

If the tooth is in front of the sensor, the magnetic flux increases. If a notch is in front of the VR sensor, the magnetic flux
decreases. According to the equation 1, a proportional output voltage is produced on changing the flux over time.
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1.2 Active Sensors

Active Sensor produces a digital output proportional to the magnitude of flux, not related to the rate of change of flux.
There are several magnetic principles that can be used by active sensors such as

+ Hall-Effect

« Anisotropic magneto resistance (AMR) Effect

« Giant magneto resistance (GMR) Effect
« Tunnel magneto resistance (TMR) Effect

Among all these active speed sensing technologies mentioned above, Hall effect is the most mature technology.

Figure 4 Basic scheme of sensing-principle of a Hall-sensor

A commonly used set up is shown in Figure 4. A small magnet named as Back-bias magnet is placed behind the sensor
to create the flux required for its operation. With the same principle as described in passive sensors, the magnetic flux is
deviated by the teeth of the moving wheel. The difference is in the sensing principle: Hall- and xMR-effect is sensing the
value of flux and not the rate of change of flux. Therefore active sensors can sense even a stationary wheel. The principle
of the back-biasing can also be used on wheel-biasing:

Figure 5 Basic scheme of sensing-principle of a Hall-sensor on a magnetic encoder wheel

A multi-pole-wheel (also named magnetic encoder) has a multiple number of pole-pairs mounted one after the other on
the circumference of the wheel. Using this type of wheel makes the use of a back bias magnet redundant. The alternating
magnetic field is produced by the wheel itself.
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1.3 Principle and basic operation of different speed sensing technologies

Sensing concept is dealt more in detail in this section for further comparison. The main difference is active sensing like
Hall or xMR-technology versus passive sensing based on a coil and the need of movement in the system.

1.3.1 Variable reluctance sensor

The nature of a passive sensor makes the VR sensor very robust in harsh environments. Since there is no need of an
external power-supply, the sensor is robust against external electrical distortion. Different types of VR sensors are
available in market with different source resistance values, number of windings and types of wires used.

The output voltage of a VR-sensor can range from only a few Millivolts going up to several hundreds of Volts depending
on air gap and tooth-frequency in front of the sensor. As can be seen in Figure 6, the air-gap is the distance from the
toothed wheel to the surface of the sensor. Typical application air-gap is between 1mm and 2mm.

Figure 6 Definition of air gap

Further Interfacing of a VR sensor with a controller is only possible after the signal conditioning of its analog input. Signals
as low as 1mV have to be amplified to a TTL (transistor-transistor logic) signal level and signals up to 400V have to be
clipped to ensure safe and efficient operation of the controller input stage/phase. Standard interface IC “s have a clipping
input, a low-pass filtering, an adaptive amplifier and an adaptive comparator to condition the output for further
usage/application together with a micro controller.

1.3.2 Hall sensor
The Hall sensor is an active system which has normally one of the following types of output:

« Open drain output which allows the ECU to choose high-voltage independent of the sensor
« Currentinterface which allows the manufacturer to have the same amount of wires as the VR-system: 2 wires

The signal itself is captured and amplified with less than 1mm of distance since signal conditioning is present on the
silicon itself thereby providing good SNR (signal to noise ratio). Doing sensing and processing the signal at the minimum
distance no electrical or magnetical noise can disturb. In one silicon area, the following features can also be achieved
(detailed explanation on the following pages):

+ Voltage-regulation for electrical biasing of sensing element

« Generating regulated small voltages for digital and analogue supply

« Covering a reset-circuit to guarantee proper functionality

+ Including the sensing elements

+ Signal amplification

+ Cancellation of electrical and magnetic offset usig digital or analog circuit
+ Monitoring and adjusting hysteresis automatically

« Providing status information in addition to the switching information
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The block diagram in Figure 14 describes the main functions of a hall-sensor. Due to the high integration on silicon, it is
even possible to place two or three sensing-elements to get rid of common-mode disturbances or just to provide a
direction-information of the rotating wheel. The feature is currently limited to the high-end sensors because of increased
manufacturing costs.

1.4 Comparison of active and passive sensors based on application parameters

An application is mostly defined by the passive encoder (Ferromagnetic wheel) and its geometry. This wheel has
tolerances in diameter, width, tooth-height, tooth-width, and of course, its eccentricity referred to as run-out. These
parameters are not directly related to the two sensing technologies, but have to be dealt with by the sensor. To find the
best sensor for a specific application, several parameters have to be taken into consideration. In this section, the
comparison of the two different sensing technologies is carried out based on the system-test-bench results. The passive
system (VR-sensor) is called VR and has a signal-conditioning circuit as shown in Figure 7. Furthermore there were two
types of Hall-sensors part of this comparison named Halll and Hall2 from different suppliers..
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Figure 7 VR Sensor application circuit with integrated interface IC
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Figure 8 VR Sensor application circuit with discrete components

The alternative circuit beside an integrated VR-Interface is using some discrete circuit as shown in Figure 8 using about
15 active and passive electronic devices to generate two accurate falling edges on the two transmitting-lines out of the
VR-Sensor that is connected to the node “Pulsar (D)”. This is some effort and this is also source of failure, using a piece of
printed circuit board (pcb) and a bunch of active and passive components.
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System testbench:

The active sensors are supplied with 5V on Vdd and have a pull-up resistor of 1200 ohms to Vdd. For both sensors, a data
acquisition system from National Instruments (PXI System) consisting of an analogue front end (which is a comparator
switching at 2.5V) is employed. This signal is fed into a FPGA (Field Programmable Gate Array clocked at 200MHz) for
further processing and time-stamps are captured with a resolution of 20ns. The second input of the FPGA is fed by a high-
precision encoder generating 40.000 pulses per revolution. Using this encoder the FPGA calculates the rotating angle of
the wheel with an accuracy of 0.009°. The timestamps of the sensor (falling edge) and the angle of the wheel are post
processed and the parameters like air-gap and jitter are calculated once sufficient data is captured.

1.4.1 Air gap performance

The manufacturer of an engine, a transmission or a complete vehicle should be able to position the sensor with a certain
tolerance in front of the toothed wheel. Adding the tolerances of the wheel and its mounting, typical air-gaps of Imm to
2mm can be achieved. The strength of the magnet used in the system (either magnet stick or back bias magnet)
influences the optimal air-gap. The sensor should be capable of generating a good signal under all circumstances of air-
gap and temperature. In Figure 9 a VR-sensor can be seen at this position waiting for the air-gap measurement to start.

Figure 9 VR Sensor in front of a toothed wheel
For comparison typical frequencies were used: For starting the engine a low frequency like 100rpm is suitable. The
frequency-range is up to 8000rpm. But a more likely rotation speed is 1000rpm.

« 100 rpm for starting behaviour of the engine
« 1000 rpm to represent rotational speeds in typical applications

Hall Effect Sensor Vs Passive Sensor - Air-gap performance at Low Speed
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Figure 10  Air-gap performance at low rotational speed: Y-axis indicates the amount of recognized pulses for
one revolution
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In Figure 10 a good performance of active sensors compared to a bad performance of the passive system was measured.
The reason is the low magnetic flux at the high air-gap. At low frequencies, the passive sensor already fails at a very small
air-gap (around 1mm). This limits the manufacturer in terms of mechanical tolerances.

Hall Effect Sensor Vs Passive sensor - Airgap performance at 1000Hz
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Figure11  Air-gap performance at medium rotational speed

At medium rotational speed like 1000rpm (as shown in Figure 11) the performance of the three systems is comparable.
Still there are differences between manufacturer in air-gap as can be seen from 2.8mm to 3.8mm (TLE4922) on this
specific wheel. The active sensors are aware of the noise and stop working at large air gaps whereas the signal
conditioning circuit of the passive sensor tries to detect still some teeth and introduces additional pulses.

1.4.2 Zero speed and true power on function

Zero speed is needed when the vehicle is in stop-start mode and the engine is down. The resulting frequency-range of a
sensor capable of stop-start-mode is OHz (Orpm) up to 8kHz (8000rpm on a 60-2 teeth crankshaft target wheel). The
sensor should be capable of generating a good signal under all circumstances. A missing pulse or an additional pulse is
not allowed. True power on capability is often used in camshaft-sensing know immediately at power on the position of
the valves.

One further application is outonomous driving and parking where sensing the wheel speed and sensing the transmission
speed is needed at a rotational speed of less then 1 tooth per second. The feature of zero speed is used in ABS-application
as well as in transmission-application for the hill-holder-functionality.

By concept of sensing, only hall-sensors are able to detect a tooth or a notch already at zero speed. Variable reluctance
has the need of moving ferromagnetic parts to get a signal at all. Since modern concepts include stop-start-functionality
as well as correct and adjustable valve-setting right at the start of the engine. Demand for this functionality is increasing
day by day. This is a clear advantage of active sensors since these sensors work also fine at 1Hz. The operating range of
VR-sensors is dependent on the air-gap. When the application allows to go for less than 1mm of air-gap a frequency range
of 100Hz up to 20kHz can be achieved.

Active Sensors outperforms passive counterpart over the first three frequency decades as shown in the Table 1

Table 1 Frequency-behavior of VR-sensors compared to Hall-sensor

Tooth-frequency DC 1Hz 10Hz 100Hz 1kHz 10kHz
VR-sensor FAIL FAIL FAIL acceptable  [PASS PASS
Hall-sensor PASS PASS PASS PASS PASS PASS
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1.4.3 Reference zone

Standard crankshaft wheels do have a reference zone to enable the ECU (Engine Control Unit) to detect the zero-position
oft he engine. This means they have typically 60 teeth where two consecutive teeth are missing. The sensor should
recognize this without influencing other operating parameters. The magnetic signal behaves in the way as illustrated in
Figure 12.

Notch and tooth of a toothed wheel
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Figure12  Magnetic signal during a reference zone

The active sensor has implemented computational power for processing of the magnetic signal difference in amplitude
and even calculates asymmetric teeth. Passive sensors employs external filters to achieve at least a switching point
somewhere in the middle oft he magnetic signal

1.4.4 Jitter (repeatability of a tooth revlution by revolution)

The accuracy of detecting a tooth is also an important parameter referred as Jitter. A good jitter performance is necessary
for an accurate ignition-control. In high end sensors the jitter is also used to do missfire detection (crank shaft
application) or to detect a false air pressure in the tire (ABS-application). This is calculated by doing FFT (Fast Forier
Transformation) and detecting some vibration on the axle or doing a prediction of the next tooth and recognizing a false
timing due to early or late or even missing firing the piston. Modern crankshaft sensors based on MR technology have a
jitter-value in the region of 40 nsec for a 3 sigma-value.

The active system has a quiet constant jitter over frequency as illustrated in Figure 12. There are differences of up to
factor 5 depending on different manufacturers.

User manual 10 V 1.0, 2017-04



TLE4922

nfine

—"@
o

n

\

Comparison Hall- and VR-technology

Hall Effect Sensor Vs Passive Sensor - Phase Jitter Performance at 100Hz and 1kHz
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Figure13  Phase accuracy of VR, Halll and Hall2 ploted versus air-gap at two different frequencies. 1°crank
refers to a wheel with 60 - 2 teeth. Better accuracy can be reached by increasing the number of teeth
on the wheel.

Passive systems show a strong frequency dependency. This is due to the principle of variable reluctance: When the wheel
is rotating 10 times faster the signal increases by factor of 10. This results in a 10 times steeper zero-crossing of the signal
and this further results in a 10 times better phase accuracy. But this works also in the opposite way. Going to low
frequencies the jitter increases drastically since there is nearly no signal available any more. In the worst case signal is
completely lost.

1.4.5 Elecromagnetic compatibility (EMC), output signal and signal conditioning

The main difference in comparing VR-sensor with additional signal conditioning circuit and an active sensor is the length
of the signal-line from the sensing element to the signal conditioning circuit: In the passive system the typical length is
about 1 meter. In the active system the first amplifier is immediately beside the sensing element: less than 1mm.
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Figure 14  Length of cable transmitting the analog sensing signal to the signal-conditioning

When external electrical disturbance occurs the passive system will be affected which will result in an additional
switching. In this case the active sensor has a clear advantage. Nevertheless there might be magnetic disturbance too. In
this case both sensors are affected in the same way and might have extra-pulses or bad accuracy in case of large air-gap
or large external electromagnetic disturbances. In high end sensors, this problem is solved by integrating multiple
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sensing elements. Through differential principle, speed sensing is done by calculating the difference of magnetic signal
between the two sensing elements and thereby subtracting the electromagnetic disturbances along with it. The
transmission of a digital signal is more immune than transmitting the analog signal to the ECU. Therefore active systems
are the better solution in terms of output signal and signal conditioning.

1.4.6 Module size, module weight and mounting considerations

The size of the sensor module is one of the most relevant key parameter for combustion engines designers. A big module
might need some extra-space which might limit the design. In a world of downsizing and fuel efficiency it becomes more
and more important to design sensors as small as possible. There are some concepts of integrated sensors with more
than one magnetic sensitive element. This is done to get homogenous stray-field-robustness or to enable direction-
detection. A molded VR-sensor has usually about double the weight as a molded active hall-sensor. There is one
exception to be mentioned for hall-sensors: Mounting hall-sensors in front of a multi-pole-wheel reduces further the
effort in the 2nd-level-packaging (molding) of the sensor. Therefore extreme small and light weighted modules can be
manufactured with technology of active sensing. This gives your transmission application or ABS application some
freedom in design.

1.4.7 Direction detection and vibration detection

For future trends, there is a need to detect the direction of the wheel from the moment when the first tooth passes the
sensor. Several cases need direction detection:

« Starting the engine and recognizing the direction in which the wheel is running.

» Doingstop-start of the engine to save fuel and avoid emissions. It isimportant to know the exact position of the wheel
for doing accurate ignition at the first piston after restart at the red traffic-light. The wheel might swing over dead
center position before the crankshaft finds a position where it settles. Forward and reverse direction have to be
sensed and indicated tot he ECU

« Vibration detection is needed in the stop-start condition as well as in transmission-wheels for vibration suppression.
In the end both depends on recognizing the direction and/or the change of direction. The algorithm running at the
sensor is recognizing the direction change and will cancel the backward-pulse and the following forward-pulse. As a
result the ECU has not to handle several pulses in both directions but only counts relevant pulses. Further the active
sensor recognizes to not calibrate on vibration but stays calibrated on speed-signal

Measuring the direction is possible as soon as two sensing elements are in the system at a well known distance. Using a
second sensing element in hall technology introduces the functionality of measuring the rotation direction of the wheel.
Once thedirection is known by the sensor, it monitors exactly the clockwise or counterclockwise movement of the wheel.
According to the algorithm implemented, the vibration can be suppressed or sent to the output with a certain protocol,
using information of the wheel-rotation-direction.
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2 Consideration in magnetic circuit design

Introduction:

+ We as Infineon want to make our valuable customer the magnetic circuit design as easy as possible.
+ Todoso, TLE 4922 is designed to be easily used.
- TLE4922 s able to read every toothed wheel or magnetic encoder wheel.
- TLE4922is able to sense very small magnetic signals due to the measurement principle of the monocell Hall sensor and its
high sensitivity.
- TLE4922 can be used with any magnet thanks to the sensing availability of both magnetic polarities.

2.1 Mechanical setup

Figure 15 and Figure 16 show the three main components of the magnetic circuit: the toothed wheel, the sensing
element (TLE4922) and the back bias magnet. Typically the sensing element and the back bias magnet are molded in one
module where already the cable and a mounting ring is attached. The typical module setup glues the magnet to the
package of the sensing element.

Vs NC GND Q

Figure15 Schematical components of the magnetic circuit

Figure16  Components of the magnetic circuit
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2.2 Magnetical setup

Depending on back bias magnet strength, back bias magnet polarity and module air gap different magnetic signals are
generated by the magnetic circuit as following figures illustrate.

B [mT]
400

Angle [°]

-400

Figure 17  Magnetic signal with no back bias magnet in place

There is no presence of a magnet and accordingly no magnetic signal is generated.

B [mT] .
200 : : : : : ~__Small air gap
Large air gap
| -

Angle [°]

-400

Figure 18  Magnetic signals at two different air gaps
Changing the air gap between toothed wheel and module changes the AC peak to peak signal. The minimum signal is
representing the notch of the wheel.

By assuming an air gap change the notch has nearly no influence on the magnetic signal. But the presence of a tooth
increases the flux-density. Therefore the maximum amplitude sees a big change over air gap as illustrated in Figure 18.

B [mT]

400 /\/\/\/\/\CStrong magnet/small AG

/\/\/\/\/\/ Weak magnet / small AG

Angle []

Vs -400

Figure19  Magnetic signals with a strong and a weak back bias magnet

Different magnet strength has a linear influence on the sensed signal. The magnetic signal scales with the strength of the
back bias magnet.
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Figure20  Magnetic signal with changed polarity of back bias magnet

Flipping the back bias magnet will change polarity of the magnetic signal. TLE4922 is capable of dealing with both
magnetic polarities. A wrong polarity assembly of the back bias magnet will not be recognized immediately since
TLE4922 continues switching. Since the amplitude is inverted (now the minimum value represents the tooth instead the
maximum) a different behaviour could occur in the application.

2.3 Tracking algorithm of TLE4922, Offset-update

The algorithm for following the magnetic signal and updating of the threshold is property of Infineon. Therefore some
details will not be given in this user manual. Nevertheless basic algorithm will be described to enable our customers to
understand the capabilities of TLE4922.

Hall Analog Digital
Supply Supply Supply

D-Core

Tracking (Min/Max,
ADC Offset,
Comparator)

Figure21  Block diagram of TLE4922

Basically the TLE4922 has an analog to digital conversion allowing to implement all algorithms in the digital core. Inside
the digital core there is a detection of minimum, and maximum of the actual signal. Out of these values and a certain
filtering functionality the actual switching threshold is calculated which is mainly the mean-value of maximum and
minimum. Additionally the adaptive hidden hysteresis is calculated out of minimum, maximum and threshold value.

For standard wheels as well as for certain run out or for some air gap jumps the algorithm will follow correctly the toothed
profile with corresponding switching on at the output “Q”. For a run out of more than 1mm and wheels with less than 10
teeth the algorithm of TLE4922 might not be able to follow the run-out which might result in loosing some switching
events on the output of TLE4922.
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2.4 Flux concentration on toothed wheel, strong back bias magnet and small
operational air gap

Out of the previous Chapter 2.3 there has to be mentioned on special case the magnetic circuit designer has to be

aware:

When TLE4922 exceeds the boundary of the full scale range (“Linear Region” in the datasheet) due to the algorithm the

tracking of the magneitc signal is started at OmT. This means the magnetic circuit designer has to take care using strong
rare earth magnets in combination with a small airgap between tooth of the toothed wheel and surface of the module.

Figure22  Flux concentration on the tooth

As illustratted in Figure 22 the magnetic flux lines are concentrated in the area between the tooth and the back bias
magnet. The flux-lines are allowed to go shorter due to the presence of the tooth of the wheel. As a result the field at the
sensing element increases.

The magnetic circuit design has to be designed to not allow the magnetic field exceeding the “Linear Region” of TLE4922.
Exceeding will cause a reset of the tracking algorithm which will most probably result in a missing tooth at the output of
TLE4922.

Typically this will not happen since TLE4922 is designed as a low cost product when ferrit material is used for biasing the
magnetic circuit. In the case a rare earth magnet is used a small magnet is expected to reduce at least costs. Above
mentioned scenario was observed in doing system measurements with back-bias magnets exceeding 350mT at a
position of 0.7mm above the surface of the magnet.
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3 Customer Interface

Once the system is defined the wheel, the magnet and the sensor have to be assessed for compatibility. Typically the
sensor is placed in front of the wheel and the functionality is proven over all mounting tolerances inside the system and
versus temperature and working conditions like different rotational speed or vibration. Observing the output of the
sensor under these conditions make the customer free to access if the sensor is suitable for the application. To gain some
safety margin the limits of the application can even be exceeded or a very bad manufactured (but within the tolerances)
target wheel can be used.

TLE4922 is able to do this.

TLE4922 has an additional feature allowing the customer to access the internal signal. This enables watching the signal-
processing while the toothed wheel is rotating in front of the sensor. Reading and saving this “raw data” into some
spread-sheet and afterwards assessing the collected data with an assessment tool provided by Infineon gives the
customer an increased confidence-level since the complete tolerances of manufacturing TLE4922 is included into the
result.

3.1 Serial Inspection and Configuration Interface (SICI)

This Chapter gives an overview about the Serial Inspection and Configuration Interface (SICI). For this, the digital output
(“Q”) pinis used. Furthermore it gives some programming examples and a list of the available commands.

The transmission is based on transmitting a single bit to the sensor and immediately receiving a bit. These bits form a
8bit command word, similar to the SPI interface. This makes the interface bit-synchronous and very flexible in timing.

Physically SICI is a single wire like the output “Q” of TLE4922. There is an open drain output at each end of the lineand a
single pull up resistor. To enable both “ends” of the line to listen, there is a comparator added on every node. So a node
consists of the open drain output to send data and of a comparator to receive data.

Node 1 (Master) Node 2 (Slave)

Transmission line

Receive data % J ,"‘f L% Receive data

]
L)
]
[

Transmit data »—“1 ;]1 f[; jg Transmit data

Figure23  Physical layer of SICI

The communication using SICI will disable the standard functionality of the output following the toothed wheel and
replaces it by exchanging data.

In SICI-mode the master drives some data on the communication line. The Slave is observing the output that is normally
left undriven in standard oprating mode pulled up by the resistor. As soon the master starts driving the line this is
recognized by the slave. When the master sends the correct sequence of logical “0” and logical “1” the slave accepts the
password and will also switch to SICI-mode.
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3.2 SICI protocol

SIClis a low voltage, bit-wise communication based on Master and Slave (TLE4922). Both have open drain output to drive
the output-line.

The protocol is based on Master transmitting a single PWM bit and receiving one bit from slave.
The diagram in Figure 24 illustrate the physical level of the signal for transmission and reception of “0”and “1”

At the beginning of the communication both Master and Slave are releasing the line. In idle mode the line will stay in HIGH
level due the pull-up resistor.

For t; Master is forcing the line in LOW.
For t, Master and Slave are releasing the line.

at the end of t,, Master if forcing the line in LOW for a very short interval, still detectable by the slave, and then it releases
the line for t;=abs(t,-t;) to be driven eventually by the slave according to its response. When t; elapses, Master read out
the response.

MASTER sends “0”
t~ 2%,

SLAVE responds “1”
t3 = tz_tl

MASTER sends “1” SLAVE responds ‘0”

t3 = tz_tl

A A

. .- H/LThreshold
\—i‘ ; \_g" GNDreS °

Line driven by the MASTER

""""" Line released (undriven)

Line driven by the SLAVE

Figure24  SIClI communication - Bit timing

We choose t1 and t2 in such ration to allow the device to safely distinct between “1”and “0.
t;= 2*t, - master sends “0”

or

t,=2*t, - master sends “1”

Following table presents the timing constraints for the implemented communication protocol, resulted from

Table 2 SICI Protocol Timing Constraints

Parameter Symbol Values Unit |Note/ Test Condition

Min. |[Typ |Max.

SICI PWM zero master low ty; 2 - 50 us Duration of the “low” pulse generated by
duration the MASTER when sending an “1”
No external capacitor on Q pin

SICI pause t, 2 - - us Time interval between to consecutive bits

A frame of 8 bits starting with “1” is named “command”.

A frame of 16 bits starting with “0”is named “data word”.
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In order to read a value, the controller should send an empty (all zero) 16bits word. The read values are the ones that have
been sampled at the beginning of the received empty data word - first negative edge of the word.

For the command words the device will respond with the same value as the one sent to it.

A violation of protocol - incomplete bit or incomplete word shall force the device output Q in “LOW?”, hence further
communication shall not be possible and the device shall be restarted with a power on restart.

3.3 Test modes activation

In order to enter the test modes and execute a test, the Master has to apply the following sequence (Figure 25):

o ramp-up supply Vs

© N gt serup PUt At least t.. after ramping supply VDD initialize a SICI communication and send TEST_PSWD1 word
« Using SICI protocol send the actual test mode configuration command optionally followed by one parameter

It is mandatory that no conditions for switching due magnetic field variation are met before complete receiving of the
signature command otherwise the device shall not enter in test mode.

If the initialization command is received prior to elapsing of ..o, (see datasheet), the device shall unconditionally
enter the test mode.

If the initialization command is received prior to elapsing of tieg sty (typically 20msec) and no switching conditions due
variation of external magnetic field are met, the device shall enter the test mode.

If the initialization command is completely received after t the device shall not enter test mode.

test_setup

Due to the receiving of initialization command fails due protocol violation, the chip shall not enter test mode.

t test_setup

ol e T reset

Device responds with “1”

» Msaofthecomma’iiHL hﬁ%ﬁjﬂ Hﬁ ML

..................................

Test_mode_en

Line driven by the TESTER

--------- Line released (undriven)

Line driven by the DUT

Figure25  SICl Interface enable sequence

In order to exit the testmode, the master shall normally reset the device via a power-on-reset sequence.
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3.4 Command codes

As mentioned before four registers of the TLE4922 can be read after accessing the Interface-mode written in following
table.

Table 3 Command codes reference

Command type Command binary code T Command Result
Command 7 6 |5 |4 (3 ]2 ]1 o

WRITE

‘1 ‘1 ‘O ‘0 ‘0 ‘1 ‘0 ‘1 ‘0 ‘Activatestestmode

READ

read MIN register

read MAX register

read threshold register

0
0
0
0

0
0
0
1

0
0
1
1

O |~ | = | O

[ = I =R

1
1
1
0

[R S R

1
1
1
1

[ = IR

Read demodulated filtered tracking (IR output)

Further commands are implemented for productive end of line testing and therefore not item of this user manual.
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4 Evaluation Kit /| Mapping Tool

To enable our customer to do system evaluation on his own Infineon provides the “SPEED SENSOR 2 GO”-Evaluation-kit.

As a first evaluation the delivered module TLE4922 + ferrite back bias magnet is able to sense the magnetic shape of a
toothed wheel. The customer can choose to watch the output-switching following the teeth of the wheel or is allowed to
watch the internal signal of TLE4922 corresponding to the magnetic field. A range of +/-500mT is displayed over time.
TLE4922 acts like a linear Hall sensor with digital interface as decribed in Chapter 3.

This magnetic mapping may be stored on the disc of your computer and processed by a further tool “iMAT - Speed
Viewer” to do assessment on air gap and accuracy.

After successfully testing the customer can replace the Infineon-module by the customer module and repeat the
evaluation using the Infineon-interface (small red pcb).

Even in the application and at the end of manufacturing-line the customer can connect the evaluation kit to evaluate the
quality of mounting or the quality of the wheel.

+ Benttooth detection

+ Damaged magnetizaion detection

« Maximum run out acceptance

+ Maximum / Minumum airgap acceptance

4.1 “SPEED SENSOR 2 GO” - Hardware

The hardware to do a first evaluation of TLE4922 in a customer application consists of an Infineon module holding a
ferrite back bias magnet and a TLE4922 as pictured on the left hand side of Figure 26 and an interface-pcb enabling
communication between PC and TLE4922.

Figure26  Hardware of “SPEED SENSOR 2 GO”: Module and pcb

The pcb is able to enter the digital 5V interface of TLE4922. It follows the S.I.C.I-standard.

Any module with a TLE4922 inside may be attached to the pcb. 3 wires have to be connected. The pull-up resistor is
onboard the pcb.

Figure27 SPEED SENSOR 2 GO: schematic of module
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The module holds a magnet made from standard ferrite. this material is independent from large price dependency like
observed on rare-earth material in the last years. In ferrite material an air gap up to 4 mm can be achieved. Rare earth
material like SmCo or NdFeB can go for 6mm of air gap and further improved jitter-performance.

The nominal value of the used ferrite magnet is 120mT in 0.7mm distance above the surface. This is the distance of the
sensing element inside TLE4922 to the front of the package.

Figure28 Low-cost demonstrator: SPEED SENSOR 2 GO in front of a toothed wheel

Intention of the SPEED SENSOR 2 GO - kit is demonstration of working principle based on Infineon ‘s low cost speed
sensor and a low cost back bias magnet made from ferrite material.

4,2 “SPEED SENSOR 2 GO” - Software

On the Infineon web-page at the download area the software for the SPEED SENSOR 2 GO - kit can be downloaded.
URL: www.infineon.com

The opened software appears like Figure 29.

In the left area the USB-connected kit will be found and displayed. Please choose “XMC-device COM xxx”. In the case no

device is displayed please check your USB-connection or unplug and plug in again.

The second step is to choose between one of the two existing modes:

« Mapping mode: The TLE4922 acts like a linear Hall Sensor and will display the magnetic field in the range from -500mT
to +500mT.

+ Functional mode: The output will switch according the toothed wheel in front of the sensor. Notch of the wheel will
be a LOW voltage state. Tooth of the wheel will be a HIGH voltage state.

With the “Start”-button the Evalkit will start capturing the requested data: Either magnetic field-data or detected tooth
and notch.
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XMC Device: COMS
Fie | Settings  Help

TLE4922 2go Evalkit

Programmer

Bt Graph
| ==XMC Device: COMS

Log

Index

8192 T T T

Last Error

Sensor

|T|.E4922 Mapping - |
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No Error B4t v e s e
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1000

Figure29  Screenshot: Evaluation kit TLE4922

In the middle area a graph is indicating the requested data over time-axis.

In the right area the captured data is available in numbers. These numbers can be exported into textfile or MS-Excel for

further post-processing.
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4.3 iMAT - Speed Viewer

Assessing captured data from the evaluation kit is traditionally done in any post-processing-tool like Matlab, Excel, NI-
DIADEM or any other software. For standardized assessment of essential application parameters like:

« Minimum airgap assessment
« Maximum airgap assessment
+ Maximum runout acceptance
+ Benttooth detection

* Phase accuracy

An Infieneon-tool called “iMAT” can be used as well. For further details on this Infineon-software please contact your
local Infineon field application engineer.

BUAT == o |

fle View Chat Dats Help

Speet Sgral iewer | Drection Sgnal Vews: | Dt Aasessmet|

Selection  [bemiMame

B 0 oz
7] [sca_peries

=l oMsa2

1 [AG 0.7mm

[ [AG Lomm

Adapti'\re _
hysteresis

Signature region

Figure30  Screenshot oniMAT
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5 Frequently asked questions

5.1 What is the working principle of TLE4922? Can you explain the blockdiagram?

As mentioned in chapters before TLE4922 is a very basic type of sensor as can be seen on the small number of funcional
blocks in the block diagram (Figure 31).

The supply is supposed to be nominal between 5V and 15V. Out of this supply voltage three voltage regulators are
generating the supply voltage of the sensing element (Hall supply), of the analog domain (Analog supply) and the digital
domain (Digital supply).

At the chopped Hall Probe the magnetic field Bz is already converted from magnetic field into an electrical voltage. The
technical principle of chopping cuts off the random offset of the Hall probe itself. Typically every hall probe has some
random magnetic offset moving over temperature and machanical stress. TLE4922 compensates the magnetic offset
through spinning the supply-voltage of the Hall probe to all 4 directions and calulating the average.

In the functional block “Tracking ADC” the the electrical voltage of the Hall probe is converted into a digital number.
Converting into a digital domain has the advantage of easy implementation and simulation of algorithms.

Analog Digital
Supply Supply

D-Core

Tracking (Min/Max,
ADC Offset,
Comparator)

Figure 31  Block diagram of TLE4922

In the digital core itself the signal is tracked all the time. Algorithms allow to detect the minimum and the maximum of
the magnetic field representing a tooth and a notch of the toothed wheel. Out of the found minimum and the found
maximum the threshold for the switching event is calculated in taking roughly the mean-value. In reality there is some
averaging implemented to be not too sensitive on magnetic distortion but still allow TLE4922 to follow a run out of the
wheel or some air gap jumps. Due to implementation of a hidden adaptive hysteresis the sensor is insensitive to vibration
or manufacturing tolerances of the toothed wheel as well as positioning tolerances of the module.

Finally the output of the digital core drives the Opend Drain Output. This is not a simple transistor but protected through
short current detection and thermal shut down in case of an overload.
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By

Toothed

wheel

tooth Bx
TLE4922 /\ ,\ T /\ / /\ ,\
. Bz
Backbias t [sec]
Bz [mT]

Signal seen at the
sensing-element:
Hall-probe

t [sec]

Figure32 Magnetic field in front of a toothed wheel

The field vectors of a magnet will be deviated by a toothed wheel as iillustrated in Figure 32. In front of a tooth the
amplitude of the field will increase since the tooth is working like a flux-concentrator and is shortening the effective
length of the flux. In front of a notch thereis only little influence on the magnetic circuit since the air gap between toothed
wheel and magnet is too large. The chopped Hall probe of TLE4922 is able to sense the Z-component of magnetic field.

V[mV]

Magnetic signal is
transfered into voltage
using the hall-probe

Bz [mT]

Figure 33  Transfer-curve of a Hall probe

A Hall probe transfers perpendicular magnetic field into electrical voltage. The effect is linear over the whole range.

V [mV]
Signal generated
by the Hall-probe
due to magnetic
field

t [sec]

Figure34  Signal at output of the Hall probe

A setup as shown in Figure 32 will result in a signal at the output of the Hall probe as illustrated in Figure 34. The Bz is
directly converted into a voltage. Due to special chopping technice of TLE4922 the intrinsic offset is already cancelled

out.
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Speed-signal
[LsB]

Signal after
analog to digital
converter

t [sec]

Figure35 Signal at output of the ADC (Analog to Digital Converter)

The tracking ADC of TLE4922 converts the electrical signal of the Hall probe into a continous stream of digital numbers.
These numbers are ready to be processed in the digital core of TLE4922. The shape of these digital numbers represents
the Bz at the Hall probe.

Speed-signal Virtual zero
[BB] max max
G
Digital core detects /—9\
maximum, minimum \e_/

and calculates virtual min min
zero-crossing

t [sec]

Output[V]

At open-drain-
output and pull-up-
resistor a full digital
signal is generated

t [sec]

Figure36 Simplified scheme of the switching algorithm in TLE4922

The digital core of TLE4922 is able to calculate all the digital numbers comming from the tracking ADC. It follows the
signal and detects the minimum and the maximum in the signal as indicated with red dots in Figure 36. With these
numbers the meanvalue is calculated which gives the switching threshold level. Whenever the signal crosses this
threshold level a switching event at the output is triggered: falling and rising edges according to the magnetic signal.

To prevent unwanted switching near the switching threshold a hidden adaptive hysteresis is implemented. Hidden
means the hysteresis can not be measured using any measurement-device. It is simply an additional threshold that has
to be crossed by the magnetic field before a further switching event is released. Adaptive threshold means this level is
not fixed but is a certain percentage of the last measured amplitude (max-value minus min-value).

Additionally there are some algorithms implemented to make the output switching robust against external magnetic
stray-field influence, to handle run out of a target wheel, handle some sudden air gap jump or avoid additional switching
on vibration.
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5.2 Canyou give me some details on start up behaviour and calibrated mode? How many
magnetic edges are needed for stable operation?

TLE4922 has different behaviour during on the very first output-pulse provided on output-pin “Q” as on all following
edges.

After start up time the sensor does not know if a tooth, a notch or a transition from either tooth to notch or from notch to
tooth is in front of the sensor. Therefore TLE4922 can not work as decribed in Chapter 5.1 "What is the working
principle of TLE4922? Can you explain the blockdiagram?". As described in running mode TLE4922 has to know one
minimum and one maximum in the magnetic field to calculate the meanvalue representing the switching threshold.

For the first edges after start up time a different algorithm was implemented to not miss any edge of the output-signal
starting at “high”-level right after start up is finished.

Power-on phase \i/ Start-up phase : Running mode
- 7N >k -
| |
| | | DNC
| | | (max)
New threshold
| l ' is available,here it
I ' is equal to previous
A Small I l First threshold » ------- N
amplitudel l is available ! :
[} [}
: ! i §
(min) H i
B - | i 3 i i
] 1 ' [ (] "
Lock to “1’ for Power-On 0 ! ' 0 ! ' "
] ! ' [ "
Bossssssssssss) ' L ' §
Mi_nIM_ax f 0 H H
switching 1 1

N

1111111111111 VYV YV YYYYI VYV YYYYYYYYYY)

Py
Threshold [llllllllllll (O PP PP PP T IIF7777?WIoPIoIrIrIsrsrsrsrrsry
switching )

##~ =Keep previous logic state
until first valid event

Figure37  Transition between modes

Power on phase:

In this phase TLE4922 starts tracking the magnetic signal during power up of all voltage regulators. Working points of the
analog circuit have to settle and therefore the digital core can not trust this signal. As a result the output “Q” is kept in
“high” (logical voltage level “high”) for typically 700psec. This number is reflected in the datasheet as “Power on Time”.

Start up phase:

In start-up phase it isimportant to not miss any edges. Every active sensing technology is suitable for detecting very slow
signals. A Hall-sensor fits perfect to detect the first edge after start-up. Following the signal in Figure 37 TLE4922 will see
a magnetical minimum signal and then a mangetical signal starts to increase.

Inside TLE4922 a minimum signal change is implemented which is called Digital Noise Constant (DNC). After exceeding
this minimum needed signal change TLE4922 will switch the signal-output to digital “low” as indicated in the picture.
Since the amplitude is not known at this time the edge might be too early or too late compared to further teeth of this
wheel.

The magnetic signal is now reaching a maximum and the number is now decreasing. As soon the DNC is exceeded. The
output-switching is performed on detected maximum field and the detected DNC which makes the detection of the
maximum valid.
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With this valid maximum and minimum of magnetic field TLE4922 calculates the switching threshold and enables the
third and final phase.

Running mode / Calibrated phase:

In the “Running mode” TLE4922 switches in the middle of the magnetic field and considers hysteresis as well. Final
accuracy is reached. Under certain startup conditions this will take up to three magnetic edges. Typically two edges are
needed.

Power-on phase j<
I it I-- DNC

I (max)

Start-up phase Running mode

DNC

>l
I
I
I
I

{

| ! ' 1
| i |
Large | ' i
n2mplitudel I i Y AV 1
I | \ First threshold 1o
I H is available 0 .
| : New threshold ! :
I | ' | is available, here iti
: I ! lis equal to previous} |
1 "o
L e L
1 i g(min) o |
] 1 T | "o |
Lock to ‘1’ for Power-On I ' H 0 P i
i i P |
(] !
i
'
'
'
i

Min/Max I ’ 0
switching | i l_
Threshold : H i E
switching I E E E E
Output I | ! i i
e I ! 1 ! :

#A = Keep previous logic state
until first valid event

Figure 38  Transition between modes (case 2)

In Figure 38 a special case is illustrated. As can be seen during the start-up phase the first edge is detected and a
switching to “high” is initiated. Since the output “Q” is already at “high”no change can be observed. The magnetic edge
is not visible at the output. After the second extrema the falling edge at the output is visible. TLE4922 calculates the
threshold since it can be calculated now. Running mode is now switching on all further edges on calculated threshold.

” o«

This example makes clear to take care on “magnetic edges”, “output signal edges” and “pulses” which consist out of two
edges.
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5.3 How does the hidden adaptive hysteresis concept work?

Two features are implemented in TLE4922 to enable precice switching points at zero-crossing and to suppress vibration
and noise.

The hidden hysteresis concept introduces two additional tresholds above and below switching threshold of TLE4922 as
illustrated in Figure 39.

# Switching event B#noise or disturbances

disturbances causes only 1 short pulss, but right stats

Figure39  Hidden hysteresis concept

Hysteresis means the magnetic field has to pass not only the switching threshold to put a switching edge to the output
“Q” but requires one additional crossing of a hysteresis threshold. Additionally the positive and the negative hysteresis
threshold has to be passed alternating.

In Figure 39 the first red dot indicates the crossing of the switching threshold which directly responds into a switching
event at the output “Q” since the positive hysteresis threshold was crossed before.

Following crossing of the switching threshold due to noise will not lead to any output edges since no hysteresis threshold
was exceeded in between.

After some noise is as big as exceeding hysteresis threshold and switching threshold one additional output-pulse is
generated at output-pin “Q”.

Further noise will be ignored since the positive hysteresis threshold was not crossed. After crossing the positive
hysteresis threshold the output “Q” is enabled again and a corresponding falling edge is visible.

As soon as noise is not in the system any more switching of the output is done at zero crossing of the switching threshold.

The strength of this implementation is avoiding additional switching on noise and minimizing additional switching due
to vibration to maximum one pulse. Of course as soon as vibration is as big as one tooth this can not be recognized by the
system any more.

Hidden hysteresis means described functionality with two hysteresis threshold not visible at the output during normal
operation.

Adaptive hysteresis describes an adapting hysteresis level depending on the amplitude of the magnetic field of the last
detected teeth. In TLE4922 the hysteresis threshold is calculated as 12.5%-value of the last peak-to-peak-value from
minimum to maximum. Positive hysteresis threshold is switching threshold + 12.5% of last amplitude. Negative
hysteresis threshold is switching threshold - 12.5% of last amplitude.

The adaptive hysteresis threshold allows TLE4922 to follow the run-out of the toothed wheel where at the same time
signal to noise-ratio is increased at small air gap in the application. Together with some update-rules this fits perfect for
crankshaft application.
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5.4 What is the miminum air gap?

In the datasheet the parameter “minimum air gap” is specified and verified at a certain wheel also mentioned in the
datasheet. Due to restrictions of the measurement setup the minimum air gap able to be verfied is 0.5mm.

In the case of no run out of the target wheel and accurate positioning a minimum air gap of 0.0mm can work. In the
application a minimum air gap of 0.0mm is possible as long as B, ; (parameter “Linear Region”) is not exceeded.

Be aware the tooth of the toothed wheel increases flux density and in combination with a strong back bias magnet the
minimum air gap might be 0.5mm or even 1.0mm. Typically this should not be an issue since TLE4922 is overmolded by
customer mold-compound. Details are explained in Chapter 2 "Consideration in magnetic circuit design"

5.5 What types of magnets can be used?

TLE4922 is designed to deal with every type of magnet as back bias magnet. The designer of the magentic circuit has to
take care to not exceed 400mT at the sensitive position of TLE4922 as described in Chapter 2 "Consideration in
magnetic circuit design". This has to be considered for minimum air gap performance.

On the other hand the maximum air gap has to be archieved. Typical air gap performance of 3mm with anisotropic ferrite
material based magnets can be archieved. Typical temperature behaviour of minimum needed field is shown in
Figure 40.

Byyn at f=1kHz
4
3,5
3
2,5
2
15
40 20 0 20 40 60 80 100 120 140
Tilcl

Figure40  Minimum field needed for output switching (typical value)

Customers have to do a trade off on costs, features and performance choosing either NdFe, SmCo or Ferrite magnet
material.
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5.6 What is the reset voltage of TLE4922?
TLE4922 is used to operate in “Operating voltage range” as stated in the datasheet.

Due to reason of EMC-events and external series resistor in Vdd-line the reset-level is of interest. Typical reset levels at
Speed-Sensors with voltage interface at Infineon are between 3 and 4 volts. The reset level of TLE4922 is not specified.

Three Vdd-voltage ranges have to be considered:

+ Below reset level the sensor does not operate and the behaviour is not defined. The output will be high impedance

and the current-consumption might deviate from datasheet specification.

From reset level to minimum value of operating range the senor TLE4922 has full functionality in terms of digital core
and algorithms but might deviate in some specified parameters from the datasheet. Analog working points will not
be settled and therefore some deviation might occur.

Above minimum value of operating range TLE4922 is fully functional according datasheet

5.7 Can TLE4922 be used together with a magnetic encoder wheel?

Magnetic encoder wheels have alternating magnetic poles on their surface as pictured in Figure 41. TLE4922 is able to
handle these wheels very easy since the field strength is in the range of +/-100mT. Compared to the capability of TLE4922
with more than +/-400mT this application is easy to handle. The magnetic field has typicall no offset and due to the
hysteresis concept TLE4922 is the perfect sensor for encoder wheels.

//i

Vs NC GND Q

Figure41  Magnetic encoder wheel
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Other Trademarks

Advance Design System™ (ADS) of Agilent Technologies, AMBA™, ARM™, MULTI-ICE™, KEIL™, PRIMECELL™, REALVIEW™,
THUMB™, wVision™ of ARM Limited, UK. AUTOSAR™ is licensed by AUTOSAR development partnership. Bluetooth™ of
Bluetooth SIG Inc. CAT-ig™ of DECT Forum. COLOSSUS™, FirstGPS™ of Trimble Navigation Ltd. EMV™ of EMVCo, LLC (Visa
Holdings Inc.). EPCOS™ of Epcos AG. FLEXGO™ of Microsoft Corporation. FlexRay™ is licensed by FlexRay Consortium.
HYPERTERMINAL™ of Hilgraeve Incorporated. IEC™ of Commission Electrotechnique Internationale. IrDA™ of Infrared
Data Association Corporation. ISO™ of INTERNATIONAL ORGANIZATION FOR STANDARDIZATION. MATLAB™ of
MathWorks, Inc. MAXIM™ of Maxim Integrated Products, Inc. MICROTEC™, NUCLEUS™ of Mentor Graphics Corporation.
Mifare™ of NXP. MIPI™ of MIPI Alliance, Inc. MIPS™ of MIPS Technologies, Inc., USA. muRata™ of MURATA
MANUFACTURING CO., MICROWAVE OFFICE™ (MWO) of Applied Wave Research Inc., OmniVision™ of OmniVision
Technologies, Inc. Openwave™ Openwave Systems Inc. RED HAT™ Red Hat, Inc. RFMD™ RF Micro Devices, Inc. SIRIUS™ of
Sirius Satellite Radio Inc. SOLARIS™ of Sun Microsystems, Inc. SPANSION™ of Spansion LLC Ltd. Symbian™ of Symbian
Software Limited. TAIYO YUDEN™ of Taiyo Yuden Co. TEAKLITE™ of CEVA, Inc. TEKTRONIX™ of Tektronix Inc. TOKO™ of
TOKO KABUSHIKI KAISHA TA. UNIX™ of X/Open Company Limited. VERILOG™, PALLADIUM™ of Cadence Design Systems,
Inc. VLYNQ™ of Texas Instruments Incorporated. VXWORKS™, WIND RIVER™ of WIND RIVER SYSTEMS, INC. ZETEX™ of
Diodes Zetex Limited.
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