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ABSTRACT 

Angle positioning is widely used in many industrial domains such as automation or robotic. Often these 
applications require good accuracy, very good repeatability and a fast response time. This white paper 
focuses on the different aspects related to the precise measurement of an angle, by providing a guideline 
to setup and use the sensors, typical effect analysis leading to measurement inaccuracies, circuit design 
considerations, and signal evaluation methods. 

A strong feature of the magneto resistive sensor technology is its dependence on the magnetic field 
direction, almost independently on the actual magnetic field strength. Due to the excellent soft magnetic 
properties of the sensor material, a complete magnetic saturation means that almost all magnetic 
domains are aligned in the same direction parallel to the applied field, i.e. generate the same signal. For 
those users who may be unfamiliar with the fundamentals of magneto resistive sensors, their 
characteristics and modes of operation, please refer to the white paper MR_Basics_WhitePaper. 
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SENSORS 

The KMT sensor family is composed of the KMT32B and its brother the KMT36H. These sensors are 
available in two packages: SO8 and TDFN. These sensors share some common properties; main 
differences are their measuring range and the way to evaluate their output signal. Design considerations, 
setup requirements, and typical effects leading to inaccuracy are however very similar for both sensors, 
because of the magneto resistive technology used. 

The KMT32B consists of two Wheatstone bridges. The KMT36H consists of three half Wheatstone 
bridges and an integrated planar coil. Figure 1 shows the different packages available as well as the 
schematic drawing of each sensor.  

 
 

   SO8     TDFN 

 

Figure 1: KMT family 

 

It is possible to order the sensors by using following article numbers: 

MANUFACTURER   ARTICLE NUMBER  DESCRIPTION 

MEAS Deutschland GmbH G-MRCO-015   KMT32B SO8 

MEAS Deutschland GmbH  G-MRCO-016   KMT32B TDFN 

MEAS Deutschland GmbH  G-MRCO-029   KMT36H SO8 

MEAS Deutschland GmbH  G-MRCO-021   KMT36H TDFN 
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Figure 2 shows bridge output signal of the KMT32B and output signal of the KMT36H as a function of the 
magnetic field angle as well as the definition of the zero degree definition for each package. Output 
signals describe a sine or a cosine. The angles are normally given in degrees, while the amplitude, as 
well as the offset, are given in mV/V. 

 

 

 

 

 

 

 

           

Figure 2: KMT32B and KMT36H signal output 

As described in MR_Basics_WhitePaper, the anisotropic magneto resistance depends on the angle φ 
between current direction and magnetization of the sensor material (which is parallel to the applied 
magnetic field direction in the strong field limit, i.e. the sensor is completely saturated): 

 

Formula 1: Magneto resistance effect 
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Due to its quadratic dependence, φ can only be measured within the range of 0 to 180 when using two 
bridges – like the KMT32B). Circles on Figure 3 show that it is impossible to discriminate between φ=0° ... 
180° range and φ=180° ... 360° range by using only two bridges. In other words, the anisotropic magneto 
resistance effect cannot measure the sign of the direction of the applied magnetic field. By using three 
half bridges and a planar coil – like the KMT36H – it is possible to determine in which domain is the  
angle φ.  

 

Figure 3: KMT32B signal output over 360° 

An additional magnetic field with known direction added to the applied magnetic field will alter the field 
direction of the applied field which will change in turn the output signal. The sign of output signal change 
contains the information on the direction of the applied field. This is the role of the planar coil. 
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EXTERNAL MAGNET 

 Design considerations 

First of all, when working with magneto resistive sensors, one critical point is to choose the right external 
magnet. Two points need to be taken care of when choosing a magnet for an application: 

− for KMT32B, applied field strength should be as strong as possible 

− for KMT36H, applied field strength should be in an optimum range 

− magnetic field direction has to be homogenous, i.e. magnet shall not be too small 

The field strength of the external magnet at the sensor has to be strong enough to saturate the soft 
magnetic sensor material. This will ensure that the magnetization vector in the sensor will always be 
parallel to the direction of the applied field. This is the condition where magneto resistive sensors are 
preferably operated for accurate angle measurements.  

MEAS Deutschland GmbH sensors are specified for a magnetic field higher than 25 kA/m. This is the 
minimum required magnetic field strength for the KMT sensors in order to achieve the specified 
performances. The sensor will work properly down to 10 kA/m, but with a reduced accuracy around 
± 0.5° for the KMT32B for example, and increased hysteresis.  

Therefore, before picking the correct magnet, some important criteria should be identified, like: 

− what are the measurement conditions (temperature, disturbing fields)? 

− what is the acceptable maximal angular error? 

− what are typical geometrical tolerances of magnet relative to the sensor? 

− what are typical mounting tolerances dX and dY of the sensor relative to rotation axis? 

 

All these values will have some influence on the quality of the angle measurement and will also have an 

impact on the choice of the magnet. Following table depicts major properties of several common 

magnetic materials. 

 
Name Material Br 

[mT] 
(BH)max 
[kJ/m3] 

TCBr 
[%/K] 

Tmax 
[°C] 

Shaping Remark 

HF  

10/24p 

Plastic 
bonded  

Fe-Sr-O 

225 10 -0.20 130 Injection 

molding 

Chemical inert 

Cheap 

HF  

30/24 

 

Fe-Sr-O 

385 30 -0.20 250 Pressing 
Sintering 

Chemical inert 

AlNiCo  

35/5 

 

Al-Ni-Co 

1120 35 -0,02 500 Casting Low resistance to  

demagnetization 

Neofer  

55/100p 

Plastic 
bonded  

Nd-Fe-B 

580 55 -0.12 120 Injection  

molding 

 

N38  

Nd-Fe-B 

1260 300 -0.12 120 Pressing 
Sintering 

Highly corrosive 

Requires coating 

Sm2Co17 Sm-Co 1080 195 -0.03 300 Pressing 

Sintering 

Chemical inert / Brittle 

Expensive 

Table 1: Overview of magnetic material 
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Second of all, in order to measure accurately, the user has to take care at least of the two following items: 

− Placement between external magnet and sensor 

− Field strength of the external magnet at the sensor 

Figure 4 shows different possible placements between the external magnet and the sensor. Magneto 
resistive sensors measure in the sensor plane the direction of the magnetic field. Placing the sensor 
along the circumference leads to more inaccurate measuring results as placing it on the top of the 
magnet. 

 

Figure 4: Sensor placement relative to external magnet 

The main error contributions to the measurement accuracy are caused by magnetic field direction 
inhomogeneities of the rotating magnet used. It is therefore very important to look at the system  
sensor – magnet and to place the right magnet at the correct position.  

 

 

 

 

 

 

 

 

 

Figure 5: Center alignment error leading to inhomogeneities 

 

Inhomogeneity: Magnetic field lines are not parallel 

W 

dY

YY 

dX

YY 

L 
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 Alignment 

The alignment between sensor and magnet is of importance as described in Figure 5. The maximum 
error resulting from (dX, dY) displacement can be estimated to: 

  

Formula 2: Misalignment error 

where W and L are the width respective length of the magnet, depending on the magnet geometry used. 
dX and dY are the displacements between rotation axis and sensor center in millimeter. C is a constant 
depending on the magnet, with a typical value of 300. An eccentric mounting of the magnet with respect 
to the axis of rotation is less critical for small displacements. 

As we explained in the design considerations, the magnet should be as large as possible to insure 
homogeneity of the magnetic field at the sensor. As we can see on Figure 5, the sensor which is not 
centered relative to the magnet does not measure a vertical magnetic field direction but a bended 
direction leading to angle evaluation inaccuracy. With magneto resistive technology, it is always important 
to keep in mind that the sensor measures in a two-dimensional plane; therefore the magnetic field 
distribution at the sensor is as important as the direction of the magnetic field. 

 Gap 

Figure 6 shows the magnetic field strength as a function of air gap distance dZ for different magnet 
materials – as described in Table 1 – for a specific magnet as defined on the right part of the figure. It is 
important to note that the magnetic field strength drops exponentially with the distance. But as long as the 
magnetic field strength is well above the specified minimum value and the magnetic field vector does not 
change, a possible distance variation between magnet and sensor is not of great importance.  

 

 

 

 

 

 
 
 
 

Figure 6: Field strength for a specific magnet M1 (T=1 mm, R=4 mm) and different materials 
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Figure 7 shows the magnetic field strength as a function of air gap distance dZ for two different magnets 
as described on the right part of the figure. Using a larger magnet, the air gap for the contactless 
measurement can be raised without going beyond the 25 kA/m limit. 

As a conclusion, the strength of the magnetic field follows a parabolic law relative to the normal distance 
to the magnet surface. The key arrangement of the sensor with the external magnet is to insure a 
homogenous magnetic field over a circle area of few millimeters over the sensor. 

 

Figure 7: Field strength for magnets M1 (T=1 mm, R=4 mm) and M2 (T=2 mm, R=10 mm) and a specific material 

 Example 

To characterize our sensors, we use two laboratory magnets which have been chosen for their  
well-known and well-defined characteristics as described in Table 2 and Figure 8; they only differ in their 
radius. They are magnetized diametrically. 

ID Name Material Br 

[mT] 

(BH)max 

[kJ/m3] 

TCBr 

[%/K] 

Tmax 

[°C] 

Shaping Remark 

67.043 
Neofer  

48/60p 

Plastic bonded  

Nd-Fe-B 

540 48 -0,12 150 Injection  

molding 

R=7.0 mm 

T=2.5 mm 

67.044 
Neofer  

48/60p 

Plastic bonded  

Nd-Fe-B 

540 48 -0,12 150 Injection  

molding 

R=4.5 mm 

T=2.5 mm 

Table 2: Magnet specification 

It is possible to order the magnets by using following article numbers:  

MANUFACTURER   ARTICLE NUMBER  DESCRIPTION 

Magnetfabrik Bonn  67.043    Neofer 48/60p D14 

Magnetfabrik Bonn   67.044    Neofer 48/60p D9 
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If you need more information about these magnets, please refer to the application note 

1225802671Praxis_0107_eng_web.pdf available on the website http://www.magnetfabrik.de/. 

 

 

 

 

Figure 8: Standard magnets 

 

As described in the application note, both magnets have a magnetic field strength greater than 55 mT 
when dZ = 2 mm, and over 30 mT when dZ = 5 mm which is suitable for precise measurement using 
KMT32B or KMT36H. 

The following steps should be followed to properly place the sensor toward the magnet: 

− Place the KMT sensor top surface close to the magnet top surface 

− Check parallel alignment of both surfaces 

− Check central position of the sensor to the rotational axis of the magnet 

− Adjust the gap between the two surfaces 
 

SUMMARY 

When using magneto resistive sensors, not only the sensor has to be considered but the system sensor – 

magnet in order to get accurate measurements. 

 

Variation of the magnetic field strength due to mechanical tolerances or temperature will have no effect 

on the measurement accuracy as long as the sensor is saturated, but only very well aligned and matched 

arrangements will allow very precise and accurate measurement of angles.  

 

A recommended working magnetic field over temperature is 25 kA/m corresponding to 30 mT. 
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SIGNAL EVALUATION CIRCUIT 

Different application circuits will be presented depending on the cost, and accuracy required. Hardware 
solutions are highly dependent on the application but these circuits allow getting quickly the sensor 
working. 

 General microcontroller based solution 

This solution is a simple system with medium accuracy. The accuracy depends on the A/D converter 
resolution of the microcontroller used. The A/D converter must have an input voltage range between  
0V and Vcc. With the Wheatstone bridge a DC voltage of half Vcc is generated to set the A/D converter in 
the correct input voltage span. The proposed system uses a simple amplifier to enable the sensor signals 
to be read into the A/D converter of the microcontroller. 

 

 

Figure 9: General microcontroller based solution with KMT32B and KMT36H (KMA36) 
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 Interpolator chip based solution 

The interpolator chip iC-NQ from iC-Haus is a monolithic A/D converter which, by applying a count-safe 
vector follower principle, converts sine and cosine sensor signals with a selectable resolution and 
hysteresis into an angle position data. 

This absolute value is given via a high-speed synchronous-serial BiSS interface and trails a master clock 
up to 10 MBit/s. Any changes in output data are converted into incremental A quad B encoder signals. 
The minimum transition distance can be adapted to suit the system on hand. A synchronized zero index 
can be generated on Z output if enabled by the PZERO/NZERO inputs. 

The front-end amplifiers are configured as instrumentation amplifiers, permitting sensor bridges to be 
directly connected without the need of external resistors. Various programmable D/A converter are 
available for the conditioning of sine and cosine sensor signals with regard to offset, amplitude ratio and 
phase errors. Front-end gain can be set in stages graded to suit all common differential sensor signals 
from approximately 20 mVpp to 1.5 Vpp, and also single-ended sensor signals from 40 mVpp to 3 Vpp 
respectively.  

Two serial interfaces have been included to allow the configuration of the device, connection of an 
EEPROM or synchronous-serial data transfer BiSS. Both interfaces are bidirectional and enable the 
complete configuration of the device including the transfer of setup and system data to the EEPROM for 
permanent storage. If the memory is detected following a power-down reset, the chip setup is read in and 
automatically repeated if a CRC error occurs.  

 

Figure 10: Interpolator chip based solution 

13 MR-whitepaper_1630-21559-0008-E-1112



120-90-321-008-EH-1112.pdf

 

 

White Paper   

MEASURING ANGLE 

  14 of 25 

  

It is possible to order the interpolator IC’s by using following article numbers:  

MANUFACTURER   ARTICLE NUMBER DESCRIPTION 

iC-Haus    iC-NQ   Interpolator with BiSS Interface 

 

If you need more information about this interpolator chip, please refer to the datasheet 
NQ_datasheet_D1en.pdf available on the website http://www.ichaus.de/product/iC-NQ. 
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SIGNAL EVALUATION 

 KMT32B 

 Data acquisition 

The sensor should be powered and connected to an A/D measuring system – at least 10 bit resolution – 
in order to acquire the bridge voltage output signals. Each discrete data can be described as a data pair 
representing a sine and cosine value in mV and containing an offset. The measurement should be carried 
out over 180° with a step of 1°. This data pair will be defined as Vraw,sin(αi) and Vraw,cos(αi) with  
i = 1 … n and n the number of measurement. In this case, we assume one measurement is done each 
rotation meaning n=180. 

 Offset determination 

In order to determine the offset-voltage Uoff, we can determine the maximum and the minimum values of 
the sine and the cosine from the output voltages Vraw,sin(αi) and Vraw,cos(αi).  The maximum and minimum 
values are defined as followed:  

 

 

Formula 3: Minimum and maximum evaluation 

Thus we can calculate the offset voltage of the sensor: 

 

 

Formula 4: Offset evaluation 

There is other ways of calculating the offset-voltage Uoff, like for example the circular regression method 
which consists in determining with three data pairs Vraw,sin(αi) and Vraw,cos(αi) or more the corresponding 
circle parameters. The circle center coordinates determine Uoff,sin and Uoff,cos. 
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 Normalization 

The output voltage can be normalized on the power supply value after subtracting the offsets for each 
bridge. The resulting signal is shown in Figure 11. 

 

 

Formula 5: Corrected normalized output voltage in mV/V 

 

Figure 11: KMT32B corrected normalized signal output 

 Angle calculation 

The next step is to evaluate the signal using the arc tan function. By using both voltage output, the ratio of 
sine to cosine can be used to calculate the magnetic field angle: 

 

 

Formula 6: Angle calculation 
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It is important to consider the different cases for the arc tan function depending on the  
sign of Ucorr,cos and Ucorr,sin.  

 KMT36H 

 Data acquisition 

In order to have an accurate and efficient measurement, the following steps should be followed: 

− Apply supply voltage VCC to sensor to power every three half bridges 

− Turn on positive coil current and measure output signals Un+ (n = 1, 2, 3) 

− Turn on negative coil current and measure output signals Un- (n = 1, 2, 3) 

− Turn off coil current to reduce power consumption 

The recommended coil current as described in the sensor datasheet is 20 mA. The coil current is mainly 
determined by the coil resistance – typically 100 Ohm – and the in-series resistor to control current value 
– typically 150 Ohm. The microcontroller sink and output resistance has to be taken in account as well. In 
order to power the coil with a positive coil current, the voltage applied to pin COIL+ must be greater than 
the voltage applied to pin COIL-, and inversely to power the coil with a negative coil current.  

As we explained in the previous sections, the internal coil creates additional magnetic fields which change 
in turn sensor output signals. A trade-off between the coil current – corresponding to the additional 
magnetic field strength – and the external magnet has to be found. If the coil current is too small and the 
magnet is strong, the influence of the additional magnetic field will not be detected by the A/D converter. 
The A/D converter resolution has to be taken into account as well. 

The coil activation time depends on the sampling routine, and on the A/D converter sampling frequency. 

The coil switching frequency depends on the coil value – few micro Henry – and capacitive coupling 
effects. The absolute maximum recommended value is around 1 MHz. 

To avoid confusion, VO will be defined as a potential against GND and U as a voltage which is by 
definition the difference between two potential VO. With its three half Wheatstone bridges, a voltage of 
half Vcc is generated and set the A/D converter in the correct input voltage span.  

As a matter of accuracy for the A/D converter, it is important to use a differential signal output instead of 
the raw signal. Therefore the following signals are used to calculate the angle. As seen in Figure 12 these 
signal are given in mV/V. 

 

 

Formula 7: Signal extraction 
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Figure 12: KMT36H signal output 

 

 Angle determination 

The magnetic field angle information is contained in the output signal when the coil current is off. To 
enhance the speed of the measuring process, it is not necessary to measure another time each output 
signal without having the current coil active. Using Formula 8, this equivalent signal can be easy 
calculated. 

 

Formula 8: Signal calculation 

It is important to mention that these signals have no offsets. There are different methods to evaluate the 
angle information. We will present the most common ones depending on the application requirement, and 
the choice between rapidity and processing power. 

The first method which is the most accurate uses the following formula as described in Formula 9. 

 

 

Formula 9: Accurate angle determination 
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Figure 13 shows that the information of the magnetic field angle is contained in a restricted zone where 
two signals are always active. In the red zone, we can notice that there is no strong signal change over 
the magnetic field angle variation. Therefore, the arc tan function should be always used in a 30° domain 
and by selecting two active signals; twelve different domains are then defined. Table 3 shows active 
signals for each domain. 

 

Figure 13: Domain definition 

 

Domain Parameter n Parameter m Formula 

1, 4, 7, 10 3 1 

 

2, 5, 8, 11 2 3 

3, 6, 9, 12 1 2 

Table 3: Active signals depending on domain 

As we can see in Figure 13, we could easily determine the difference between zone 2 and zone 3 by 
comparing the three signal values. However it is impossible to make a difference between zone 3 and 
zone 9 because the signal is 180° periodic. Therefore the next step is to calculate the difference between 
the signal output with the coil active and with the coil inactive by using following formula. Figure 14 shows 
these signals which determine uniquely the twelve different zones.  

 

Formula 10: Coil influence calculation 
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It is important to notice here the result of the trade-off between coil current and external magnet strength: 
UnD amplitude is much smaller than Un amplitude. Following formula shows the proportionality with the 
coil current. If H0

 
– external magnet strength – value is too high, UnD value may be too small for the A/D 

converter resolution. 

 

Formula 11: Proportionality with coil current 

 

 

Figure 14: Zone determination 
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First step is to determine if we are over or below 90° by simply comparing the sign of U1. Then by using 
the sign of U2 and U3 it is possible to find every zone within 180°. Finally, we can determine if we are over 
or below 180° by using UnD signals. For example, Zone 7 is defined when U1 > 0 (below 90°), and when 
U2 < 0 and U3 > 0, and when U3D > U1D (over 180°). 

 

Formula 12: Function to calculate the angle 

It is sometimes not always possible, or recommended to use the arc tan function, described in Formula 
12, depending on the processing power available and the speed requirement of the application. Linear 
regression or polynomial regression as well as lookup table can be used to represent the arc tan function 
in the domain. The lookup table evaluation method, although very accurate and very fast, has the major 
drawback to use a lot of memory power depending on which resolution chosen to build the arc tan 
function. The symmetry of the function at 15° can be used to reduce this necessary memory power. 

 

SUMMARY 

Before running an angle evaluation, offsets of sensor signals should be corrected. 

 

For KMT32B, angle evaluation is straight forward and is using arc tan formula. 

 

For KMT36H, angle evaluation is using special arc tan formula and two specific sensor signals. Coil 

current and external magnet strength are directly related and should be carefully designed. The signal 

difference between coil active and coil inactive indicates whether magnetic field angle is over or below 

180°. 

 

 

 KMA36 

In order to simplify the product development for our customers, we designed the KMA36, a magnetic 
universal encoder for precise rotational or linear measurements. This system-on-chip combines a 
KMT36H-sensor element along with analog to digital converter and signal processing in a standard small 
package. 
 
The calculated field angle data can be transmitted using a PWM or two-wire (I2C) communication bus.  

Due to its featured properties – sleep and low power mode, automatic wake-up over I
2
C – the KMA36 can 

be used in many battery applications. Using the programmable parameters, the user has access to a 

wide range of configuration to ensure the maximum of freedom and functionalities. 
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ERROR CONTRIBUTIONS 

 Definitions 

In general, the measured angle α will differ from the original field angle α0 by a constant offset value φ0 
and an angular error Δα: 

 
Formula 13: General error 

Very often, depending on the definition, there is a different understanding of accuracy Δα of the 
measurement. For some, it is the difference between actual and measured value. For others, it is the 
error which is obtained when the measurement is repeated several times or the measurement is done 
with different rotational directions. The latter case is called hysteresis or repeatability error, while the first 
case describes the linearity error. 

The angular error Δα is mainly caused by following mechanical tolerances: 

− Soldering tolerance of the sensor package on the printed circuit board 

− Packaging tolerance of the die into the sensor package 

− Magnetization direction tolerance of the magnet 

 Sources 

The angular error is caused only to a certain extent by intrinsic sensor error sources, as long as the 
sensor is used in saturation. Two classes of angular error contributions can be distinguished: those which 
distort the homogeneity of the magnetic field at the sensor (eg. misalignment with respect to the rotational 
axis, disturbing fields and objects, inhomogeneous magnets) and on the other hand, those which 
deteriorate the quality of the sensor performance (eg. temperature).  

Source Name Comment 

Sensor Hysteresis See Definitions section 

 Amplitude offset Output signal has a constant offset 

 Temperature offset Output signal has a fluctuating offset depending on Top 

 Magnetization Magneto resistive element magnetization angular error 

System Noise Line coupling 

 Drift Sensor amplification 

 Resolution A/D converter, digitalization (conversion float to integer type) 

Magnet Size Leads to magnetic field inhomogeneities 

 Material Related to magnetic field strength 

 Magnetization Magnetic material magnetization angular error 

 Inhomogeneity See Alignement section 

 Eccentricity dX and dY between sensor center and magnet rotation axis 

 Gap Gap between sensor plane and magnet 

Environment Disturbing field Objects, currents, earth 

 Temperature Top 

Table 4: Error contributions 
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 Temperature compensation 

Ohmic resistance as well as magneto resistance comes from scattering processes of the conducting 
electrons. As all scatter processes are temperature dependent, the bridge resistance and magneto 
resistive effect show temperature dependence as well.  

Temperature coefficients are usually referred to two temperatures, usually T1 = -25 °C and  
T2 = +125 °C. As long as the arc tan method is used to calculate the angle, temperature effects are 
cancelled out in first approximation.  

Another important value is the temperature coefficient of the offset. This temperature coefficient is caused 
by small differences in the temperature behavior of the four bridge resistors.  

In practice, a drift in the output voltage is observed, which cannot be separated from the regular output 
signal caused by magnetic fields. The temperature coefficient of the offset will thus limit the measurement 
accuracy. Figure 15 shows the maximal offset related error depending on temperature without any offset 
temperature compensation applied. 

 

Figure 15: Error depending on temperature 
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 Sensor angular error without disturbing fields 

In order to determine roughly the accuracy error depending on the applied field strength for KMT32B, the 
following relationship can be used: 

 

Formula 14: Maximum error in degree against applied field 

where Δαmax is the maximum error in degree. 

 Sensor angular error with disturbing fields 

In order to determine roughly the field strength to apply so that the influence of disturbing fields is less 
than the demanded accuracy, the following relationship can be used: 

  

Formula 15: Maximum error in degree against disturbing field 

 where Δαmax is the maximum error in degree. 

For example, the earth magnetic field will cause a maximum error of Δαmax = 0.09° with  
Hdisturbing = 0.04 kA/m and Happlied = 25 kA/m. 

SUMMARY 

For precise angle measurement, error contributions have to be considered and taken care of. 

 

Main error sources are coming from the external environment: temperature and disturbing fields. 
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