
www.tumapos.eu - White paper 06/2016 - Accuracy improvement in magnetic position measurement

White Paper 06/2016  

Accuracy improvement in  
magnetic position measurement



www.tumapos.eu - White paper 06/2016 - Accuracy improvement in magnetic position measurement

1.  What is accuracy

2.  The positioning question

3.  State of the art in encoders

4.  User requests for improvement

5.   How to improve accuracy with magnetic encoders

6.   Summary

7.   tuMaPos

8.  About BOGEN

Content

2



www.tumapos.eu - White paper 06/2016 - Accuracy improvement in magnetic position measurement

Accuracy improvement in magnetic position measurement
For a long time, magnetic mea-
surement systems have been  
associated with poor accuracy. If an 
engineer required a high accuracy 
measurement, he would choose an 
optical measurement system. If an 
optical sensor should not be used 
due to environment reasons, the 
system would be adapted, so that 
the magnetic sensor can be used. 
Closed housed encoders or sealing 
air are two concepts with high cost 
impacts to enable optical measure-
ment in difficult environments. But 
the accuracy of new magnetic mea-
surement solutions has increased 
significantly in the past years and 
achieves near optical performance, 
reducing cost for measurement and 
eliminating cost for unnecessary 
sealing. 

This white paper describes the  
recent trends in accuracy improve-
ments in magnetic measurement. 
The rise of magnetic measure-
ment has been phenomenal in the 
last years. One main driver is the  
accuracy improvement achieved in 
magnetic measurement. While very 
low cost rotary magnetic measure-
ment continues to have an accuracy 
in a few degrees, new solutions pro-
vide a system accuracy of less than 
60 arc seconds. Many applications 
are switching from expensive opti-
cal measurement solutions to lower 
cost magnetic measurement. High 
design flexibility for specific geo-
metric requirements with low cost 
and resistance to dirt are two other 
advantages of magnetic measure-
ment, that accelerate the transition 
from optical to magnetic measure-
ment systems. 

 

What is accuracy
Many heated arguments have 
been exchanged on the meaning of  
accuracy, resolution and preci-
sion. Even the experts have not yet 
come to a complete agreement. 
The BIPM International Vocabulary 
of Metrology (VIM)1) defines accu-
racy as the difference between the  
actual measured position and the 
ideal position, also called true po-
sition (see figure 1). The ISO 5725-1  
defines accuracy consisting of 
two parts, trueness and precision. 
Trueness describes the close-
ness of a measured value to the 
true value, which is similar to the 
VIM. Precision is the repeatability 
of a measurement. Precision – or  
repeatability – is the term used to 
describe, how well a total system is 
able to arrive at a specific measure-
ment in multiple tries. Precision typ-
ically views the result of a complete 
motion system with all influence fac-
tors, to see what the effects of vari-
ations are.

If multiple measurements are 
made, there are systematic and 
random errors.  Trueness, as 

1) BIPM International Vocabulary of Metrology 
(VIM), items 2.13 and 2.14
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Accuracy is the difference bet-
ween actual and true position.

Fig.1: Definition of accuracy
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defined by VIM, deals with the  
systematic error, precision with the  
random errors. As shown in fig-
ure 2 and 3 there are different im-
pacts of multiple measurements.  
Medium and low precision may have 
different impacts on accuracy.

Resolution is described as the 
smallest increment, that a given 
measurement solution can discern. 
So if a measurement system has a 
resolution of 100 nanometers, the 
system will provide a signal for each 
100 nanometers. Resolution and ac-
curacy may be confused by non ex-
perts, because many engineers be-
lieve that the least significant figure 
of a measurement is aligned with 
the accuracy. 

For a system, the key requirements 
are either to get to a certain posi-
tion with the highest accuracy, e.g. 
for a laser marking system or for 
a motion control system to move 
as smoothly as possible. To start 
the laser marks at the right point, 
the laser needs to be positioned 
with the utmost accuracy. For a  
motion control system, it is im-
portant to move by the smallest  
increment from each position. 
Here, engineers rely on a high  
resolution. 

For absolute measurements, the res-
olution of a rotary measurement sys-
tem is typically provided in Bits. This 
notation describes, to which power of 
2 the absolute measurement system 
can divide a circle. A 4 Bit resolution 
means, that the circle can be divided 
in 2^4 parts, i.e. 16 parts. The ori-
gin of this naming is from the num-
ber of binary tracks that used to be  
required, to discern the position with 
the required resolution. So a 16 Bit 
resolution can discern 65,536 po-
sitions on a circle, so this means 
the smallest increment is roughly  

0,0055° or 20 arc seconds. For a  
binary pattern, 16 tracks in parallel  
would be needed to discern all  
these positions. 

The positioning system
For any system, the complete sys-
tem accuracy, in the sense of 
the ISO, is relevant to the design  
engineer. She or he wants to know, 
what the worst case scenario of 
his systems position is. This is 
the combination effect of all com-
ponent accuracies and the im-
pact of the different components  
interacting with one another.

4

Resolution is the smallest  
discernable increment.

Fig.3: High trueness
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The accuracy of a positioning system 
is defined by the scale accuracy, the 
sensor accuracy, the performance 
of the data processing, the quality of 
the positioning system and mechan-
ical disturbances plus variations. 

The scale accuracy can be measured  
in many different ways. For any 
scale, there are many increments. 
For each increment, the deviation 
for each actual to the ideal/true 
position can be measured. Scale  
accuracy can be defined in two  
different ways:

• The view on each individual  
increment and its relationship to its 
ideal position. The accuracy is then 
the maximum deviation for all incre-
ments.
 
• The view on the cumulative  
effects of the deviations. See how the 
increments change in size and add 
all differences. 

For a scale with a certain scale  
increment size, the scale accura-
cy describes, what the deviation 
of the actual position of the scale  
increments to the ideal position is.  
A magnetic scale with a pole pitch 
of 2 mm is supposed to have the 
pole borders exactly every 2 mm. 
If a pole border is not at the ideal  
position, the difference between 
the actual measured position and 
the ideal position is measured. 
This difference is called single pole 
border deviation (see figure 4).  
On a scale, each pole border is 
measured and the maximum sin-
gle pole border deviation per me-
ter describes for many suppliers of 
magnetic scales the accuracy class 
of the scale.  With a single pole bor-
der deviation of 100 µm, all poles are 
between 1.8 and 2.2 mm long. When 
the single pole border deviation is re-
duced to 20 µm, in the worst case, all 

poles are between 1.96 and 2.04 mm 
long, if both pole borders are at the 
maximum deviation in each direction. 
A scale with a maximum of +17 µm  
and a minimum of -14 µm pole  
border deviation on a meter, the 
single pole border deviation is  
+17 µm and the scale belongs to a  
20 µm accuracy class.
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Fig.5: Pole length deviation

Fig.4: Single pole deviation
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Total pole border deviation is viewed 
as the maximum minus the min-
imum pole border deviation. So 
if the scale has a maximum of  
+17 µm and a minimum of -14 µm, 
the scale has a total pole border de-
viation of 31 µm. This measurement 
describes the total range of errors in 
a scale. Figure 4 depicts the different 
measurements of pole border devi-
ations.

Another measurement is the pole 
length deviation (see figure 5). The 
pole length deviation is calculated 
for each pole as the difference be-
tween the pole borders, typically  
minus the nominal pole length. The 
maximum minus the minimum pole 
length deviation is again the total 
pole length deviation.

Cumulative pole length deviation 
is summing up the pole length  
deviations from the beginning of 
the scale to each pole. This number  
is documented for each pole. Then 
the minimum and the maximum val-
ue from the sums of deviations are 
determined. The difference between 
the maximum and the minimum is 
the cumulative pole length deviation. 

All numbers – single pole border 
deviation, total pole border devi-
ation, total pole length deviation, 
cumulative pole length deviation 
- refer to the scale division and  
provide input for positioning errors.  
Depending on the task at hand, 
different measurements can be 
the right measurement for an  
engineering task.

In many engineering discussions, 
the requirement for accuracy is  
often unclear. A high accuracy is 
viewed as highly required, while  
many factors of the solution will 
not support the required accu- 
racy. Temperature effects on 

certain materials lead to an  
expansion, that can be an order of a  
magnitude higher than the  
requested accuracy. 

State of the art in encoders
There are four major technologies 
that are used for position measure-
ment and motion control applica-
tions: Optical, magnetic and induc-
tive systems for laser inferometers 
and for linear and rotary applica-
tions.

Laser interferometers are measur-
ing systems with a high accuracy 
and high resolution. They use the 
fraction of a laser wavelength to  
determine the position. Their  
advantage is a simple system 
and easy usability. Their main  
disadvantages are their high  
environment requirements and 
high prices. They work best in  
vacuum at a constant temperature,  
constant humidity and constant 
air pressure. Unfortunately, most 
position tasks are in normal en-
vironment with a wide range of 
temperatures, humidity levels 
and air pressure variations. Al-
though some of these effects can be  
compensated, the measurement is 
best used in a lab environment in  
vacuum with not too long measure-
ment distances.

Optical measurement is the key 
principle used for many position  
measurement tasks. Identifying the 
differences between dark and bright 
patterns as scale increments is the 
basis of the system. Using laser  
diodes and highly precisely manu- 
factured glass scales, the optical 
scales achieve 5 µm up to 1 µm ac-
curacy over a meter. The optical en-
coders can be used in many work 
environments, but they are very 
sensitive to dirt or contamination.  
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Optical, magnetic inductive and 
laser interferometer encoders 
compete.
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Sealed encoders or air sealing are 
approaches to protect the optical 
systems from dirt and contam-
ination. Main advantages of the 
systems are the high availability  
of many products and a proven  
reliability and very high resolution.  

Magnetic systems use the mag-
netic field of north and south poles  
to determine positions. Simple  
on-axis rotary encoders use a  
dipole magnet and sense the  
magnetic field from this dipole. 
Off-axis rotary and linear encoders 
use multi pole scales, that are made 
of alternating north and south poles. 
The best magnetic scales achieve 
an accuracy of 3 microns per me-
ter. Magnetic encoders can be used 
in many different environments, es-
pecially in dirty environments. The 
magnetic scales can be destroyed, if 
a very high magnetic field is directly 
applied to the scale. But the mag-
netic force needs to be very high and 
in many cases it is highly unlikely 
that such a strong field is generated.

Inductive measurement is using a 
different method. The scale induc-
es a field, that is then measured  
and analyzed. Inductive solutions can 
be cheaper than optical measure-
ment but then with a lower accuracy 
than magnetic systems. High-end 
inductive systems are more expen-
sive than optical systems and can 
achieve a very high accuracy.

The optical and magnetic systems 
are the main solutions for many ap-
plications. In the past, the selection 
was rather easy. If a specific high ac-
curacy was required, the answer was 
automatically an optical solution. 

The typical accuracy of magnetic 
measurement was not very good and 
these solutions exist for many appli-
cations today. Most magnetic mea-

surement solutions are using hall 
effect sensor and an on-axis dipole 
magnet with a low resolution of 10-
12 bit. With low resolution of about 
0.1° and a non perfect magnets, ac-
curacies in the range of +/- 1° can be 
achieved. 

A typical application of magnetic 
scales is in anti brake locking sys-
tems. Using a rotary scale on each 
wheel to determine, whether the 
wheel still turns, the requirements 
for accuracy are typically less than 
6% single pole deviation and less than 
6% total pole deviation. Inaccuracies 
in the scales lead to slightly uneven 
breaking experience. Using a higher 
accuracy scale leads to a better brak-
ing experience for the driver, as the 
system is able to react much better 
on the changes in wheel speed.

With the increasing performance of 
magnetic measurement systems, 
that achieve linear system accuracy 
of less than 10 microns, the choice 
between the two principles will be-
come more difficult for the design 
engineer. So far, he could choose 
an optical encoder easily, now he is 
forced to defend his choice because 
of the lower cost for magnetic sys-
tems with the same performance and 
high-end solation tolerances. In dirty 
and long distances, the cost advan-
tage for magnetic systems is already 
very relevant.

The questions regarding accura-
cy were of most interest. BOGEN 
asked the participants to provide 
answer on accuracy and resolution  
trends as well as more detailed feed-
back. 

User requests for improvement
BOGEN conducted a study in March 
2016 to understand the accuracy re-
quirements for encoders. Based on 
the answers of 35 participants, the 
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Magnetic encoders with less 
than 10 µm systems accuracy 
are available now.
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results for this survey are represen-
tative for the areas analyzed.
In the survey, participants were 
asked to provide input on the ex-
isting performance requirements 
for linear positioning tasks in three 
classes: Highest accuracy re-
quirements, average and lowest  
requirements. At the same time, 
they were asked to estimate where  
they expect the performance to be 
in 2020. The results of the users of 
encoder technology are listed in  
figure 6. All three requirements are 
expected to improve, with the big-
gest improvement expected to be in 
the average accuracy. 

While the highest accuracy ob-
served in the study is on average 
between 600 and 700 nanometers, 
the users of encoder technology  
expect this value to improve to 
a value between 200 and 300  
nanometers within 5 years. The  
improvement means that the  
highest accuracy will be a third of 
the existing performance. 

The average accuracy is expected  
to improve from 5 microns to  
nearly 500 nanometers, ex-
pecting a shift in an order of a  
magnitude. The expected average  
is higher than the highest reso- 
lution average.

Also the lowest linear accura-
cy is also expected to improve 
from 50 microns to roughly 5 mi-
crons, again a shift of an order of a  
magnitude. 

The overall picture describes a ma-
jor shift in accuracy requirements.  
While the lower accuracy classes  
will be shifted by an order of a 
magnitude, the highest accura-
cy is not expected to be improved 
by this amount. It seems, as if the  
participants are either already near 

the best performance or they ex-
pect a technical limit in performance  
improvement for linear system  
accuracy.

Figure 6: Results of the encoder survey regarding linear accuracy

Figure 7: Results of the encoder survey regarding rotary accuracy
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The participants were also asked 
to provide their input towards the  
requirements for rotary accuracy in 
2016 and their expectations for 2020, 
again in the three classes. Figure 7 
depicts the answers of the users of 
encoder technology. 

The highest class is expected to 
improve from roughly 50 arc sec-
onds to about 30 to 40 arc seconds, 
a change of one third of the existing 
performance. The average class is 
expected to improve from 100 arc 
seconds to nearly 50 arc seconds, an 
improvement by half a magnitude.  
The lower performance is expect-
ed to improve from less than 500 
arc seconds to roughly 200 arc  
seconds, an improvement of 60%. 

In rotary accuracy requirements, the 
encoder users are expecting an im-
provement in the three classes, but 
the biggest improvement in the low-
est class. 

Comparing linear and rotary  
accuracy requirements, the expect-
ed improvement in linear accuracy 
is nearly an order of a magnitude, 
while the rotary accuracy is ex-
pected to be only half an order of a 
magnitude at maximum. Within five  
years. the accuracy requirements 
will shift: What is viewed as an aver-
age performance today is seen as the 
lowest performance expected in 2020. 

The resolution requirements did not 
shift as much as the accuracy re-
quirements. Here, the expected im-
provement is typically less than 50%.

This is inline with the priorities that 
have been stated by the participants 
in another part of the study. The re-
quirements with the highest priority 
are higher accuracy, lower cost and 
smaller sizes before an improvement 
in resolution.

How to improve accuracy with 
magnetic encoders
Looking at the results, all encod-
er manufacturers will need to  
review their product pipeline. 
The customers expect an im-
provement in an order of magni-
tude within 5 years, where many  
engineers find the solution to be 
lacking improvement possibilities. 
So encoder manufacturers are re-
quired to find additional approaches 
to improve accuracy.

Looking at the requirements, the 
recent increase of magnetic en-
coders by nearly an order of mag-
nitude is encouraging, since the 
performance addresses many user 
requirements now. The lowest ac-
curacy classes can be achieved by 
magnetic measurements without 
any problem, both linear and rotary. 
In the linear case, the required 
accuracy improvement is chal-
lenging for magnetic encoders.  
For rotary encoders, the require-
ment can be met with replacing an 
on-axis encoder with an off-axis en-
coder. 

For rotary scales, highly accurate 
magnetic scales can be produced 
with less than 50 arc seconds for  
50 mm diameter. The bigger the  
rotary scale, the easier it is to achieve 
higher accuracy with magnetic  
encoders. By managing eccentrici-
ty by using the right tolerances, the 
accuracy will improve significantly. 
The high design freedom of magnet-
ic scales and low non recurring ex-
penses for different diameters can 
lead to a performance improvement 
in magnetic measurement. Instead 
of measuring with a small optical 
scale, a larger magnetic scale can 
provide much more accuracy. 

Also, using magnetic encoders, 
there is less need to measure the 
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Within 5 years, users expect an 
accuracy improvement by an  
order of a magnitude.
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spindle turns. There is the easy way 
to measure linear movement of the 
stage, instead of the turns of the 
spindle. Magnetic measurement 
solutions allow to measure, what 
matters – the linear movement, driv-
en by the spindle. Magnetic solutions 
do not need to be sealed off and can 
be amidst the whole product design 
without any extra sealing. The added 
design freedom can lead to complete 
new solutions for system design. 
 
Looking at magnetic measurement 
systems, a system accuracy of less 
than 10 microns can be achieved to-
day and drive applications in robots, 
printing machines and other high 
precision application. 

Summary
The user requirements for accura-
cy improvement are a clear signal  
to suppliers of encoder technol-
ogy: The users are expecting a  
significant performance jump in ac-
curacy. Within the next five years, the 
accuracy requirements will increase 
by an order of magnitude.

Leaving aside any discussions on 
the definitions, the magnetic mea-
surement systems have improved 
considerably in the last years.  
Todays medium accuracy re-
quirements can be achieved with  
magnetic measurement. 

Engineers need to review their  
requirements now: The high level 
of requirements may be warranted  
or exist out of fear based on miss-
ing measurement know how. Seve- 
ral recent project discussions have 
shown, that engineers may have 
overstated accuracy requirements. 
During functional tests, a much  
lower accuracy than specified was 
sufficient to achieve the required 
product outcome. 

Nevertheless, the discussions  
prove, that a measurement sys-
tem requires engineering know 
how exchange between the part-
ners. BOGEN’s Engineer-to-Engi-
neer (E2E)-Program is designed to 
help engineers from the customers 
to solve a measurement task as  
efficient as possible.

The future will show, if magnetic  
measurement will be able to  
improve to provide the next level of 
accuracy.
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About BOGEN
Since well over half a century the 
company BOGEN has produced  
magnetic solutions for demanding 
applications. Its core competencies  
include the development and imple-
mentation of customized magnetic  
products.

BOGEN is the internationally recog-
nized specialist for magnetic mea-
surment solutions for position, ro-
tation and velocity measurements. 
With variable, high-precision pro-
duction equipment BOGEN creates 
products specially configured to the 
requirements of the customer.

BOGEN provides a wide range of 
manufacturing and development 
services:

• Full range of standard products

• Engineer-to-Engineer program 
for solutions according to customer 
specifications

• Manufacturing capabilities from 
prototype to production

• Short delivery times for prototype 
quantities

• Close development partnerships 
with customers for the implementa-
tion of innovative ideas

About tuMaPos
The aim of this project is to im-
prove BOGEN’s position in the  
magnetic measurement field. The 
project objective is to bring a new 
magnetic measurement solution  
to market that will extend the  
applicability of magnetic measure-
ment in two directions:

• Enter a new business area, where 
customers request bigger reading 
distances between scale and sensor

• Higher accuracy, especially to 
compete with optical measurement 
systems with a cheaper magnetic 
solution

With the results of the project,  
BOGEN can be more competitive 
in several industries, where the  
accuracy is secondary to the  
reading distance. At the same 
time the project aims at improving 
the system accuracy of magnetic  
measurement solutions.

11

The tuMaPos project is co-fi-
nanced by European Commis-
sion Directorate General for  
Research & Developement 
as part of the Horizon 2020 -  
research and innovation frame-
work programme under the  
Proposal ID : 684491.
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BOGEN Electronic GmbH
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