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In this work, a magnetic positional encoder with TMR sensors capable of reading hard and soft magnetic
patterns is designed. Using a theoretical model and FEM simulations and while complying with standards
set by the industry, two system configurations that include permanent magnets to magnetize soft media are
proposed. TMR sensors for implementation in both configurations are fabricated in a clean-room environment
and tested. One of the configurations proved to be better for sensor performance and was mounted on a
magnetic scanning system. Finally, the stray magnetic field created by CoCrPt and magnetic ink structures
with pole-pitches of 0.5, 1 and 2 mm is successfully measured with this configuration.
I.
A.

INTRODUCTION
Motivation and Objectives

Nowadays, industrial production and automation systems are heavily reliant on systems known as positional
encoders. In particular, optical encoders are known to
be reliable and highly accurate, although their operation
is heavily affected in typical industrial environments dusty and dirty. As such, magnetic encoders appear as a
possible alternative in such scenarios even though their
accuracies are not up to par with their optical counterparts.
Currently, commercial optical encoders support polepitches (PP) down to 20 µm1 , while the most common
magnetic encoders support a minimum of 2 mm2 . In the
latter, the position information is hard coded with alternating north and south poles in a track, usually an
elastomer containing ferrite nanoparticles. This information is then read by a Hall-effect sensor, a transducer that
converts a change in an external magnetic field into an
electrical signal.
However, replacing these Hall-effect sensors by magnetoresistive (MR) sensors3 , with higher sensitivities and
spatial resolutions, could fulfill the demand of the industry for more accurate systems. Furthermore, replacing
the elastomer tracks with magnetic ink patterns could
also reduce the cost of the systems and increase their
versatility. This ink is already used in security applications, namely for Magnetic Ink Character Recognition
(MICR)4 .
The work presented is part of the GePos project, a collaboration between INESC-MN, Bogen Electronic GmbH
and Octopus Fluids GmbH. The current goal is to create
a magnetic encoder using state-of-the-art tunnel magnetoresistance (TMR) sensors that can read hard and soft
magnetic patterns with PP of 0.5, 1 and 2 mm. Additionally, this device should be capable of acquiring two
or more magnetic signals with different phases so that it
is compatible with existent electronics that comply with
industry standards. A dissertation has already been inserted in the scope of this project5 , but this last requirement was not fulfilled by the final prototype, as it was
posteriorly placed.

This development was supported by a theoretical
model for the magnetic field created by the magnetic patterns, that revealed the most optimal configurations for
implementation. The next step involved the fabrication
of TMR sensors in a clean-room environment and their
characterization. Finally, magnetic scans of CoCrPt and
magnetic ink structures were performed with some of the
results shown in this extended abstract.
II.

THEORETICAL BACKGROUND

A.

Topics on Magnetostatics

The basis of the magnetic simulations developed is
Maxwell’s differential equation for the magnetic flux density B:
∇·B=0

(1)

Given that relation between B, the magnetic field H
and the magnetization M can be written as B = µ0 (H +
M), the following result is achieved:
∇ · H = −∇ · M

(2)

where µ0 is the vacuum permeability and is equal
to 4π × 10−7 H/m. Utilizing the concept of magnetic
charges as a mathematical tool, similarly to the solution
of Gauss’s law for the electric field, the following equation
is obtained6 :
Z
1
r − r0
H(r) = −
d3 r0 [∇ · M(r0 )]
4π V
|r − r0 |3
Z
r − r0
1
d2 r0 [M(r0 ) · en ]
+
4π S
|r − r0 |3

(3)

where r is the position vector of the point where the
field is being calculated, r0 is the position vector of the infinitesimal charge being considered and en is the outward
surface normal at r0 , as represented in Figure 1. Solving
this equation for different magnetization directions will
be the focus of Section III B.
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magnetizations, due to the influence of an external magnetic field, the sensor is in a state of minimum resistance.
When they are antiparallel, the resistance of the sensor
is at a maximum. The sensor stack, dimensions and processing have to be carefully engineered10 to guarantee
a linear response between the two resistance plateaus,
which is represented in Figure 2.

FIG. 1. Schematic of the geometry for integration of equation
3. The directions of the magnetic field and magnetization
vectors are arbitrary6 .

B.

Magnetic materials

Materials can be classified differently depending on the
behavior they exhibit when exposed to an external magnetic field7 . All materials present some diamagnetic behavior, a tendency for their magnetic moments to align
themselves in the opposite direction of the external field,
although this effect is not as strong as others. Materials in which this behavior still prevails are designated
diamagnetic.
In paramagnetic materials, the magnetic moments of
the atoms tend to follow the direction of the applied field.
However, when this magnetic field is removed, the substance returns to its initial state, with no magnetization.
For ferromagnets (FM), however, the behavior is similar
and the magnetization is stronger, but some of it remains
upon removal of the external field. Ferromagnets can be
further classified as hard, when the saturation and remanent magnetizations are similar, or soft, when the saturation is much higher than the remanence.
On the other hand, in antiferromagnetic (AFM) materials, the magnetic moments of atoms that are close
neighbors tend to become antiparallel. This forms a
structure that has a total magnetization equal to zero,
but its local magnetization is not. It is possible to mimic
this type of magnetic behavior with two ferromagnetic
layers separated by a Ru spacer, in structures known as
synthetic antiferromagnets (SAF).

C.

Magnetic Tunnel Junctions

One particular type of MR sensors are TMR sensors,
based on magnetic tunnel junctions (MTJ)3,8 . These
structures, in their most basic form, are comprised of two
superposed ferromagnetic layers separated by an insulator. In a sensor, the magnetization direction of one of the
layers - the reference layer - is fixed to an adjacent AFM
layer, usually through a SAF9 . The other ferromagnetic
layer - the sensing layer - is free to rotate.
When the reference and sensing layers have parallel

FIG. 2. Ideal curve of a MR sensor with a linear response.
The blue and green arrows represent the magnetization of the
reference and sensing layers, respectively.

The magnetoresistance (MR) is an important figure of
merit to consider and is defined in equation 4. Another
sensor property relevant to this work is the sensitivity,
calculated from equation 5.

MR =

S=

III.
A.

1

Rmax − Rmin
∆R
=
[%]
Rmin
Rmin


Rmin

∆R
∆H


=

MR
[%/T ]
(∆H)linear

(4)

(5)

SYSTEM DESCRIPTION AND SIMULATIONS
Magnetic scanner

Figure 3 shows the reading head of the magnetic scanning system at INESC-MN, initially purposed for nondestructive testing11,12 . With 3 stepper motors in the x,
y and z directions, a sample can be scanned in the xOy
plane, with different reading distances (RD).
Since the patterns to be read can be soft magnetic, the
reading head has to be equipped with permanent magnets (PM) to increase the magnetization of the sample
during measurement. Multiple configurations of sensor
and PM placement are possible, although some restrictions have been set by industry standards. These requirements, plus a few others related to system performance,
are as follows:
1. the output of the signal needs to have a sine-like
behavior;
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of the structures is constant (∇ · M = 0), a 2D approach
can be followed and equation 3 becomes6 :
M0
H(r) =
2π

FIG. 3. Reading head of the magnetic scanner system.

2. the scanning has to be parallel to the length of the
track (x axis in Figure 3);
3. it has to be possible to scan the track in both directions along that axis;

When taking into account these requirements and disregarding solutions that would take more development
time than was allocated for the project, magnetizing the
tracks in the x direction (parallel to the scanning direction) with two PM proved to be the ideal option.

FIG. 4. Schematic representation of the simulated structures
with magnetization in the x direction.

B.

Simulation of magnetic patterns

Considering now that the tracks are magnetized in the
x axis (as shown in Figure 4) and that the magnetization

r − r0
|r − r0 |2

(6)

Solving this equation for both edges of a structure (see
Figure 5) and adding the contributions of neighboring
structures, results in the following equations:
N −1

M0 X
∆θ2k − ∆θ1k
2π

(7)


N −1 
M0 X
rk
rk
log 4k − log 3k
2π
r2
r1
k=0

(8)

Hx (x, z) =

k=0

5. two or more simultaneous signals with different
phases must be acquired;

7. the output of the sensors when measuring magnetic
ink patterns has to be larger than 7 mV.

dr0

FIG. 5. Geometric parameters of a simulated structure with
magnetization in the x direction, when the magnetic stray
field is calculated at a generic point Q with coordinates (x,z).
The green and blue edges correspond to the lines where the
integral is being calculated.

4. the PM have to be placed inside the reading head,
not on the level of the track or under it;

6. the sensitivity of the sensors has to be greater than
2.5 mV/mT;

Z

Hz (x, z) =


k

r0 1


 0k
r2
k

r0 3


 0k
r4

= [x − 2k · P P ] ex +
= [x − (2k + 1) · P P ]
= [x − 2k · P P ] ex +
= [x − (2k + 1) · P P ]


z − 2t ez

ex + z − 2t ez

z + 2t ez

ex + z + 2t ez

(9)

where k ∈ {0, 1, ..., N − 1}. Utilizing the properties of
previously fabricated Co66 Cr16 Pt18 structures13 as simulation parameters (thickness = 1000 Å, PP = 1 mm,
magnetization = 605 kA/m), gives the results shown in
Figures 6 and 7.
It can be observed that both signals are periodic, as
required. However, the component in the x direction,
presents an offset, which would require additional electronics to eliminate. As such, measuring the component
in the z axis presents itself as the best option.
Therefore, to measure this component, the sensor can
either be placed in the xOz plane or in yOz. If placed in
the former, it would be aligned with the magnetic field
created by the PM to magnetize the sample (see Figure
9), which would heavily affect the transfer curve. As
such, this would require some form of magnetic shielding,
discussed in the next section.
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FIG. 6. x component of the magnetic field created by a track
magnetized in the x direction with 6 structures and RD = 0.5
mm.

FIG. 7. z component of the magnetic field created by a track
magnetized in the x direction with 6 structures and RD = 0.5
mm.

FIG. 8. z component of the magnetic field created by structures magnetized in the x direction, with separations between
poles of 0.5, 1 and 2 mm. The distance (in x) between peaks
is displayed for each curve.

FIG. 9. Simulation results for the PM configuration that magnetizes the track in x. The magnetic field values indicated are
calculated in the region halfway between the PM. IP stands
for in-plane magnetization.

C.

Simulations with pole separation different than the
pole-pitch were also considered. This resulted in the
curves shown in Figure 8, where it is demonstrated that
the distance between consecutive peaks is equal to the
PP plus the separation between poles.
The model for the simulations has been implemented in
Java to make use of the Java FX library. This was used
to construct a graphical user interface that eased this
development. It includes models for the magnetization in
x, y and z, as well as a more complex model for magnetic
ink simulations. This format should also facilitate the
transfer of this resource to peers that may wish to use it
in the future.
Finite elements modeling software was then used to
simulate the magnetic field created by the PM in the
sensor and sample regions, as shown in Figure 9. This
shows that the magnetic field has a strength of 70 mT in
the sensor region and 72-75 mT in the sample region.
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Magnetic shielding strategies

Two strategies to shield the magnetic field created by
the PM when the sensor is placed in the xOz plane were
considered: one macroscopic and another microscopic.
The first solution consisted in placing two µ-metal sheets
(a material with a relative permeability of 4000) adjacent to the PM, on the side closest to the sensor. The
simulation of this system was also done with finite elements modeling, which showed that the magnetic field in
the sensor region was attenuated to 4 mT. However, it
was also attenuated to 3 mT in the sample region, which
would compromise the signal created by the magnetic
patterns. As such, this option was not considered a good
solution.
The second possibility was to use magnetic flux guides
(MFG)14,15 , structures usually made out of CoZrNb
(CZN) that are placed above the sensor level. These
structures are usually used to increase the gain of MR
sensors by guiding external magnetic fields towards the
sensor region. In the opposite approach, these structures
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could also be used to guide external magnetic fields away
from the sensor region, effectively working as a shield.
Simulating such a system with different geometries, of
confidential nature, resulted in an optimal geometry that
would reduce the magnetic field created by the permanent magnets to approximately 4.5 mT near the sensor,
while not reducing the strength of the field in the sample
region. Although this option looks more promising than
submitting the sensor to the full magnetic field of the
PM, a solution with the sensor in the yOz plane would
be even less affected.

IV. SENSOR FABRICATION AND
CHARACTERIZATION
A.

Sensor configurations

Previously to this work, a prototype with a chip placed
on the yOz plane was already in use5 . However, this
solution did not allow the acquisition of multiple signals
simultaneously. As such, an immediate improvement is
to use two chips side-by-side in that configuration, named
double parallel sensing solution, as shown in Figure 10.
On the other hand, placing the chip in the xOz plane
(Figure 11) enables the acquisition of multiple signals
along the x axis, in which is known as the perpendicular
sensing solution.

FIG. 10. Schematic of TMR chips and PM placed in a double
parallel sensing configuration.

FIG. 11. Schematic of a TMR chip and PM placed in a perpendicular sensing configuration.

Another important difference to consider is that only
the perpendicular sensing solution is compatible with existent electronics for positioning. As such, a double parallel sensing configuration would require adjusting existent
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systems, despite being far less complex due to requiring
no magnetic shielding.
Since the existence of MFG benefits the perpendicular solution and does not affect the parallel solution significantly, the fabrication process was common to both
options.

B.

Fabrication process

A standard procedure at INESC-MN to fabricate sensors for positioning applications was followed, with a
mask of confidential nature. The fabrication steps were
done in a 250 m2 cleanroom environment (areas of classes
100 and 10), in its adjoining grey area (class 10000) and
laboratories.
The TMR stack was deposited at Iberian Nanotechnology Laboratory (INL) with the following composition
(thicknesses in Å):
[Ta 50 | Ru 150]x2 | Ta 50 | Ru 50 | IrMn 200 | Co70 Fe30
20 | Ru 8.5 | CoFeB 26 | MgO 10 | CoFeB 20 | Ta 2 |
NiFe 40 | Ru 2 | IrMn 60 | Ru 20 | Ta 50 | Ru 100
Following this deposition, it was necessary to define
the bottom electrodes of the MTJ stack - 25x19 µm2
rectangles. This was done through removal of material
from everywhere else in the sample except from those
areas, through ion milling in an ion beam deposition
tool (Nordiko 3600). This technique involves accelerating
Ar+ ions generated in the assist gun towards the sample,
which results in the transfer of their kinetic energy to the
atoms in the sample, removing them.
However, this process is non-selective, removing all materials exposed, albeit at a different rate. To protect the
areas that we wished to maintain, a 1.5 µm layer of photoresist was previously coated over the sample in a Silicon
Valley Group (SVG) coating track. This photoresin is
sensitive to light of certain wavelengths, becoming more
soluble to a chemical developer in the regions that are exposed. This exposure in select regions (everywhere else
but the rectangular areas) is done by optical lithography in a Heildelberg Direct Write Laser 2.0, which is
equipped with a 405 nm laser, capable of defining features with a resolution of 0.8 µm with an alignment precision of 0.1 µm. After exposure, the sample returns to
the SVG track, now to be developed. After this process,
the etching step through ion milling can take place.
The next step consists in defining the actual MTJ pillars - 2x20 µm2 structures. The exposure and etch were
done as described above. After this, it was necessary
to electrically insulate the bottom and top electrodes of
the pillar. This consisted in the deposition of 1300 Å of
Al2 O3 in a home-made RF sputtering machine.
Due to the complexity of the chip design, two layers
of metal contact lines (100 Å of Cr + 3000 Å of Au for
the first, 100 Å of Cr + 6000 Å of Au for the second)
had to be deposited in Alcatel SCM450, a magnetron
sputtering system. These steps were done using a lift-off
technique, in which the material to be removed in cer-
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tain areas is deposited after lithography and not before.
The two layers of metal are separated by an insulator,
Si3 N4 , deposited in Electrotech Delta, a chemical vapor
deposition system. To ensure electrical contact between
the two lines in some areas, vias through the spacer are
open through reactive ion etching, in LAM Rainbow.
After this, it was necessary to passivate the sample
once more, to avoid electrical contacts with the exterior
in unintended places and to obtain a protective layer.
This was also done through lift-off so that the metal pads
were exposed for future characterization and wirebonding.
To guarantee orthogonality between the magnetizations of the reference and sensing layers so that the sensors have a linear response, this process contained two
magnetic annealing steps. For the first, the external magnetic field was applied parallel to the sensing direction of
the sensor, to fix the magnetization of the reference layer
in that direction. This was done in a home-made annealing setup with a field fixed at 1 T. The second annealing
required a magnetic field applied perpendicularly to the
sensing direction of the sensor, to soft-pin the sensing
layer, which was done in a different home-made setup.
Finally, the MFG are defined through lift-off, with the
deposition of 5000 Å of CZN being performed in a homemade DC sputtering system.

C.

Sensor characterization

After fabrication, the transfer curves of the resulting
sensors were measured. This was done in a magnetotransport characterization tool, with a uniform magnetic
field in the sample region created by two Helmoltz coils,
which ranges from -140 to 140 Oe. During measurement,
the sensors are fed a bias current perpendicularly to the
deposition plane and the resulting voltage is measured by
a voltmeter. Through Ohm’s law, the resistance of the
sensor can be computed and shown in real time.
The sensors were measured both with and without PM.
Although those in a double parallel configuration are not
in the plane of the magnetic field created by the PM, any
misalignments will still affect their response. A successful
alignment is shown in Figure 12, where curves with and
without PM are very similar. In fact, the presence of the
PM reduced the offset field (Hf ) and the coercivity (Hc )
as shown in Table I.
Sensor
Front (no PM)
Front (w/ PM)
Rear (no PM)
Rear (w/ PM)

TMR
(%)
172
169
170
168

Hf
(mT)
0.45
0.38
0.45
0.18

Hc
S0
(mT) (kΩ/mT)
0.41
3.16
0.27
2.14
0.43
2.96
0.27
2.43

TABLE I. Transfer curve parameters for two sensors mounted
on different sides of a double-sided PCB, with and without
PM. Ibias = 100 µA.
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FIG. 12. Transfer curves for two sensors mounted on different
sides of a double-sided PCB, with and without PM. Ibias =
100 µA.

Figure 13 shows the result for sensors mounted in a perpendicular configuration. As shown, the transfer curve
of the sensor is heavily affected and the sensitivity decreased from 3.50 kΩ/mT to approximately 0.25 kΩ/mT.
Although the sensor is not completely saturated, which
means that some shielding is occurring, this effect is not
desirable. Therefore, the double parallel configuration
has been accepted as the best one found and all measurements are done with it.

FIG. 13. Effect of the PM and their height on the transfer
curve of a sensor mounted in a perpendicular sensing configuration. Ibias = 100 µA.

V.

MEASUREMENTS

All measurements in this section were performed with
a sensor with sensitivity equal to 2.14 kΩ/mT (214
mV/mT) for a bias current of 100 µA, unless stated otherwise.
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CoCrPt structures
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Figure 9), the resulting structure magnetization will be
in the 68-220 kA/m range.

To validate the newly fabricated sensors and the theoretical model developed, CoCrPt microfabricated structures with different pole separation were used, as shown
in Figure 14.

FIG. 14. Samples measured with the newly fabricated sensors,
with the indicated separation between poles. Thickness =
2000 Å, PP = 1 mm.

To assess their magnetic behavior, a M(H) curve was
obtained in a Vibrating Sample Magnetometer. This system contains two Helmoltz coils that create a uniform
magnetic field in the region where the sample holder
is placed. During measurement, this sample holder vibrates, inducing a voltage proportional to the magnetic
flux variation rate a second set of coils. The result obtained for a piece of CoCrPt (area: 2.98 x 3.98 mm2 ,
thickness: 2000 Å) is included in Figure 15.

FIG. 16. Magnetic scans of the samples with 1.00 mm separation, with three different thicknesses. Deviations in the
x axis between curves are due to different starting points of
each scan.

Magnetic scans of CoCrPt samples with 1.00 mm of
separation and different thicknesses were obtained with
one of the new sensors, as shown in Figure 16. The signals are clearly periodic, as expected, although not very
uniform in amplitude.
For 2000 Å samples with different separation between
poles, the average peak distance was calculated and is
shown in Table II. As predicted, the peak distance is always equal to the pole separation plus the PP, validating
this portion of the simulations.
Separation between poles Average peak distance
(mm)
(mm)
0.25
1.25 ± 0.14
0.50
1.52 ± 0.05
0.75
1.79 ± 0.14
1.00
2.02 ± 0.15
1.25
2.28 ± 0.15
1.50
2.46 ± 0.08
1.75
2.74 ± 0.06
TABLE II. Distance between peaks for 2000 Å samples with
different pole separation. PP = 1 mm.

FIG. 15. M(H) curve measured on the VSM for CoCrPt.

This curve shows that the saturation magnetization
of this piece was 321.3 ± 2.7 kA/m and the remanence
174.5 ± 5.5 kA/m. Considering that the PM create a
magnetic field around 70 mT in the sample region (see

As all properties of the CoCrPt samples necessary for a
simulation are known (reading distance = 0.5 mm, PP =
1 mm, magnetization ∈ [68, 220] kA/m, thickness = 2000
Å), a comparison between simulated and experimental
results was obtained, as shown in Figure 17.
Even though a large range of magnetization is considered, the amplitude of the signal is still lower than
expected. This suggests that either the reading distance
was underestimated or the magnetization was overestimated. However, the tendency of the curve matches the
expected behavior.
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FIG. 17. Comparison between simulated and experimental
curves for CoCrPt (RD = 0.5 mm).

When implementing a double parallel configuration in
an actual positioning device, both signals obtained are
used to construct a polar graph. When the phase difference is of 0o or 180o , the resulting graph is a straight line.
If it is exactly 90o or 270o , the graph becomes a circle.
Any phase in between results in an ellipse. Figure 18
shows two signals obtained with the front and rear sensors. An immediate observation is that the amplitudes
are significantly different, which affects the uniformity of
the resulting polar graph, shown in Figure 19. Despite
this occurrence, the curve has a shape that is close to an
ellipse, which proves that this configuration can be used
for positioning.

FIG. 18. Magnetic scans obtained with front and rear sensors
in a double parallel sensing configuration. Results obtained
with the 2000 Å sample with 1.00 mm of separation.

Equivalent measures have been successfully performed
for several magnetic ink samples, fulfilling the goals of
the project.
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FIG. 19. Polar graph obtained from the signals measured
with front and rear sensors in a double parallel sensing configuration. Result obtained with the 2000 Å sample with 1.00
mm of separation.

B.

Scanner improvements

Although the magnetic scanner at INESC-MN was a
useful tool to test prototypes and characterize samples, it
presented two significant limitations. Firstly, the system
had no possibility of compensating for possible misalignments between the sensor and the sample. To correct
this, a Thorlabs Tip, Tilt and Rotation Stage was acquired to enable the sample to rotate around the 3 directions. The micropositioners of the stage allow a ±5o
pitch and roll adjustment (precision: 0.036o ) and a ±10o
yaw adjustment (precision: 0.03o ). Tests to assess how
the output signal of magnetic ink samples depended on
the misalignment of the system were performed with this
stage. However, no significant changes have been observed for the intervals considered (pitch: ±0.3o , yaw:
±3o ). A new sensor holder would have to be designed
and fabricated to accommodate larger ranges, as it was
currently touching the sample for larger angles.
Secondly, the RD used to be set by lowering the sensor
until it seemed to be touching the sample, then raising
it by the intended height. Despite carrying the risk of
damaging both the sensor and the sample, this method
proved to not be very precise and accurate as it relied on
the accuracy of the human eye. Adding this to the flexibility of some of the sample substrates used, the accuracy
of this method was estimated to be around 200-300 µm.
Since the RD being set are in the 250-1000 µm range,
this error proved to be too high.
As such, a photodiode-photosensor pair with a nominal
precision of 3 µm was acquired (Omron EE-SX771) and
implemented as shown in Figure 20. For this method, a
piece of a rigid material is attached to the reading head
of the system to work as a reference. When this reference is above the photosensor, the infrared beam is not
interrupted and the attached light-emitting diode (LED)
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FIG. 20. Implementation of the photosensor and reference in
the magnetic scanner, along with the tip, tilt and rotation
stage. The PM holder for the double parallel sensing configuration is also shown.

is on. As it is lowered in increasingly small steps, a point
will be reached where the reference interrupts the beam
and the LED turns off. Knowing the height of the beam
and the sample relatively to the table, as well as the difference in heights between the reference and the sensor, it
is possible to know how much the sensor needs to be lowered or raised from this position. Assuming that these
distances are measured with a caliper with a precision
of 10 µm, the precision of this method should be in the
30-40 µm range, an improvement over the previous one.
To test this, a CoCrPt sample was measured 5 times
at RD = 0.5 mm, to assess how the signal changes in
consecutive measurements. Then, the RD was changed
to an arbitrary value and put back at 0.5 mm using the
visual method, for a total of 5 times. The same procedure was repeated for the photosensor method. From
the curves obtained, the heights of the minima were calculated (the same could have been done with the maxima) and normalized to the average height of each set of
measurements (consecutive, visual method, photosensor
method). These points were plotted in the histograms
shown in Figure 21.
Immediate attention is placed on the results for the
consecutive scans, which are more disperse than when
changing the RD and resetting it with the photosensor
method, an unexpected behavior. One possible explanation for this is the tendency of these samples to exhibit
high non-uniformity during the first measurements performed. An attempt to avoid this was done by scanning
around 10 times before these tests, but it was possibly
not enough. Nonetheless, the difference in dispersion between the visual and photosensor methods is as expected,
with the photosensor proving to add precision to the system.
These tests were repeated with a magnetic ink sample
and resulted in the same conclusion regarding the precision of the methods. However, the dispersion of the
consecutive scans was now smaller than that of the photosensor method, indicating that the observation with
the CoCrPt was possibly an abnormality.

FIG. 21. Histograms for comparison of the different methods
to set the reading distance.

VI.

CONCLUSIONS

The goal of this project was to create a prototype of
a reading head for a magnetic encoder based on TMR
sensors capable of measuring the magnetic field created
by soft and hard magnetic structures.
This has been developed with the aid of a theoretical
model developed for this purpose as well as finite elements modeling software to find the optimal configurations for the reading head system. This was comprised of
a TMR sensor fabricated in a cleanroom environment at
INESC-MN using a standard procedure and two permanent magnets to increase the magnetization of the sample
being scanned.
The most optimal magnetization direction was found
to be along the length of the magnetic track (perpendicularly to the length of the structures), while measuring
the vertical component of the resulting magnetic field.
Two configurations in this condition have been designed:
one with the sensing plane of the sensor parallel to the
length of the structures and another in a perpendicular position. The latter, due to being aligned with the
plane of the magnetic field of the PM, required magnetic
shielding.
The most promising implementation of this shielding
was to define magnetic flux guides made from CoZrNb
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above the sensor level to guide the magnetic field lines
away from the sensor region. This method has been
tested and showed that this shielding was not enough
and the sensitivity of the sensor was severely hindered.
The parallel option proved to be less affected by the
PM and was used to successfully characterize CoCrPt
and magnetic ink samples. The measurements of these
samples matched the expectations created by the simulations at least in the tendency of the curves. However, the
amplitudes did not quite match, possibly due to underestimations of the reading distance or overestimations of
the magnetization. Polar graphs have successfully been
obtained, validating the adequacy of this prototype for
positioning applications.
Some improvements to the precision and versatility
of the magnetic scanner at INESC-MN have also been
added. Tests show that the reading distance precision
has been increased with the new method proposed.
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