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The invention relates to a magnetic sensor for the absolute counting of revolutions or
linear distances, which advantageously can be used in multifaceted fields of technology, and in
particular in automotive engineering and in industrial automation. In particular, the novel
composition of the proposed sensor will serve to enable the non-contact and current-less
counting of high numbers of revolutions in the order of magnitude of 4000, or larger distances in
the order of magnitude of 20000 mm, which is of interest for a multitude of technical
applications. However, the proposed sensor can also particularly advantageously be used to
ascertain low numbers of revolutions, while having the simplest design, such as in automotive
engineering for exactly determining cycles of internal combustion engines, and it can, for
example together with an angle sensor, assume the function of camshafts and thus replace
these expensive components.

Sensors for determining an angular position according to various physical principles are
used widely. They all have in common that the sensor signal is periodic after 360°, which is to
say the sensor cannot distinguish between 10° and 370°. Such sensors are therefore needed for
tasks in which the angle must be determined beyond 3609, as is the case with the steering
wheel in the automobile, for example, combined with a further sensor, which must be able to
detect the number of revolutions. In combination with a revolution counter, it is then possible to
distinguish between 10° and 370°. So as to determine the number of revolutions, solutions are
known in which the number of revolutions (such as between 1 and 5) can be inferred
mechanically via the turn of a spiral having N spiral arms. Other solutions utilize mechanical
gears in conjunction with two or more angle sensors. Having knowledge of the composition of
the gear and the angular positions of the magnets connected to different wheels of the gear, it is
also possible to determine the angle from 0 to 5 - 360°, for example. All these solutions have in
common that they require a mechanism for implementation and as a result they are not non-
contact, and thus not wear-free. However, a non-contact solution is necessary for many
applications, in particular in automobiles. This could be implemented by determining the angular
position at every point in time (permanently) and in this way being able to distinguish a transition
from 359° to 360° from an angle of 0°. This requires that the sensor and an associated memory
element are permanently supplied with electric energy. This is inconsistent with the requirement

in automotive engineering that the determination of the absolute angle in the range of 0° to
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5 - 360°, for example, must also be successful when the onboard electronic system is
disconnected from the battery, for example.

The company Posital developed non-contact counting of the number of revolutions that
satisfies these requirements in principle (company announcement "Kraftwerk im Encoder..."
(Power house in the encoder...) www.postal.de). A Hall sensor is used there for determining the
angle (0 to 360°). The number of revolutions are measured using what is known as a Wiegand
wire. This wire has special magnetic properties that ensure that after every revolution, due to
the discharging sudden movement of a magnetic domain wall through a wire that is a few
millimeters long, a brief but sufficiently intense voltage pulse is created, which can be written to
a ferroelectric random access memory (FeRAM), even without the FeRAM being connected to
the battery. This solution thus satisfies the demand for the wear-free and non-contact
determination of the number of revolutions and also counts revolutions up to the maximum
memory capacity of the FeRAM without the current supply being applied. However, the
automobile industry rejects this type of solution because cost-effective production and assembly
are not possible given the macroscopic size of the Wiegand wire, and problems exist with
electromagnetic compatibility due to the high-resistance input of the FeRAMs.

A further sensor element for counting revolutions that satisfies the above-mentioned
requirements is known from EP 1 740 909 B1 (WO 2005/106395). This sensor element has the
shape of an elongated spiral having N windings and is composed of a stack of layers that has
the giant magnetoresistance (GMR) effect. The GMR layer system of this sensor element is
substantially composed of a hard magnetic layer, which defines the reference direction, and a
soft magnetic layer, these being separated by a non-magnetic intermediate layer. The outer
rotating magnetic field to be detected is strong enough to change the magnetization direction of
the soft magnetic layer due to the movement of the domain walls, but it is too weak to change
the magnetization direction of the hard magnetic layer, which runs parallel to the straight
sections of the elongated spiral. The sensor element thus responds to a rotating magnetic field
with a change in resistance, wherein whole and half revolutions are detected in the form of
2N+1 resistance values within the countable range of 0 to N revolutions. Each resistance value
is thus bijectively assigned to a half-integral or integral revolution value. The magnetic structure
remains unchanged if the magnetic field does not rotate. In the case of a rotation, the
magnetization directions change, regardless of whether the resistance value is read out or not.
This means that the system detects all changes of the rotating magnetic field even in a current-
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less or power-less state, and current supply is only needed for read-out, which is to say for
determining the resistance.

The disadvantage of such an arrangement is that, due to the memory geometry used
(each revolution requires a complete spiral winding), the spiral must be very large geometrically
when counting a larger number of revolutions. As a result, the probability increases that defects
that occur during production of the spiral will lead to failure, and thus to a reduction in the yield.
In addition, the chip surface area increases, and along with it the costs for such a sensor.
Moreover, when the number of spiral windings is large, the concept provided in EP 1 740 909
B1 automatically results in problems in determining the number of revolutions. The usable
voltage swing, which results from one revolution to the next, is scaled at 1/number of spiral
windings. This swing is clearly too small for a reliable evaluation for N > to >> 10. One
alternative, which is provided in the aforementioned patent, does permit the full magneto-
resistance swing at higher numbers of revolution, but likewise has the disadvantage of a long
spiral, and the advantage of the large swing comes at the expense that, instead of two electrical
contacts, all spiral parts that form a non-closed circuit must each be provided with four electrical
contacts, and be read out and processed electrically. Even at N=100, this is four hundred
contacts, and thus the circuitry is very complex. The above-described solution entails the added
problem that, once the maximum number of domains that can be guided in the spiral conductor
is reached, the conductor is entirely populated by domains, and during any further semi-rotation
one domain leaves the conductor, while a new one is fed at the same time. This ends the
unambiguous nature of the revolution counting at n windings, and thus 2n domains. A
directionally reversed revolution of the outer rotating magnetic field ultimately clears the spiral
completely of domains, so that unambiguous counting also ceases to be possible in the reverse
direction once the maximum detectable revolutions are exceeded.

Eliminating the above-described problems was already the task of one proposal
according to WO 2009/027046 A1, in which a magnetic revolution counter for the unambiguous
determination of a predefinable number of revolutions to be determined for a rotating element
was proposed, in which, depending on the number of revolutions to be measured for the
element to be detected that is provided with a magnetic system, the magnetic field of which
permits the detection of all provided sensor elements, a plurality of sensor elements are
provided, wherein the sensor elements were populated by magnetic domains having a
predeterminable and fixed number. According to this proposal, the domains are guided in
respective closed loops, which include at least one ferromagnetic and one soft magnetic layer,
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wherein tapered protuberances oriented into the interior of the loop were assigned to the loops,
and the number of protuberances provided per loop is established in a defined manner deviating
from each other from loop to loop. With the aid of electrical contact arrangements provided
there, which allow the changes in the electrical resistance of predefinable loop sections to be
detected after magnetic domains have changed location as a result of the action of the outer
rotating magnetic field of the magnet system in the predefined loop sections, it is possible to
supply these resistance values to an evaluation unit for the purpose of correlating the number of
revolutions of the rotating element. The respective closed loops provided in this proposal can be
nested in one another or be disposed adjacent to one another on a substrate. This solution
solved the above-described problems of the necessary voltage swing and of the bijectivity of the
counting within the predefinable boundaries, while reducing the overall conductor length at the
same time. The tapered protuberances required within the scope of this proposal, however,
represent considerable requirements with regard to the production technology. The reason is
that the cusps must be implemented very precisely and at an angle of less than 15°. If one does
not intend to use technologies such as focused ion beam (FIB), which are very complex and
consequently also very expensive, the limits on achievable yield will be reached very quickly, at
least with larger cusp numbers using standard lithographic technologies. This proposal is
therefore only conditionally suited for large inexpensive sensor batches with little waste.

Moreover, another problem exists with the present solution, which is a domain conductor width
that is not consistent throughout. In this regard, first the following fact must be pointed out,
which applies to all sensors of this type: An upwardly and downwardly limited magnetic field
range exists for the magnetic field acting on the sensor, in which reliable functionality of the
sensor or system is achieved. Only above a minimum magnetic field (hereafter Hnin) is @ domain
moved 100% through the structure, and an encounter of two domains reliably prevented, along
with the attendant destruction of the same, and thus the undesirable reduction in the number of
domains. At the same time, however, the magnetic field must not be so large that magnetic
domains are unintentionally created. This means that a magnetic field H.« exists, which must
not be exceeded. The field range of the sensor must therefore always be above H,, and below
Hmax- It is advantageous for any intended use of the sensor if Hy,, is very small and Hp.x is also
very large, and thus the so-called magnetic window AH= H,;, - Hnax is as large as possible. The
magnitude of Hy. is primarily dependent on the cross-section of the portion of the used layer
stack in which the magnetic domains move. It is proportional to the thickness thereof, and
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indirectly proportional to the width thereof. The minimum field depends on the roughness of the

layer. At a constant absolute roughness, Hn.i, decreases as the width increases.

It is now apparent in the proposal according to WO 2009/027046 A1 that, at the point of
convergence at the lower end of a cusp, widening to at least double the domain conductor width
is inevitable, resulting in a significant reduction of the upper field H ... When further assuming a
typical minimally producible radius of curvature at this end of the cusp of 200 nm (which is a
typically achievable value for a standard DUV wafer stepper), the width increases to ~ 600 nm.
This widening results in a massive reduction of the upper maximally permissible field of the
magnetic window in which the sensor operates. In a first approximation, this value is indirectly
proportional to the strip width (here = 200 nm), and is thus reduced to a value of ~ 33% of the
value that would in fact be theoretically possible with the strip width of 200 nm.

The latter problem of the effect of varying conductor widths was solved in DE 10 2010 022 611
A1 by using a soft magnetic loop structure that is populated with a predeterminable number of
magnetic domains and provided with GMR or TMR layer assemblies, wherein the loop structure
is formed of at least two separate loops, which are each spiral-shaped, wherein the respective
first inner loop end is connected to the respective second outer loop end of the same loop so as
to bridge all the remaining loop sections of the respective loop at a predefinable distance by way
of a respective soft magnetic bridge, which thus magnetically closes the respective loop,
wherein at least one domain is written into each of the closed loop structures. This solution,
which comes closest to the present invention, has a larger magnetic window than the
comparable solutions known until then, since it at least allows conductor widths that are
consistent throughout to be produced. However, creating the bridges provided there, and thus
ensuring uniform thicknesses of the conductors in the step-like transition regions, poses such
considerable technological demands that a mass production of such revolution counters is
associated with an excessively high scrap rate, and therefore is uneconomical.

In addition to the above-described prior art, reference shall be made to document DE 10 2008
063 226 A1, which describes where and how an effective attachment of read-out contacts is to
be carried out using the example of a rhombic spiral structure of domain-guiding conductors.
Such deliberations are also used in the invention newly proposed herein, so that this would
have to be addressed in greater detail only conditionally here. DE 10 2010 022 611 A1 likewise
provides suggestions for an advantageous contact connection for reading out the sensor and for
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the defined writing of domains into the conductor structures, which can likewise be used

analogously in the present invention.

It is the object of the present invention to provide a magnetic sensor for the absolute counting of
revolutions, and partial revolutions, or linear distances, which is technologically easy to produce
using commercially available technologies, which has a wider magnetic window than
comparable sensors according to the known prior art, and which, maintaining the basic
topology, can be used in a simple manner to count arbitrarily predefinable, and in particular
high, numbers of revolutions N (such as N > 4000), and larger linear distances of 4,000 mm to
20,000 mm, for example, depending on the desired resolution (such as 50 um to 250 pm).

Within the scope of the invention, layer compositions that are known per se are also used, such
as those described in EP 1 740 909 B1 or WO 2009/027046 A1, which allow a domain
configuration to be determined, utilizing the known effect that the electric resistance in a GMR or
TMR stack is dependent on the relative direction of magnetization of the layer in which the
domains move, compared to a reference direction defined by a hard magnetic layer.

Within the scope of the present invention, a novel loop topology is proposed that achieves the
object of the invention. The essential advantages of this proposed topology lie in a considerably
increased magnetic window in which the magnetic sensor is able to operate, and in the
considerable reduction of the requirements with regard to the production thereof.

The essence of the invention is that at least two separate domain-guiding loops comprising
predominantly straight subsections, which extend in a rhombus-like arrangement with respect to
each other, are provided, and the at least two loop structures are connected to each other via a
shared intersecting point, wherein directly in front of the intersecting region in and after which
the domains can change from one into the neighboring loop structure, these sections of the loop
structures are bent against the sense of the direction of the conductor guidance and are curved
in a siphon-like manner in this region so as to be directed into the interior of the loop structure,
wherein the conductors in the respective siphon-like troughs perpendicularly intersect at one
point, and all described loop structures are disposed so as to lie in only one shared plane,
wherein all domain-guiding loop sections, including the intersecting regions, have substantially
the same width. Since with this configuration of the intended intersecting region, which are

created in one plane with all other conductor structures in one uniform structuring process, all
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production problems of comparable sensors according to the known prior art are eliminated, as
described above. At the same time, since no acute angles occur in the proposed new topology,
which result in undesirable and unavoidable conductor widening, the usable magnetic window is
considerably increased. This also results in a noticeable reduction of the requirements with
regard to the outer magnetic field driving the domains.

The object is achieved by the characterizing features of claim 1. Advantageous embodiments
are the subject matter of the dependent claims.

The measuring tasks underlying the present invention, and thus the use of the proposed
magnetic sensor, can be found in two basic configurations in technology in the case of the
determination of revolutions: either the number of revolutions of a shaft is to be determined,
which is accessible from the side (decentralized arrangement or hollow shaft sensor system), or
the sensor can be positioned opposite one end of the shaft (central arrangement). In addition,
the proposed magnetic sensor can also be used for the absolute determination of linear
displacements or partial revolutions with extreme accuracy.

Another significant advantage of the solution according to the invention, in particular
from the view of the production technology, is that all domain-guiding loop structures, including
intersecting regions that are critical per se (compare to the known prior art), can be formed
exclusively in one uniform plane.

The following exemplary embodiments and figures are provided for a more detailed
description of the invention above and hereafter. In the drawings:

FIG. 1a shows the basic principle of a decentralized sensor arrangement (hollow shaft
sensor);

FIG. 1b shows the basic principle of a central sensor arrangement;

FIG. 1c shows, by way of example, a linear magnetic scale in the upper portion of the
figure, and a magnet wheel, opposite which the sensor according to the invention can be
disposed in the lower portion;

FIG. 2 shows an exemplary layer stack, which can be used to utilize the GMR or TMR
effect;

FIG. 3 shows a top view onto a first exemplary embodiment according to the invention of

a sensor having a loop configuration shown here including two spirals;
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FIG. 3a shows an enlarged illustration of an intersecting region created according to the
invention, which connects the two loops according to FIG. 3;

FIG. 4 shows a fundamental exemplary arrangement of a sensor having five loops,
combined with double and triple loops packed inside one another; and

FIG. 5 shows a possible electrical contacting based on a quintuple loop structure.

FIGS. 1a and 1b show two fundamental arrangements, in which the sensor according to
the invention described in greater detail below can be used. FIG. 1a shows a cross-section
through an overall system having a decentralized arrangement (hollow shaft sensor
arrangement), composed of a shaft 01 having a magnetic system 20 attached on the
circumference, made of an Si substrate 10 (advantageously also comprising evaluation
electronics) on which a revolution counter 11 according to the invention is located. At the
location of the revolution counter 11, a magnetic field acts from the outside, here in the form of a
permanent magnet combination 20, which, on moving past, generates a rotation of the direction
of the magnetic field by 360° at the location of the revolution counter 11. Since, according to the
known prior art, revolution counters are generally operated in conjunction with an angle sensor,
which for this reason is not shown in detail here, the location of the rotating magnetic field is
known from the signal of the angle sensor.

In an above-mentioned second basic application option, a permanent magnet 20 is
attached to the end face of a shaft 01. FIG. 1b shows such an embodiment in a cross-sectional
view through an overall system having a central arrangement, composed of an Si substrate,
advantageously comprising evaluation electronics 10, on which the revolution counter 11
according to the invention is located. At the location of the sensor 11, a magnetic field of a
permanent magnet 20 located at the end of the shaft 01 acts from the outside, the permanent
magnet being designed so that the entire revolution counter is captured by the aforementioned
magnetic field, as the exemplary flux lines are intended to indicate. Upon rotation of the shaft 01
by 360°, the revolution counter 11 likewise experiences a magnetic field rotating 360°. It also
applies in this embodiment that there are angular ranges in which the written domain
configuration is just undergoing a change, and which would then supply invalid information
regarding the number of revolutions. However, if this range is smaller than 90° per half
revolution, it is then possible, having knowledge of the angle, which can be determined, for
example, by way of an angle sensor used together with the revolution counter or by using a
quadrant counter, which is to say an angle sensor that is able to determine the quadrant in
which the direction of the rotating permanent magnet is located, to achieve an unambiguous
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determination of the number of revolutions. This is described in detail in IEEE Trans. Magn. Vol
45, issue 10, pgs. 3792 — 3795. However, since these additional measures form part of the
known prior art, they do not require further explanations within the scope of the present
invention.

The domain walls themselves move in the sensor according to the invention in an
arrangement, created by way of a structuring process, for example, of multiple loops described
in greater detail below, into each of which a defined number of domain walls is written by an
initialization process forming part of the prior art. The configuration of these different loops is
designed, or selected, so that an arbitrarily predefinable number of outer revolutions always
allows bijective counting of the same.

The domain configurations present in this specific case can be determined with the aid
of a number of electrical contacts on the loops, based on magnetoresistive effects, such as the
giant magnetoresistance (GMR) effect or the tunneling magneto resistance (TMR) effect, and
the number of revolutions of a magnetic field that moves the domain walls in the closed loops
can thereby be ascertained. This determination of the domain configuration utilizes the known
effect that the resistance in a GMR or TMR stack is dependent on the relative direction of
magnetization of the layer in which the domains move, compared to a reference direction

defined by a hard magnetic layer.

The resistance is low when the direction of magnetization in the reference and sensor layers is
the same, and it increases by (6 to 10)% (in the case of the GMR effect), or by (100 to 500)% in
the case of the TMR effect, when the direction of the two magnetizations is antiparallel.

FIG. 1c shows the usage option of a sensor according to the invention in conjunction with a
linear magnetic scale IM (see upper portion of FIG. 1c¢) in a schematic representation. Here too,
the domains written to the sensor structure shown in greater detail in FIG. 3 experience a
movement by this structure when the sensor moves parallel to the scale. If the scale has a pole
length of 1 mm, for example, the sensor experiences a complete rotation of the magnetic field
by 360° when moving 1 mm. In this way, it is possible to carry out an absolute length
measurement. If the sensor counts up to 4096 revolutions, for example, lengths of up to
approximately 4000 mm can be measured. The resolution of the length measuring system is
determined by the resolution of the goniometer, which is likewise not shown here, assigned to
the revolution counter. If this is 0.5, for example, the pole length of 1 mm can be measured with
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an accuracy of 0.5°/360°-1 mm ~ 1.4 um. The bottom illustration in FIG. 1¢ shows a magnet
wheel Pr by way of example, which can be used in an arrangement according to FIG. 1a and
which likewise is composed of alternately disposed and alternatingly oriented magnet segments

(analogous to the linear scale), which is indicated only twice in this figure.

FIG. 2 shows a layer stack by way of example, which is to be used to utilize the GMR or TMR
effect. Such a layer assembly, which is known per se, is shown in a cross-sectional view in FIG.
2. For GMR layer systems, the current flows in the direction of the indicated magnetization
arrows (in the layer plane); the electric resistance is determined by way of electric contacts (not
shown here), which are applied at a large distance (typically up to 200 um) from each other.

If a TMR stack is used in the present invention, the 2.5 nm thick copper layer shown in FIG. 2 is
replaced by a 1 to 2 nm thick Al,O; or MgO layer. The current then flows perpendicularly
through the layer stack from bottom to top, or vice versa. The TMR stack generally takes up a
surface area of a few to several 10 to 100 umz2. Further embodiments with special design
options for the GMR or TMR layer stacks are unnecessary at this point because these form part
of the known prior art per se. For this reason, only the following description is provided
hereafter:

A NigiFeqs (permalloy=Py) layer functions as the actual sensor layer in which the magnetic
domains move, wherein the 0.5 nm thick Co layer is only used to amplify the GMR or TMR
effect. A combination of a so-called synthetic antiferromagnet (CoFe/0.8 nm Ru/CoFe) in
combination with an antiferromagnet (in FIG. 2: IrMn, otherwise also NiMn or PtMN) serves as
the hard magnetic layer. The 0.8 nm thick Ru layer ensures that the magnetic moments of the
two CoFe layers are oriented antiparallel and ideally cancel each other out. The IrMn in
combination with a CoFe layer generates what is known as unidirectional anisotropy. This
defines the preferred magnetic direction. This may be uniform in the entire wafer, and thus also
in the loops formed according to the invention.

For reliable movement of the domains in the sensor layer, a minimum magnetic field Hy,, is
necessary, which is dependent on the geometry (height and width of the sensor layer) and the
magnetization of the material of the magnetic soft layer, which is structured in the loop shape
according to the invention described in greater detail below. The proposed principle at the same
necessitates that the number of domains within the loop does not change during use of the
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revolution counter. This means that the magnetic field acting on the revolution counter must
always be smaller than a magnetic field Hn.x in which a nucleation of a magnetic region, and
thus a generation of additional domain walls, occur; however, this can be easily satisfied by the
selection of the magnetic field of the rotating permanent magnet 20 acting on the revolution
counter (see FIGS. 1a and 1b, respectively the linear scale IM or magnet wheel Pr in FIG. 1c).
As was already indicated above, however, these requirements are considerably reduced as a
result of the novel topology according to the invention, since a considerably larger magnetic
window is achievable by the present invention.

All of the above-described stipulations and usage options that already form part of the
known prior art apply in the same manner to the novel topologies proposed within the scope of
the present invention.

The basic principle of the present invention shall be described in greater detail based on
FIG. 3. FIG. 3 shows a basic loop structure, which in the example is composed of two spiral
loops Sy and S,. The outer, in the present example rotating (illustrated here by a central fat
arrow), magnetic field is applied equally to the two spiral loops. In order to illustrate the
topological principles, this figure is not shown to scale, and thus some details are necessarily
drastically exaggerated here to render the essence of the present invention visible. To gain an
idea of the real configuration, it shall be noted that, in the implemented example, the width d of
the conductors guiding the domains D (D, and D, here) is 200 nm, while the distance a of the
loops from each other is set in the range of 5 to 10 um, and the total surface area taken up by
the rhombic arrangement is approximately 200 pm - 200 um in this example. It is apparent from
this alone that an arrangement of sensors, comprising more than two loops or a combination of
multiple sensors having varying numbers of loops, is possible on notably small substrate
surfaces, so that the outer magnetic field, which is macroscopically clearly larger, can be
applied equally to all sensors without difficulty. In FIG. 3, the inner thick arrow indicates the
direction of the outer rotating magnetic field, which here is assumed to rotate clockwise in the
top three illustrations, and is to be at 45° in the upper left portion of FIG. 3. The thin arrows in
the conductors indicate the direction of the local magnetization directions in the conductor
sections, while the two domains D, and D, written here are represented by a double arrow. FIG.
3 shows the positions of the domains Dy and D,, which these are to have assumed at 45° by
way of example. The movement of the domains Dy and D, in the substantially straight
subsections Si1, Sz, S13, S14 and S,1, Sas, Sos, S22, S.4, Ssa4, which extend in a rhombus-like

arrangement, is not critical here. What is interesting is the course of movement of the domains
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across the intersection K according to the invention provided in one plane on the substrate. If
the entire intersection K were designed to be exclusively rectangular (not shown here), it would
be much more likely from an energetic point of view, with further rotation of the outer magnetic
field, that the domain wall Dy moves upward than, as is desired, to the right into the loop S..
Bijective counting of the domain revolution across the loops would thus no longer be possible.
To prevent this, a novel intersecting region K is provided according to the present invention,
which is shown in enlarged form in detail in FIG. 3a. FIG. 3a shows only the section of the area
circled in the lower left image of FIG. 3. It is apparent, there, how the intersecting region directly
in front of and after the intersecting region, in and after which the domain D, can now change
from the first loop S; into the neighboring loop S.. For this purpose, a respective structure that is
curved in a siphon-like manner in this region so as to be directed into the interior of the loop
structure is provided at the intersecting loops S; and S?, only a short conductor section of the
respective troughs being situated perpendicularly on each other within this structure. In FIGS. 3
and 3a, the trough sections of the horizontally extending loop structure are denoted by Sy, and
Ske; the analogously designed sections of the trough sections situated perpendicularly thereto
are not denoted in detalil. It is important for the functionality of the solution according to the
invention that both trough curvatures (which is to say the horizontal trough and the trough
situated perpendicularly thereto) point in the direction of the loop interior. It is furthermore
essential, that directly in front of to the intersecting region, in which and after which the domains
(D) can change from one loop structure into the neighboring loop structure, these sections of the
loop structures are bent against the sense of the direction of the conductor guidance and form
the proposed siphon-like region. So as to achieve the change in the sense of the direction of the
conductor guidance, the bending angle o is provided before the straight conductor sections (S;s,
S,41 and Sy4, Sz31) approach the trough sections (Sk1, Skz), and in each case is designed to be >
45° in absolute terms and smaller than 90° (see FIG. 3a left illustration). The same stipulation
applies to the trough section that is mirror symmetrical thereto and to the second trough situated
perpendicularly to the first trough, in which the use of additional reference numerals was
dispensed with for the sake of clarity.

This bending angle o can generally be selected between > 45° and < 90%; however,
within the scope of the invention it will preferably be selected between > 452 and < 55° for
hysteresis reasons, which are not discussed in greater detail here.
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The mode of operation of the siphon-like loop structure sections according to the
invention is apparent from FIG. 3 for field angles of 452 and 55° of the outer magnetic field
(again represented by thick arrows in the loop structure) in the upper portion of FIG. 3. Itis
apparent there that a movement of the domain wall (D4 here) through the siphon takes place
only at a direction of the outer magnetic field of > 45°. At the intersecting point K of the two
siphons, the field direction driving the domain D, is now oriented such that the domain D,
continues in a straight manner (driving field angle is 359). In contrast, the driving field in the
region that is perpendicular thereto is rotated 552 in relation to the intersecting direction. For this
reason, it is much more favorable energetically for the domain wall D, to pass horizontally
through the siphon and then carry out the desired movement into the loop S.. In the case of
lateral dimensions of this siphon, which is typically selected between 0.5 pm and 10 pm within
the scope of the invention, a domain wall thus maximally requires 25 ns at typical wall
movement speeds between 400 to 1000 m/s (with an expansion of the siphon ~ 10 pm). During
this time, the direction of the outer magnetic field must not have changed more than 10°. This
stipulation thus allows rotations of up to 10°/25 ns = 1 U/us, which is to say 10° U/s, to be
measured. This is more than sufficient for all conceivable applications in which the sensors
according to the invention would be used.

If the domain wall D, in the example has moved completely through the intersection and
the siphon-like region at 55° (as is shown in the top right position of FIG. 3), a back-movement
of the domain D, takes place only when the field angle has dropped significantly below 315°.
For energetic reasons, it is then again imperative that the domain wall runs horizontally through
the siphon.

The solution according to the invention thus makes it possible to write an intersection
into the loop structures, wherein the arrangement of the intersection within a siphon-like
modification of the straight regions extending toward the intersection always ensures that the
domain crosses the intersection in a straight manner, and does not erroneously migrate into a
region of the intersection that is rotated 90° in relation to the existing direction of movement. It
has been shown that it is sufficient if the conductor sections of the siphon-like structure which
intersect perpendicularly at the point P are oriented perpendicularly to each other in a region
that approximately corresponds to the order of magnitude of triple the conductor width b. The
bottom three illustrations of FIG. 3 show only the domain movements when the outer magnetic
field moves counterclockwise to illustrate that the proposed sensor acts in the same manner in
both directions of rotation of the outer magnetic field, regardless of the direction of rotation.
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The condition of a two-cycle engine can already be bijectively determined with this
simplest design shown in FIG. 3, since a counter that is able to count to 2, in combination with
an angle sensor, can determine an angle of 0° to 720, in absolute terms. At an angle of 7209,
this sensor again achieves the 0° position and cyclically repeats the process.

Within the scope of the invention, however, it is possible to arrange multiple loop
structures S, to S, that are closed to other, while maintaining the principle of intersections
between neighboring loops proposed herein. This is schematically apparent from the left
illustration in FIG. 4 based on the example of a loop structure having five loops, which allows
five revolutions to be bijectively detected. It is advantageous with respect to the required
electrical contacts to arrange the intersecting regions, which are shown only symbolically here,
diagonally over the rhombus-like arrangement shown here, as is indicated by the circles in the
left portion of FIG. 4 comprising the respective intersections. For the sake of simplicity, FIG. 4
shows the intersections only symbolically; in terms of their actual design, however, they
identically follow the stipulations corresponding to the specific description of FIG. 3. Other
arrangements of the intersecting regions in the case of multi-piece loop structures that close
only once, however, are expressly within the scope of the invention, as long as the stipulation of
the curvatures of the intersecting regions which are directed into the loop interior in a siphon-like
manner is met.

In a further embodiment of the invention, however, this is not limited to a single closed
multi-loop arrangement. FIG. 4 likewise indicates the principle that generally must be followed
for an expansion to multiple, respectively closed loop arrangements, which are all to be
disposed in one area in direct vicinity on the same substrate. With the desired advantageous
population of each closed loop arrangement with the respective two domains, FIG. 4 on the left
shows a loop arrangement comprising five loops, and to the right thereof shows, by way of
example, a loop arrangement composed of an inner 2-loop arrangement and a 3-loop
arrangement surrounding the same which are nested inside each other. All described loop
arrangements are, as described above, each populated with two domains, so that upon a
rotation of the outer magnetic field, which is not shown in FIG. 4, it is possible to bijectively
count 2 - 3 - 5= 30 revolutions. In the adaptation to a predefinable number of revolutions to be
measured, or in an expansion to high numbers of revolutions, as is already apparent from the
above clear example for 30 revolutions, within the scope of the invention it is essential that the
number of loops per closed loop arrangement is established in relation to the other loop

arrangements in a coprime manner relative to each other, so as to ensure bijective counting.
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On further implementation of this principle of arranging multiple coprime loop structures,
the applicant has already experimentally created loop arrangements that allow the bijective
counting of 3465 revolutions, wherein the loop arrangements required to do so take up an area
of only approximately 500 um - 600 um. These small areas taken up by the sensor structures
illustrate that an easy expansion of such loop structures for determining far more than 4000
revolutions is within the scope of the invention, since the dimensions of the outer magnetic field
generators clearly exceed these dimensions.

FIG. 5 shows only by way of example how the manner of the contact connection can
advantageously take place in a loop arrangement that is created in accordance with FIG. 4 (left
quintuple loop), for example. The provided contacts, which are not denoted here in greater
detail, are shown in bold in FIG. 5. The advantages of such a contacting type and the design of
Wheatstone half bridges were already addressed in detail in DE 10 2008 063 226 A1. These
findings and stipulations can also be completely applied to the present invention and are
therefore not described in greater detail here.

As was already mentioned at the outset, the use of the proposed sensor is not exclusively
directed to the counting of revolutions. The additional advantages that result from the use of the
proposed sensor shall be illustrated based on the following comments:

Other applications take advantage of the fact that, above a linear or rotating arrangement of
permanent magnets, in which neighboring permanent magnets are disposed rotated 1802 in
relation to each other, as indicated in FIG. 1c, a magnetic field having a constant magnitude
forms at a constant distance from the arrangement of the permanent magnets, the direction of
the magnetic field carrying out a rotation. When using a magnet wheel having exactly 2N
permanent magnets in combination with an angle sensor that is able to measure an angle with a
resolution of Ag, the use of this angle sensor for measuring the direction of the magnetic field
above the magnet wheel yields an angular resolution of AQ/2N, which is a significant
improvement in resolution that can be established via the number of permanent magnets. At the
same time, the absolute angle position can be determined with the aid of a revolution counter, if
the counter is designed to reach the starting position thereof after 2N revolutions. An arbitrary
angle value can thus be calculated using the following formula:

Q=(n-360°+¢)/2N
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where n is the number of counted revolutions of the magnetic field above the magnet wheel
(0=n<2N), and ¢ is the measuring angle of the angle sensor. The signal is thus periodic in 2N,
and the resolution is improved by the factor 1/2N.

The following examples shall be mentioned here:

By combining a quintuple and quadruple loop arrangement according to the present invention, a
magnet wheel having 20 individual permanent magnets can improve the resolution of a
magnetic angle sensor from 0.2° to 0.012, for example, and thus achieve the resolution of optical

Sensors.

Similar solutions result when a transition is intended from an incremental magnetic sensor to an
absolute sensor. Incremental magnetic sensors or decoders are used to measure to distances
in the mm to m range. Magnetic scales are used for this purpose, in which a typical so-called
pole length of 2 mm is used. The combination of a magnetic angle sensor, which is able to
determine the relative position within the 2 mm pole length with a precision to within a few um,
with a revolution counter, which counts the number of pairs of poles which the angle sensor
passes, allows an absolute encoder to be created that has all the advantages over an
incrementally operating length sensor. A sensor according to the invention, which counts to 500,
for example, in combination with an incrementally operating magnetic sensor can then measure,
in absolute terms, a distance of 1 m with a precision to within 1 um, and detects any
displacement, even in a state in which the sensor system is not supplied with electrical power

(movement in a current-less case, such as in the event of a short circuit).

All features discernible from the description, the exemplary embodiments, and the following
drawings can be essential to the invention to the invention, both individually and in any arbitrary
combination with each other.

List of reference numerals

01 - shaft

10 - substrate comprising evaluation electronics
11 - revolution counter

20 - magnetic system

Dy, D, - magnetic domains
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IM -
K -
Pr -
S, S, -

17

linear scale
intersecting point
magnet wheel

loops of the magnetic sensor

Si1, Siz, Sis, S14 and
So1, Sz, Saa, Saa, Sast, Saaq - straight loop subsections

Sk1 ’ Sk2_

(03

siphon-like trough sections

- bending angle
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Patentkrav

1. Magnetisk sensor til fastleeggelse af absolutte omdrejnings- eller forskyd-
ningsveerdier til entydigt at bestemme et pa forhand angivet antal omdrej-
nings, der skal fastleegges, respektive delomdrejninger, eller forskydninger af
et element (20, IM, Pr), som er forbundet med et magnetsystem, og som
frembringer et retningsafhaengigt, ydre magnetfelt, som tilvejebringer drift ved
rotation og/eller stedmeessig position af elementet, hvor sensoren omfatter
en blgdmagnetisk lokkestruktur, der er besat med et pa forhand angiveligt
antal af magnetiske domaener (D) og er forsynet med GMR- eller TMP-
lagpakker, til detektering af det ydre magnetiske felt, hvor mindst to separate
lokker (S4, Sp) er tilvejebragt med hovedsageligt lige forlobenede delsektio-
ner (Sq11, S12, S13, S14 09 So1, Sz, Sos, Sz4), der er anbragt pa en rombelig-
nende made i forhold til hinanden, kendetegnet ved, at de mindst to lgkker
er forbundet med hinanden via et faelles krydsningspunkt (K), hvor umiddel-
bart foran krydsningsomradet, i hvilket og efter hvilket domaenerne (D) kan
skifte fra en lokke til nabolgkken, disse sektioner af lgkkestrukturen er knaek-
ket mod den ellers foreliggende retning af ledningsbanefaringen og i dette
omrade er udfart krumme pa en sifonlignende made, orienteret ind i lokke-
strukturens indre, hvor ledningsbanerne i de respektive sifonlignende saenk-
ninger (Sk1, Sk2) krydser hinanden lodret i krydsningspunktet (K) og alle
neevnte bestanddele af lgkkestrukturerne er anbragt liggende i kun et feelles
plan.

2. Magnetisk sensor ifglge krav 1, kendetegnet ved, at der for at opné an-
dringen af ledningsbanefaringens retning er tilvejebragt knaekvinkler (a) der,
hvor de lige ledningsbanesektioner (S13, Sa41 09 S14, So31) lober ind i saenk-
ningssektionerne (Ski1, Sk2), som hver isaer er udfert med > 45° og mindre
end 90°, foretrukket mindre end 55°.

3. Magnetisk sensor ifglge krav 1, kendetegnet ved, at omradet af lednings-
banerne, i hvilket de respektive sifonlignende saenkninger (Sk1, Sko) krydser
hinanden, er udfgrt omtrent sa langt, at det indtager storrelsesordenen af den
tredobbelte ledningsbanebredde (b).
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4. Magnetisk sensor ifglge krav 1, kendetegnet ved, at udstraekningen af de
sifonlignende szenkninger (Sk1, Ske) er fastlagt til at ligge mellem 0,5 um til 10

pm.

5. Magnetisk sensor ifolge krav 1 og et eller flere af kravene 2 til 4, kende-
tegnet ved, at der inden i en lukket lgkkestruktur er tilvejebragt mere end to
separate lgkker, som er forbundet med hinanden indbyrdes til den respektive
nabolgkke i hvert tilfeelde via lokkesektioner, der er udfart krumme pé en si-
fonlignende méade.

6. Magnetisk sensor ifalge krav 1 eller 5, kendetegnet ved, at der er tilveje-
bragt mere end to lgkkestrukturer, som er forbundet med hinanden indbyrdes
i hvert tilfeelde via lokkesektioner, der er krumme pé en sifonlignende méade,
hvor der er tilvejebragt et forskelligt antal af sddanne i hvert tilfaelde lukkede
lokkestrukturer med ledningsbaner, som er adskilte fra hinanden, med hen-
blik p&4 domeenefgringen teet op ad hinanden i et plan, hvilke lgkkestrukturer
indbyrdes indeholder et forskelligt pa forhand angiveligt antal lokker.

7. Magnetisk sensor ifglge krav 6, kendetegnet ved, at antallet af vindinger
pr. lukket lgkkestruktur er fastlagt i forhold til antallet af vindinger indbyrdes
delerfremmed i forhold til de andre lgkkestrukturer.

8. Magnetisk sensor ifolge krav 1 og 5, kendetegnet ved, at i en rombelig-
nende udformet i sig selv lukket lgkkestruktur, som indeholder mere end to
lokker, som krydser hinanden, krydsningerne (K) er anbragt liggende over for
hinanden pa en diagonal.
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