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1 Introduction
As indicated in the technical annex of the European R&D project “Direct Current
Components + Grid (DCC+G)”, the provision of sensor technology to measure current
and voltage is an essential part in the validation of an energy-efficient buildingintegrated DC energy distribution system with innovative and highly-efficient
semiconductor power technologies [1].
The DCC+G consortium investigates options for a 2-phase DC grid (shown in
Figure 1), which helps to reduce the number of AC/DC and DC/AC conversions to a
minimum, as elaborated in further detail in the technical annex. An essential
component of this concept is AC/DC conversion from the AC mains at a single point by
an extremely efficient central rectifier.

Figure 1:

Proposed DC electricity distribution in commercial buildings.

Current and voltage sensors – measuring the consumed electrical power in
consequence – will be implemented in various places of the installed grid to compare
and control the efficiencies of AC and DC grids, and to observe and control the various
AC resp. DC consumers.
The deliverable D2.2.1 (Type Demonstrator): “Technology demonstrator for novel
digital current sensor” comprises results obtained by the Infineon Technologies AG
(IFX) and Siemens AG for task 2.2 “Efficient DC current and voltage Sensors (power
sensors)”.
Current and voltage (and subsequently power) measurements based on magnetic
methods are the focus of Task 2.2, since these methods provide (in contrast to the
well-established shunt-methods) intrinsic galvanic isolation between sensor and
electrical grid. This galvanic isolation greatly simplifies the implementation of current- /
voltage- / power-metrology, and is therefore regarded as a substantial advantage for
the DCC+G project. Among the magnetic methods, XMR technologies were chosen for
their possibility to measure electrical currents and voltages by a compact, robust, and
energy effect measurement setup. The expression "XMR" summaries all magneto
resistive effects under evaluation here, which are AMR (anisotropic magneto
resistance), GMR (giant magneto resistance), and TMR (tunnelling magneto
resistance).
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The deliverable D2.2.1 consists primarily of the hardware (Type Demonstrator)
specified by Siemens, but engineered and manufactured in a special micro magnetic
electronic system production process by Infineon. The most relevant part of the
deliverable is a Wheatstone bridge, consisting of four XMR elements. For a “digital”
current sensor a special magnetic gradiometer arrangement with a very specific
sensor transfer function is necessary. That incorporates direct analog to digital
conversion of the output signal of the Wheatstone bridge without the uses of analog
electronics in the measurement of current. So transfer, communication or signaling of
current or voltage data are provided in a digital manner. The main advantage of this
setup is, that no sophisticated analog electronic for filtering, temperature drift
compensation, amplification, linearization or offset compensation is necessary.
The target of the deliverable D2.2.1 is to build first demonstrators of these very special
Wheatstone bridges. The deliverable D2.2.2 “Demonstrator of a novel digital DC
current sensor and a novel digital DC voltage sensor”, due by the end of project
month 30, will describe the final prototype of sensor functionality and report its
evaluation results. Further development of both sensor elements and current busbars,
and improvements of sensor functionality will be the task towards that deliverable.
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2 Overview of XMR Technology Options
Magnetoresistive (XMR) sensor technologies are based on the change of the electric
resistivity of a metal, semi-metal or semiconductor under the influence of an external
magnetic field. XMR sensors come in many flavors, distinguished primarily by the
functional physical effect, the active materials, and the intensity of the effect.
XMR technologies offer a medium to high sensitivity in the range between 7mV/(V*mT)
and 40mV/(V*mT), which can be adjusted to specific application requirements. They
are up to now the only magnetic technologies which can be used for a so called digital
measurement for the purpose of current and voltage measuring. This type of digital
measurement should be able to generate high quality current and voltage sensor
readings without the use of sophisticated analog electronic circuits and bulky magnetic
flux concentrators. Due to the large signal output of special Wheatstone bridges
consisting of four XMR elements and the low temperature drift of special engineered
XMR materials, it should be possible to design so called “open loop” current and
voltage sensors. Those open loop sensors do not need an additional current to
compensate the magnetic field and therefore consume much less electrical energy.
The most prominent XMR technologies are:
Anisotropic Magneto Resistance (AMR)
Anisotropic Magneto Resistance is the best and most long-term known of the
magnetoresistive effects, and its technology is most mature. Therefore,
sensors using this effect are low-cost and deployed in numerous applications.
With resistance changes of just a few percentage points, AMR sensors cannot
generate the same signal amplitude as GMR devices. However, the welldeveloped manufacturing technology for these sensors provides stable and
reproducible signals, which - in particular in connection with special setups deliver a sensitivity in the range of 10mV/(V*mT), which is comparable to the
sensitivity of GMR sensors.
AMR elements have a non-linear characteristic, so a transformation is
necessary to achieve a linear output signal of the sensor.
Giant Magneto Resistance (GMR)
Since its discovery in 1988 in multi-layer structures, the Giant Magneto
Resistance effect has found many applications in the meantime, especially in
the sensor heads of computer hard discs. In the so-called "spin valve" or
"pseudo spin valve" configuration, two ferromagnetic layers are separated by
an electrically well conducting but non-ferromagnetic layer. The maximum
signal amplitude is in the range of 8% to 15% of the supply voltage for linear
GMR sensors of the “spin valve” type.
In the spin valve configuration, GMR sensors deliver a linear output signal.
Tunnelling Magneto Resistance (TMR)
Although the dramatic change of the electrical resistance of some materials like
perovskite-oxides has been known since the 1950s as "Colossal magneto
resistance", its embodiment in a tunneling resistance setup is rather recent.
This configuration is very similar to the one used in GMR spin valves, but with
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an insulating layer replacing the metallic layer between the two ferromagnetic
layers. A sensor of this configuration measures the quantum tunneling of
electrons through the insulating layer. Though the resistance change in TMR
based sensors is more than twice as large than those of GMR-based sensors,
the effect strongly depends on the supply voltage and is thus restricted to
setups where a low bridge offset voltage and PSRR (power supply rejection
ratio) may be required.
For reasons explained in detail in the rest of the document, the electrical setup of a
Wheatstone bridge has been chosen to evaluate the different XMR technology options.
All these technologies have in common the deposition of very thin magnetic layers,
whose well-defined properties (geometry and material composition) are of critical
importance for the targeted functionality of the whole sensor.
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2.1 XMR technologies with linear output characteristics for direct current
measurement
To measure an electrical current by its associated magnetic field, the XMR sensors are
arranged electrically in a Wheatstone configuration, with the sensors physically placed
close to the U-shaped current conductor, as shown in Figure 2.

Figure 2:

Basic configuration to measure current using a Wheatstone bridge
setup of four XMR sensor elements.

This arrangement enables differential measurement and provides a uniform reference
direction in all four XMR elements. The current in the U-shaped conductor generates a
magnetic field, which changes the magnetization of the XMR sensor element altering
the electrical resistance of the sensor element, which in turn generates a signal in the
Wheatstone bridge. As the current flow and therefore the magnetic field is opposite in
each pair of sensors, the sensitivity of the setup is greatly enhanced. Another
advantage of this arrangement is that the complete bridge with four XMR elements can
be made simultaneously on the same chip. This increases the uniformity of the four
XMR elements significantly. The high uniformity will result in low offset errors and
improved linearity.
2.2 Frequency compensated magnetic field generator for direct current
measurement
Using XMR-based current sensors needs to provide a magnetic field in the sensor,
from a given current to be measured. The field, as high and homogenous as possible,
should be directed in the direction of optimal sensitivity of the sensor. For the best use
of the XMR technology with commercially available electronic components the XMR
sensor elements will operate in a Wheatstone bridge, which implies all four XMR
sensors elements of the bridge have to be situated in optimal field conditions.
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Moreover these field conditions should not change from DC to frequencies of several
100 kHz in order to register also fast transient current signals. The basic design is
shown in figure 3, where a planar current conducting structure (thick Cu layer, socalled U-turn) is outlined. The purpose of the current busbar is to guide the current to
be measured in a specific way, so that the magnetic flux generated by the current
penetrates the sensor elements, without losing field energy in unwanted field
components: the current flows from a right-hand side port, passing the central region
with antiparallel field generation, to an output port on the left-hand side of the busbar.

Figure 3:

Example of a current conducting busbar with a central antiparallel
current flow and ports on the left-hand and right-hand side

Siemens employed finite-element modelling (FEM) to find these optimum conditions,
for several different design concepts. The simulations were executed with different
focus demands:
on high antiparallel field in the central region (with vanishing field components
out of plane and in current direction);
on reduction of high current concentrations (leading to an unwished
temperature increase);
on minimum loss of signal over a wide range of frequencies.
This resulted for an arrangement, where a relatively high, but very homogenous antiparallel magnetic field could be applied at the designated sensor location.

2.3

Specifications of XMR sensor bridges for digital current measurement

The quality of the XMR sensor bridge is essential for the overall performance of the
current and voltage measurement system. Some effort and experience is necessary to
identify the most relevant parameters of the XMR sensor bridge and to estimate the
impact on the total performance of the complex measurement system. Table 1 and 2
give an overview of the relevant XMR sensor bridge parameters for current and
voltage measurement.

Power supply
Voltage
Current
Geometry
Dimensions
Thickness

© DCC+G Consortium <public>
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Electrical interface
4 Pads
Dimension
Signal
Accuracy IN
Hysteresis in % of IN [-20°C to 85°C]
Offset in % of IN [-20°C to 85°C]
Temperature drift of slop
Total reproducibility of IN
Over current
Nominal currents (IN)
Temperature
Operation
Storage
Mag. Field
For H=HSAT/2

supply-supply-signal-signal
150*150µm²
Minimum 2% of supply
0.15% (MAX after 2x IN)
10% (MAX)
0.08%/K (MAX)
0.5%
6xIN without loss of accuracy@IN
25A, 50A, 75A
-20°C to 85°C
-40°C to 110°C
Range 1kA/m to 3kA/m

Table 1: Specifications for current measurement

Power supply
Voltage
Current
Geometry
Dimensions
Thickness
Electrical interface
4 Pads
Dimension
Signal
Accuracy IN
Hysteresis in % of UN [-20°C to 85°C]
Offset in % of UN [-20°C to 85°C]
Temperature drift of slop
Total reproducibility UN
Over voltage
Nominal Voltage
Temperature
Operation
Storage
Mag. Field
For H=HSAT/2
Table 2:

5VDC
5mA (MAX)
3.2*3.2 mm² (MAX)
250µm (MAX)
supply-supply-signal-signal
150*150µm²
Minimum 2% of supply
0.15% (MAX after 1.2x UN)
20% (MAX)
0.08%/K (MAX)
0.5%
2xUN without loss of accuracy@UN
380V
-20°C to 85°C
-40°C to 110°C
Range 0.1kA/m to 1kA/m

Specifications for voltage measurement
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3 Description of XMR Technology Demonstrators
3.1

AMR technology based sensor bridges

Basic setup:
The AMR (Anisotropic Magneto Resistance) sensor consists of a softmagnetic thin
film, formed into a longitudinal (strip) structure. The magnetization and electrical test
current flow is along the long axis of the strip, leading to a maximum resistance at zero
(external) magnetic field, as shown in Figure 4.

Figure 4:

Magnetization and current flow in an AMR strip geometry (left).
Resistivity as function of an external By-field perpendicular to the
magnetization vector (blue) of the strip (right). The sensitivity (signal
slope) around By = 0mT is zero. Measurement data by Infineon

The magnetic field (of the current) to be measured is orthogonal to the long axis, and
therefore changes the direction of the magnetization of the material, resp. reducing the
magnetization in the current direction, thus reducing the electrical resistivity with
increasing magnetic field. As can be seen in Figure 4, the slope of the resistance
around zero magnetic field is close to zero, and so the sensitivity for small magnetic
fields is very low. In addition, the resistance change is symmetrical for the magnetic
field and therefore does not provide information on the direction of the magnetic field
(resp. on the current to be measured by the complete sensor arrangement).
Modifying the setup into a so-called "barber pole configuration" by placing numerous
small shorting bars of highly conductive metal at an angle of 45° across the strip forces
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the current to flow now in a zig-zag pattern, effectively in a 45° angle relative to the
magnetization of the AMR material stripe (shown in Figure 5).

Figure 5:

Magnetization and current flow in an AMR strip with shorting bars (left).
Wheatstone bridge voltage output as a function of an additional By-field
perpendicular to the magnetization vector (blue) of the strip. Sensitivity
(signal slope) around By = 0mT is high.
Measurement data by Infineon

Now the maximum resistance would be at an (external) magnetic field, which is large
enough to completely rotate the magnetisation of the AMR material into one of the 45°
directions of the measurement current. However, around zero (external) magnetic
field, the slope of the signal and therefore the sensitivity of the sensor bridge is at its
maximum, see Figure 5.

Technology:
As AMR material Permalloy of 81% nickel and 19% iron was chosen. The sensor strip
is deposited as a homogeneous layer with 25 nm thickness. The shorting bars were
made of Cu. The applied “dual damascene” process flow places the shorting bars
under the AMR strip. The schematics of this structure are shown in Figure 6.
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Figure 6:

Schematic cross section of an AMR sensor structure (dual damascene
process).

For additional experiments, a so-called "compensation coil" was added to the setup.
The whole sensor is fully integrated into a BiCMOS/HVCMOS technology.
First test samples have been fabricated. Figure 7 shows a SEM picture of the final
structure.

Figure 7:

SEM picture of an AMR sensor structure manufactured by a dual
damascene process

First electrical measurement results are promising but show an unwanted hysteresis in
the sensor response, which is visible as “double / multiple lines” in Figure 8.
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Figure 8:

AMR sensor bridge response over applied magnetic field, showing a
small unwanted hysteresis

One potential reason for this observed hysteresis may be the roughness of the top
surface of the copper shorting bars, generating an un-intended roughness of the AMR
layer. This may have generated additional magnetic domains in the AMR, which
behave differently after being switched by a high magnetic field than the rest of the
AMR layer.
In the next technology learning cycle, measures will be taken to reduce the copper
roughness and by this - hopefully - the hysteresis of the sensor.
Current sensor layouts:
Based on geometrical and electrical requirements, the AMR sensors were placed onto
a chip layout as shown in Figure 9, which incorporates the electrical wiring shown in
Figure 2 (chapter 2.1).

Figure 9:

AMR sensor (blue) and wiring (magenta) arrangement for current
measurement.

© DCC+G Consortium <public>

WP 2, D2.2.1, Version V1.0
DCC+G
JTI-CP-ENIAC-2011-1-296108-2
Page 15 of 28

The layout of the sensor head, consisting of the actual sensors and the wiring to
electrically contact each sensor element, was decided in close cooperation with the
project partner. The main criteria are:
High level of symmetry
Minimal distances between metallization lines to avoid parasitic induction
Given working distance between the right half and the left half of the sensor
elements.

3.2

GMR technology based sensor bridges

Basic setup:
The GMR (Giant Magneto Resistance) sensor in its incorporation as a so-called "spin
valve" sensor basically consists of two ferromagnetic layers, separated by a
nonmagnetic, electrically well conducting (in most cases metallic) layer, as is shown in
Figure 10. One of the ferromagnetic layers acts as a reference system which is built
and conditioned to have a fixed magnetization vector (hard layer or reference layer).
The other ferromagnetic layer features a magnetization direction, which can be
relatively easily changed by an external magnetic field (free layer). The change in
direction of the magnetization vector of the free layer by the external magnetic field
changes the resistivity of the layer stack, which is the actual measured parameter.
Under appropriate conditions the spin valve system shows an approximately linear
resistance change of typically 8% to 16% and a sensitivity of about 20mV/(V*mT).
Therefore, it is often favoured for purposes like electrical current measurement or
linear position measurement [2].

Figure 10:

Sketch of a GMR-based spin valve sensor with linear output
characteristic.

Technology:
Figure 11 shows a schematic cross-section of the material stack of a GMR-based spin
valve, as it was manufactured at Infineon on wafers based on a standard BiCMOStechnology. The GMR sensor layers (freelayer FL and reference layer system) are
electrically connected by contacts and metallization from below. The materials used
are a CoFe-alloy for the free layer (FL), Cu as the non-magnetic, conducting coupling
layer (NML), another CoFe-alloy for reference and pinned layer (RL; PL), and PtMn for
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the natural anti-ferromagnetic layer (NAF). All layers below and including RL belong to
the “reference system”.

Figure 11:

Cross-section of a GMR-based spin valve sensor: Isolation layers
(yellow) enclose contacts (black) and metal layers (blue). The insert
shows a typical material configuration (more in the text).

Similar to the AMR sensor layout, the GMR sensor layers are shaped into a strip with a
magnetization along the long axis.
Figure 12 shows an optical image of one of the GMR-based spin valve sensors made
by Infineon.

Figure 12:

Optical image of a GMR-based spin valve sensor and its electrical
connections.

Sensitivity and measurement range of the GMR current sensor depend on variations of
the material layer stack and on the layout. Both will be modified to find a target
composition for a current sensor according to specification.
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Current sensor layouts:
The layout of the sensor, as it was designed according to the specifications of the
project partner, is shown in Figure 13. It is somewhat similar to the layout of the AMRsensor configuration shown in Figure 9.

Figure 13:

Differential GMR current sensor layout according to specifications of the
project partner

The GMR signal is calculated as percentage of the resistance change vs. magnetic
input field. Sensitivity and maximum range can be adjusted by changing the stripe
width according to requirements of the project, as demonstrated in Figure 14.

Figure 14:

GMR sensor response characteristics for different GMR sensor
geometries.
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3.3

TMR technology based sensor bridges

Basic setup:
The TMR (Tunneling Magneto Resistance) sensor is configured with a similar material
stack as the GMR-based sensor, but the non-magnetic conductive layer is replaced by
(one or more) non-conducting layer(s). Figure 15 shows the functionality of the
different layers in the stack.

Figure 15:

TMR stack with reference layer system (NAF: natural antiferromagnetic,
PL: pinned layer, NML1:non-magnetic layer1 = tunnel barrier,
RL:reference layer, NML2:non-magnetic layer2) and free layer system

Tunneling through the non-conducting layer is heavily influenced by the magnetization
of the magnetic layers adjacent to the tunneling barrier. Therefore, the resistance of
the non-conducting layer is the actually measured parameter. In contrast to the used
AMR and GMR sensors, where the resistivity is measured with a current in plane
(CIP), the resistivity measurement of a TMR-sensor is with a current perpendicular to
plane (CPP) configuration, i.e. across the stack, which enhances the magnetoresistive
response.
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Technology:
The practical realisation of a TMR sensor - again in "spin valve" configuration - is
shown in a schematic cross-section in Figure 16, as it was again incorporated into a
standard BiCMOS wafer process. A thin layer of MgO is the actual tunneling layer,
whose resistivity is measured via contacts to the reference and the free layer.

Figure 16:

TMR sensor layers (free layer and reference layer separated by MgO
tunneling layer) connected by contacts and metallization from below
and from above. Yellow, green, orange: Isolating layers in a silicon chip

A wafer map of TMR measurements on one of the first wafers manufactured by
Infineon is demonstrated in Figure 17.

Figure 17:

Wafer map of the TMR-effect showing resistivity change up to almost
100%
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As not un-common for a first non-optimized processed wafer, the TMR signal depends
on the location of the sensor on the wafer. However, it could be demonstrated, that
TMR-effect of up to ca. 100% is feasible. This would make TMR sensors the primary
candidates for voltage sensors, which have to generate a reliable signal from low
currents and therefore low magnetic fields.
Current sensor layouts:
As pointed out above, the TMR-based sensor measures vertically through the different
layers of the sensor. This can be best seen in Figure 16, where the current flows
through the structure, entering pads and metallization (grey), via (magenta) and then
crossing the TMR stack (red, black, green)) vertically (and partially horizontally), then
entering top metal (blue).
In order to generate sufficient signal height, many sensors have to be connected
electrically in series. The top metal connects the current to the next stack, where the
current now flows in the opposite direction. The layout - as shown in top view in
Figure 18 - generates the required chain of sensors.

Figure 18:

Chain of TMR sensor stacks with the same layers as shown in Figure
16. Red: metallization (grey in Figure 16). Violet: top metal (blue in
Figure 16)

To fine-tune the magnetic anisotropy, the sensor stacks are shaped elliptically, as
Figure 18 shows.
Compared to the technology for AMR sensors, but also to that of GMR sensors, the
technology to manufacture TMR sensors is still in an early development stage.
Infineon expects substantial progress in the repeatability of the individual process
steps, so that - if the measurements within the project and the requirements of the
integrated sensor setup will select TMR as the top candidate - a full technology
demonstrator of a TMR-based sensor is also regarded as feasible within the project
scope.
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3.4

Current busbar shape optimization

As already mentioned in chapter 2.2 different copper layer designs for the current
busbar have been evaluated from which three have finally been printed out for
experimental use.
The simulation with focus on current density in the copper plane as well as magnetic
field strength and direction in a plane (about 0.75...1.00mm) above the copper layer
led to quite similar results. In Figure 19 the main geometrical parameters for
description of the busbar layout are described, especially the U-leg length LY, the Uleg widths WO, WU and WX and the U-leg distance SX. Table 3 collects the design
sizes; Figure 20 shows a reproduction of the mask layout (with three different busbar
examples).

Figure 19:

Example of device outlines of “U-turn” busbar (inner blue area, with
milled grooves for guiding the current); the current connected to the
large port on left and right hand port (see also figure 3). Labelling of
several design parameters of the busbars.

Figure 20:

Three device outlines of copper “U-turns”, collected on a board draft; to
be cut horizontally in individual pieces (44.0 mm*12.5 mm wide; current
connecting at the right- and left-hand port of the busbar, for each). The
samples represent the design outlines “52”, “62” and “72”.
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Model
Width WO
mm
Width WX :
mm
Width WU :
mm
Length LY :
mm
Slit width SX :
mm
Diam lower hole DU:
mm
Cu plate thickness:
mm

Table 3:

52
3.39
2.4
1.75
5.5
0.5
2.0
0.5

62
2.38
2.3
1.9
5.51
0.7
1.7
0.4

72
2.24
2.3
2.3
5.4 (4.4*)
0.7
1.7
0.4

Three device sizes of copper “U-turns”, collected on a board draft (from
Figure 20).

To achieve the optimum design of the busbar geometry, the simulations were
extended to the frequency response of the sensor head. Special focus has been given
on the change of homogeneity of current flow in the copper board, which may arise by
higher current frequency. Figure 21 is a graphical comparison of that influence for a
low (10 Hz) and high (10 kHz) frequency, showing the reduction of current density in
the middle of the bars depending on frequency, due to the skin effect in the conductors
(in a xy-plane view). Increasing local current densities (as source for local heating)
could be avoided mostly in designs called “52” and “62”, respectively. All simulations
have been done for a standard current of 1 A.

Figure 21:

Comparison of current density in the central area of a busbar of type
“52”, for 10 Hz (left) and 10 kHz (right), showing a decrease of current
density in the middle of the legs of the “U-turn”. For better visibility, the
left graph is spread to J=1.8e+06 A/m², the right graph only to
J=1.0e+06 A/m²

The differential measurement principle realised in the XMR-sensor bridges demands
the generation of magnetic field values of opposite signs on the places of the bridge
elements. Figure 22 shows the principle of the “U-turn” in a side view. The magnetic
field is drawn here in a (xz-) plane perpendicular to the direction of the current; both
magnetic field amplitude (as colour) and direction (as map of arrows) are displayed.
The graph shows that – on one hand – inverse field (without components out of xy
plane) only exists in a small area above the conductor (about 1.8 mm apart from the
symmetry axis in x-direction), and a rapid decrease of field amplitude occurs in zdirection, on the other hand. For example, the maximum field amplitude of 200 A/m
(for 1 A current) near the conductor surface is reduced by 50%, about 1 mm above the
copper layer surface.
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Figure 22:

Magnetic field of the busbars (of type “62”) in xz-plane, caused by
antiparallel current lines (declared as “+” and “-“); showing both the
antiparallel field orientation and a strong decrease of field above the
legs of the “U-turn”. Field amplitude is spread out up to 200 A/m (for 1 A
current applied).

The change of the direction of the magnetic field (in the xy plane) is shown in
Figure 23. The left part of the graph displays the field direction (arrows) and strength
(colour) in a larger area of the xy-plane, 1 mm above the Cu surface, the right part the
detailed view (with hidden structure elements of the busbar) in that plane, too. Over a
length of about 2 mm (as indicated) the direction of the arrows is directed along the
x axis, mainly.

Figure 23:

Magnetic field of the busbars (of type “62”) in xy-plane, caused by
antiparallel current lines; the left part showing both structure and the
antiparallel field orientation; the right part showing only the xy-plane
1 mm above the Cu surface (with hidden structure below, but current
direction indicated by antiparallel orange arrows). Field amplitude is
spread out up to 200 A/m.
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The change in field amplitude along the y axis (for a fixed distance from the center of
the busbar, here dx=1.75mm, and for two heights above the upper surface of the
busbar, dz=0.75 mm and 1.00 mm) is shown in Figure 24. The maximum signal
decreases by about 25% when choosing the larger height 1.0 mm instead of 0.75 mm.
The maximum amplitude is reached for about 4 mm along the y axis; that region is
best suited for placing the respective elements of the sensor bridge. In a similar way
the amplitude of the unwanted Hy component is drawn in Figure 25. Here the
Hy component stays below 10% of the maximal Hx component in that section, too. All
graphs additionally show that the amplitude remains constant up to 10 kHz, and is
reduced afterwards by about 25%, up to 500 kHz.

Figure 24:

Magnetic field Hx of the busbars (of type “62”) in xy-plane, along one
line, parallel to the y axis, 1.75 mm distant from the center; part A (left)
showing results for 0.75 mm height above the Cu surface; and part B
(right) 1.00 mm above the Cu surface. Different frequencies are shown
as a parameter.

Figure 25:

Unwanted magnetic field Hy of the busbars (of type “62”) in xy-plane,
along one line, parallel to the y axis, 1.75 mm distant from the center;
given as relative part of the main Hx amplitude. Left part showing results
for 0.75 mm height above the Cu surface; and right part 1.00 mm above
the Cu surface. Display of the inner section (y= 3...9 mm), only.
Different frequencies are shown as a parameter.
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Similarly characteristics have been evaluated for a constant y distance but varying
x position. Here again, an optimum has been found for the “62” design at y=6.2 mm
(experimental results of y position change series, not shown here) where the Hy
component especially vanishes over a larger section. Figure 26 summarizes the
frequency dependence of simulations (parallel to x axis) for that y position.

Figure 26:

Magnetic field of the busbars (of type “62”) in xy-plane, along one line,
parallel to the x axis, 0.75 mm above the Cu surface; left part showing
Hx results for different frequencies; and right part the unwanted Hy
component. Different frequencies are shown as a parameter.

Again, frequencies up to 10 kHz show rather equal results; a decrease of Hx and a
slight increase of Hy are observed for higher frequencies (simulated up to 500 kHz).
With a 100 A current, field amplitude of more than 10 kA/m will be available 0.75 mm
above the current bars, driving a major part of the sensors sensitivity range (supposed
to be within +/-6 kA/m).
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4 First Experimental Results on Test Chips
The first technology demonstrator of a “digital current sensor” is based on the most
promising GMR technology. First samples of GMR Wheatstone bridges arrived at
Siemens at the end of July 2013. So only preliminary lab measurements and results
had been planned for deliverable D2.2.1. The detailed characterisation and
qualification of the different technological approaches is part of deliverable D2.2.2.
In Figure 27 the output voltage of a GMR Wheatstone bridges as function of the
applied electrical current for different ambient temperatures between -40°C and 120°C
is shown. The sensitivity of the GMR Wheatstone bridges from Figure 27 is clearly in
the target range. The first measurements also showed a quite small offset voltage and
a large output signal of the measured sensors between about 6% and 9%, depending
on the used temperature.

Birdge Voltage [V]
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Figure 27:

Output voltages of a GMR Wheatstone bridge, supplied with 5V, as
function of the applied electrical current for different ambient
temperatures between -40°C and 120°C

The first samples of GMR Wheatstone bridges unfortunately showed a magnetic
hysteresis which could be too large for precision current measurement. Here a more
detailed analysis is necessary [3, 4] and will be done by Siemens during Q3 and Q4
2013. The magnetic hysteresis may leave some room for improvement for the next
generation of technology demonstrator for digital current sensors currently engineered
by Infineon and later this year delivered to Siemens.
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5 Summary
The deliverable D2.2.1 (Type Demonstrator): “Technology demonstrator for novel
digital current sensor” comprises results obtained by the Infineon Technologies AG
(IFX) and Siemens AG for task 2.2 “Efficient DC current and voltage Sensors (power
sensors)”.
For a “digital” current or voltage sensor a special magnetic gradiometer arrangement
with a very specific sensor transfer function is necessary. That incorporates direct ADconversion (analog to digital conversion) of the output signal of the Wheatstone bridge
without the use of analog electronics in the measurement of current. So transfer,
communication or signaling of current or voltage data are provided in a digital manner.
Current and voltage (and subsequently power) measurements based on magnetic
methods are the focus of Task 2.2, since these methods provide (in contrast to the
well-established shunt-methods) intrinsic galvanic isolation between sensor and
electrical grid. This galvanic isolation greatly simplifies the implementation of current- /
voltage- / power-metrology, and is therefore regarded as a substantial advantage for
the DCC+G project. Among the magnetic methods, XMR technologies were chosen for
their possibility to measure electrical currents and voltages by a compact, robust, and
energy effect measurement setup. The expression "XMR" summaries all magneto
resistive effects under evaluation here, which are AMR (anisotropic MR), GMR (giant
MR), and TMR (tunneling MR).
Target of the deliverable D2.2.1 was to build up first technology demonstrators (XMR
Wheatstone bridges) which show the basic functionality necessary for efficient current
and voltage sensing.
In chapter 2 a short overview and the relevant specification of the different
components necessary for a digital current or voltage sensor are provided.
Chapter 3 describes in detail the current development status of the XMR sensor head,
which consists of the current busbar and the specific AMR-, GMR- and TMR-sensor
bridges. The purpose of the current busbar is to guide the current to be measured in a
specific way where the magnetic flux of the current penetrates the sensor elements in
an optimal way, without losing field energy in unwanted field components. Finite
element simulation has been executed by Siemens so that current busbar device
designs are derived for optimal magnetic field generation. Technology demonstrators
were built for all three different XMR-options, indicating the status of technology and
their specific merits and issues. First TMR samples show a magnetoresistive effect of
about 100%.
In chapter 4 the first measurements of GMR Wheatstone bridges designed for current
measurement in a temperature range from -40°C to 120°C are presented and result in
9% effect, at maximum.
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