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METHODS AND APPARATUS FOR SENSOR DIAGNOSTICS

BACKGROUND

As known in the art, there are many safety critical applications for magnetic sensor
integrated circuits (ICs). There are a variety of specifications directed to improving
functional safety and achieving higher overall quality levels and lower field failure rates.
For example, test modes for major functional parameters of an IC allow customers to
implement test functionality prior to insertion on a printed circuit board, for example.
However, after installation in a system or subsystem, such as an automobile, there are

limited test opportunities to ensure that components are operating properly.

SUMMARY

In one aspect of the invention, an integrated circuit comprises: a magnetic sensing element
having differential first and second outputs and an input, the input to receive current; first
and second switches coupled to a respective one of the differential first and second
outputs; a first voltage source coupled between the first and second switches, the first and
second switches having a first state in which the first voltage source is coupled across the
differential first and second outputs; and an IC output to output a voltage corresponding to
the first voltage source when the first and second switches are in the first state for

monitoring operation of a signal path from the magnetic sensing element to the IC output.

The integrated circuit can further include one or more of the following features: third and
fourth switches coupled to a respective one of the differential first and second outputs; a
second voltage source coupled between the third and fourth switches, the third and fourth
switches having a second state in which the first voltage source is coupled across the
differential first and second outputs, wherein the IC output outputs a voltage
corresponding to the second voltage source when the third and fourth switches are in the
second state for monitoring operation of a signal path from the magnetic sensing element
to the IC output, the first and second voltage sources have different polarities, a fifth
switch coupled between the second differential output of the magnetic field sensing
element and the first switch, a sixth switch coupled between the first differential output of
the magnetic field sensing element and the second switch, respective states of the first,

second, third, and fourth switches is controllable to verify a gain of the signal path, the
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magnetic sensing element comprises a Hall element, the magnetic sensing element
comprises a magnetoresitive element, an amplifier having respective inputs coupled to the
first and second differential outputs of the magnetic sensing element, the integrated circuit
comprises a linear magnetic sensor, a die supported by a leadframe having a region cutout
from the leadframe, wherein the location of the magnetic sensing element is aligned with
the region to reduce Eddy currents, the leadframe has corresponding leads having
respective die attach portions, where a die is placed across the die attach portions of the
Jeads, a voltage source and/or current source to provide the current to the input of the
magnetic sensing element, and/or a processor and a non-volatile memory to store

instructions for the processor.

In another aspect of the invention, a method comprises: employing a magnetic sensing
element having differential first and second outputs and an input, the input to receive
current; coupling first and second switches to a respective one of the differential first and
second outputs; coupling a first voltage source between the first and second switches, the
first and second switches having a first state in which the first voltage source is coupled
across the differential first and second outputs; and employing an IC output to output a
voltage corresponding to the first voltage source when the first and second switches are in
the first state for monitoring operation of a signal path from the magnetic sensing element

to the IC output.

The method can further include one or more of the following features: coupling third and
fourth switches to a respective one of the differential first and second outputs; coupling a
second voltage source between the third and fourth switches, the third and fourth switches
having a second state in which the first voltage source is coupled across the differential
first and second outputs, wherein the IC output outputs a voltage corresponding to the
second voltage source when the third and fourth switches are in the second state for
monitoring operation of a signal path from the magnetic sensing element to the IC output,
the first and second voltage sources have different polarities, coupling a fifth switch
between the second differential output of the magnetic field sensing element and the first
switch, coupling a sixth switch between the first differential output of the magnetic field
sensing element and the second switch, respective states of the first, second, third, and

fourth switches is controllable to verify a gain of the signal path, the magnetic sensing
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element comprises a Hall element, the magnetic sensing element comprises a
magnetoresitive element, employing an amplifier having respective inputs coupled to the
first and second differential outputs of the magnetic sensing element, the integrated circuit
comprises a linear magnetic sensor, employing a die supported by a leadframe having a
region cutout from the leadframe, wherein the location of the magnetic sensing element is
aligned with the region to reduce Eddy currents, the leadframe has corresponding leads
having respective die attach portions, where a die is placed across the die attach portions
of the leads, a voltage and/or current source to provide the current to the input of the
magnetic sensing element, and/or employing a processor and a non-volatile memory to

store instructions for the processor.

In a further aspect of the invention, an integrated circuit comprises: a magnetic sensing
element having differential first and second outputs and an input, the input to receive
current; first and second switch means for coupling to a respective one of the differential
first and second outputs; a first voltage source means coupled between the first and second
switches, the first and second switches having a first state in which the first voltage source
is coupled across the differential first and second outputs; and an IC output to output a
voltage corresponding to the first voltage source means when the first and second switch
means are in the first state for monitoring operation of a signal path from the magnetic

sensing element to the IC output.

The integrated circuit can further include one or more of the following features: third and
fourth switches coupled to a respective one of the differential first and second outputs; a
second voltage source coupled between the third and fourth switches, the third and fourth
switches having a second state in which the first voltage source is coupled across the
differential first and second outputs, wherein the IC output outputs a voltage
corresponding to the second voltage source when the third and fourth switches are in the
second state for monitoring operation of a signal path from the magnetic sensing element
to the IC output, the first and second voltage sources have different polarities, a fifth
switch coupled between the second differential output of the magnetic field sensing
element and the first switch, a sixth switch coupled between the first differential output of
the magnetic field sensing element and the second switch, respective states of the first,

second, third, and fourth switches is controllable to verify a gain of the signal path, the
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magnetic sensing element comprises a Hall element, the magnetic sensing element
comprises a magnetoresitive element, an amplifier having respective inputs coupled to the
first and second differential outputs of the magnetic sensing element, the integrated circuit
comprises a linear magnetic sensor, a die supported by a leadframe having a region cutout
from the leadframe, wherein the location of the magnetic sensing element is aligned with
the region to reduce Eddy currents, the leadframe has corresponding leads having
respective die attach portions, where a die is placed across the die attach portions of the
leads, a voltage and/or current source to provide the current to the input of the magnetic

sensing element, and/or a processor and a non-volatile memory to store instructions for the

processor.

In another aspect of the invention, an integrated circuit comprises: a drive current source; a
magnetic sensing element coupled to the drive current source, the magnetic sensing
element having first and second differential outputs; first and second current elements to
provide respective currents in relation to the drive current source, wherein the first current
element is coupled to the first differential output and the second current element is coupled
to the second differential output; and an IC output to output a voltage corresponding to the

currents of the first and second current elements.

The integrated circuit can further include one or more of the following features: the first
current element comprises a current replicator, the first and second current elements
comprise respective current replicators, the first and second current elements provide a
respective current in proportion to the drive current source, the magnetic sensing element
comprises a Hall element, the magnetic sensing element comprises a magnetoresistive
element, a signal path that includes a voltage divider having a first resistive element, a
second resistive element, and third resistive element, wherein the second resistive element
comprises the magnetic sensing element, and/or the integrated circuit provides an output

voltage on the IC output that is proportional to an applied magnetic field.

In another aspect of the invention, a method comprises: employing a drive current source;
coupling a magnetic sensing element to the drive current source, the magnetic sensing
element having first and second differential outputs; employing first and second current

elements to provide respective currents in relation to the drive current source, wherein the
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first current element is coupled to the first differential output and the second current
element is coupled to the second differential output; and providing an IC output to output a

voltage corresponding to the currents of the first and second current elements.

The method can further include one or more of the following features: the first current
element comprises a current replicator, the first and second current elements comprise
respective current replicators, the first and second current elements provide a respective
current in proportion to the drive current source, the magnetic sensing element comprises a
Hall element, the magnetic sensing element comprises a magnetoresistive element, a
signal path that includes a voltage divider having a first resistive element, a second
resistive element, and third resistive element, wherein the second resistive element
comprises the magnetic sensing element, and/or the integrated circuit provides an output

voltage on the IC output that is proportional to an applied magnetic field.

In another aspect of the invention, an integrated circuit comprises: a magnetic sensing
element; a coil disposed in proximity to the magnetic sensing element; a self test module
coupled to ends of the coil to exercise an analog signal path including from the magnetic

sensing element to the IC output.

The integrated circuit can further include one or more of the following features: the IC
output outputs a voltage that is proportional to an applied magnetic field, the magnetic
sensing element comprises a Hall element disposed on a silicon substrate common to the
integrated circuit, the magnetic sensing element comprises a magnetoresistive element
disposed on a silicon substrate common to the integrated circuit, the magnetic sensing
element comprises a Hall element, the self test module includes a first current source
coupled to one of the coil and a second current source coupled to the other end of the coil,
the integrated circuit comprises a linear current sensor, integrated circuit comprises a
switch, a die supported by a leadframe having a region cutout from the leadframe, wherein
the location of the magnetic sensing element is aligned with the region to reduce Eddy

currents, and/or the magnetic sensing element comprises a Hall element.

In a further aspect of the invention, a method comprises: locating a coil in proximity to a

magnetic sensing element forming a part of an integrated circuit; coupling a self test
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module to ends of the coil to exercise an analog signal path including from the magnetic
sensing element to the IC output; and exercising the analog signal path from the magnetic

sensing element to the IC output.

The method can further include one or more of the following features: coupling a first
current source of the self test module to one end of the coil and a second current source of
the self test module to the other end of the coil, applying controlling the first and second
current sources to verify operation of the integrated circuit, including comparator
switchpoints, controlling the first and second current sources to verify operation of the
integrated circuit, including deflecting the IC output in proportion to current in the coil,
applying a constant current to the coil and verifying a deflection on the IC output
proportional to a gain of the analog signal path, verifying a zero field operation of the IC
output, and/or employing a die supported by a leadframe having a region cutout from the

leadframe, wherein the location of the magnetic sensing element is aligned with the region

to reduce Eddy currents.

In a further aspect of the invention, an integrated circuit comprises: a magnetic sensing
element; fault detection module coupled to the sensing element, the fault detection module
including circuitry to detect a fault condition and to self-test operation of the circuitry for

detecting the fault condition; and a fault pin to indicate the fault condition.

The integrated circuit can further include one or more of the following features: the fault
detection module includes a window comparator having at least one threshold associated
with the fault condition, the at least one threshold corresponds to a short circuit condition,
the short circuit condition is located in a signal path extending from the window
comparator to the magnetic sensing element, the fault pin is activated to a given state upon
fault detection by the at least one threshold, and/or self-test signals of the self-test

operation are programmable in duration.

In another aspect of the invention, a method comprises: coupling a magnetic sensing
element to fault detection module in an integrated circuit; providing the fault detection

module to include circuitry to detect a fault condition and to self-test operation of the
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circuitry for detecting the fault condition; providing self-test signals; and providing a fault

pin to indicate the fault condition.

The method can include one or more of the following features: the fault detection module
includes a window comparator having at least one threshold associated with the fault
condition, the at least one threshold corresponds to a short circuit condition, the short
circuit condition is located in a signal path extending from the window comparator to the
magnetic sensing element, the fault pin is activated to a given state upon fault detection by
the at least one threshold, the fault condition includes a current level above a threshold, the
fault pin is an input/output pin such that pulling the fault pin to a given voltage level for a
given time provides a self-test request to initiate the self-test operation, the given time of
the self-test request is programmable, the given time of the self-test request corresponds to
power up initiation of self-test request, the self-test operation is entered only when an
applied magnetic field is below a magnetic field threshold, controlling a voltage on the
fault pin to provide an acknowledge signal indicating entrance into the self-test operation,
an amount of time the acknowledge signal is active is programmable, controlling the
voltage level on the fault pin to provide results from the self-test operation, timing the
voltage level on the fault pin to indicate a pass or a fail of the self-test operation, a
transition of the voltage level at a first time indicates pass, a transition of the voltage level
at a second indicates a sensor test fail, and a transition of the voltage level at a third time
indicates a fault failure, the first, second, and third times are programmable, initiating the
self-test operation after a temperature change of greater than a temperature threshold, the
integrated circuit comprises a package having exactly four pins, employing a die supported
by a leadframe having a region cutout from the leadframe, wherein the location of the
magnetic sensing element is aligned with the region to reduce Eddy currents, the self-test
is terminated when a magnetic field above a flux threshold is detected, the integrated

circuit comprises a linear current sensor, and/or, self-test signals of the self-test operation

are programmable in duration.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of this invention, as well as the invention itself, may be more fully

understood from the following description of the drawings in which:
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FIG. 1 is a schematic representation of a sensor having a signal path diagnostics in

accordance with exemplary embodiments of the invention;

FIGs. 2 and 2A are schematic representations of a portion of a sensor with a voltage

applied to a sensing element;
FIG. 3 is a schematic representation of a sensor having self-test functionality;
FIG. 3A is a schematic representation of a switch having diagnostic functionality;

FIG. 3B is graphical representation of an output signal corresponding to current through a

coil;

FIG. 4 is a schematic representation of a portion of a sensor having a current applied

across a sensing element;
FIG. 4A is a circuit diagram of an exemplary test circuit;

FIG. 4B is a schematic representation of a reference voltage applied across a series of

resistors including a Hall element;

FIG. 5 is a circuit diagram of an exemplary circuit to generate a test mode signal;
FIG. 6 is a schematic representation of an exemplary sensor having fault detection,
FIG. 6A is a circuit diagram of an exemplary comparator circuit;

FIG. 7 is a timing diagram showing fault signal voltage and output voltage over time;

FIG. 8 is a circuit diagram of an exemplary circuit to detect a self-test initiation signal;

FIG. 9 is a circuit diagram of an exemplary fault detection and self-test module;
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10 is a circuit diagram an alternative self-test circuit;

11 is a graphical representation of self-test signal timing;

11A is a graphical representation of further detail of self-test signal timing;
12A is a top view of a sensor in a KT package;

12B is a top view of a sensor in a LE package;

12C is a tabular representation of an exemplary terminal listing;

12D is a schematic representation of a leadframe that can form a part of an IC;

. 12E is a schematic representation of a leadframe that can form part of an IC, on

portions of which a die is placed across a die attach portion of the leads to create a split

paddle; and

FIG

. 13 is a schematic representation of an exemplary computer that can perform at least a

portion of the processing described herein.
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DETAILED DESCRIPTION

FIG. 1 shows an exemplary embodiment of a linear magnetic sensor IC 100 having a
signal path diagnostic module 102 in accordance with exemplary embodiments of the
invention. In one embodiment, the sensor IC 100 comprises a current sensor linear device
with a 120KHz bandwidth, for example. The sensor IC has an analog output voltage
VOUT that is proportional to an applied magnetic field. In one embodiment, the sensor
has a linear output that starts at Vce/2 and swings in positive and negative directions

depending on the polarity of the applied field.

The sensor IC senses current in a manner well known in the art. In general, a magnetic
field sensing element, such as a Hall element 104, generates a voltage in response to an
applied magnetic field. A dynamic offset cancellation module 106 ‘chops’ the signal and
a signal recovery module 108 provides an output signal. Sensitivity control 110 and and
offset control 112 can be used to adjust the signals, as shown and described for example,
in U.S. Patent No. 7,923,996, and U.S. Patent Publication No. US2011/0018533, which
are incorporated herein by reference. It is understood that other techiques can be used to

meet the needs of a particualr application.

The magnetic field sensing element 104 in this and other embodiments can be, but is not
limited to, a Hall effect element, a magnetoresistance element, or a magnetotransistor. As
is known, there are different types of Hall effect elements, for example, a planar Hall
element, a vertical Hall element, and a Circular Vertical Hall (CVH) element. As is
known, there are different types of Hall Effect elements, for example, a planar Hall
element, a vertical Hall element, and a Circular Vertical Hall (CVH) element. As is also
known, there are different types of magnetoresistance elements, for example, a
semiconductor magnetoresistance element such as Indium Antimonide (InSb), a giant
magnetoresistance (GMR) element, an anisotropic magnetoresistance element (AMR), a
tunneling magnetoresistance (TMR) element, a magnetic tunnel junction (MTJ), a spin-
valve, etc. The sensing element 104 may include a single element or, alternatively, may
include two or more elements arranged in various configurations, e.g., a half bridge or full
(Wheatstone) bridge. Depending on the device type and other application requirements,

the sensing element 104 may be a device made of a type IV semiconductor material such

10
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as Silicon (Si) or Germanium (Ge), or a type III-V semiconductor material like Gallium-

Arsenide (GaAs) or an Indium compound, e.g., Indium-Antimonide (InSb).

As is known, some of the above-described magnetic field sensing elements tend to have an
axis of maximum sensitivity parallel to a substrate that supports the magnetic field sensing
element, and others of the above-described magnetic field sensing elements tend to have
an axis of maximum sensitivity perpendicular to a substrate that supports the magnetic
field sensing element. In particular, planar Hall elements tend to have axes of sensitivity
perpendicular to a substrate, while metal based or metallic magnetoresistance elements
(e.g., GMR, TMR, AMR) and vertical Hall elements tend to have axes of sensitivity

parallel to a substrate.

As used herein, the term “magnetic field sensor” is used to describe a circuit that uses a
magnetic field sensing element, generally in combination with other circuits. Magnetic
field sensors are used in a variety of applications, including, but not limited to, an angle
sensor that senses an angle of a direction of a magnetic field, a current sensor that senses a
magnetic field generated by a current carried by a current-carrying conductor, a magnetic
switch that senses the proximity of a ferromagnetic object, a rotation detector that senses
passing ferromagnetic articles, for example, magnetic domains of a ring magnet, and a

magnetic field sensor that senses a magnetic field density of a magnetic field.

Exemplary embodments of the invention are appliable to a variety of sensing applications
having a range of sensing elements. Exemplary sensors include magnetic field,
accelerometer, temperature, gyroscope, pressure, chemical, biological, strain,
piezoelectric, etc. Exemplary embodiments of the invention are applicable to a wide range
of applications in which sensing magnetic fields generated by moving magnets or flowing
current are desirable. For example, exemplary embodiments of the invention are useful
for HEV (hybrid electric vehicle) inverter applications because it has a 120KHz operating

bandwidth that allows the sensor to be used in the gap of a core to sense the inverter phase

current.

Exemplary embodiments of the invention provide an enhanced Safety Integrity Level

(SIL) as compared to conventional magnetic field sensors. As described more fully below,

11
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diagnostics can identify faults in the signal path by driving a current across the sensing
element. While reference is made to a Hall element, as noted above, it is understood that
any practical type of sensing element can be used. While exemplary embodiments are
shown and described in conjunction with Automotive Safety Integrity Level (ASIL)

testing, it is understood that the scope of the invention is not limited to ASIL in any way.

FIG. 2 shows a portion of an exemplary magnetic field sensor 200 having a voltage
applied to a differential sensing element 202, shown as a Hall element. A current source
204 is coupled to the sensing element 202 for applying current to the element, e.g., biasing
the Hall element. A first voltage source 206 is coupled between the differential outputs
208a,b of the Hall element 202. In one embodiment, first and second switches 210a,b
selectively control whether the first voltage source 206 is coupled to one or both of the
differential outputs 208a,b of the Hall element. An optional second voltage source 212
can be coupled between the differential Hall outputs via third and fourth switches 214a,b.

In one embodiment, the first and second voltages sources 206, 212 have opposite polarity.

When the first and second switches 210a,b are closed, a positive voltage, shown as DCI, is
applied to the signal path causing a negative voltage to appear on the output of the
amplifier 216. When the first and second switches are open, and the third and fourth
switches 214a,b are closed, then a negative voltage, shown as DC2, is applied to the Hall
element outputs 208 causing a positive voltage on the amplifier 216 output. If the
magnitude of the voltages of the first and second sources 206, 212 are well controlled,
then the gain of the signal path can be verified since the output voltage will be
proportional to the input stimulus voltages DCI and DC2.

Alternatively if the input stimulus voltages of DC1 and/or DC2 are larger than a certain
threshold voltage, the amplifier 216 output will saturate. It is understood that a saturated
output allows the user to verify the connectivity and the basic functionality of the signal

path without providing information regarding the signal path gain.
FIG. 2A shows the addition of fifth and sixth switches 218a,b to the sensor of FIG. 2 for

isolating the Hall Plate from the signal path during ASIL testing, for example, to minimize

any interference between the applied stimulus voltage and any voltage developed across

12
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the Hall element. In one embodiment, DCI corresponds to the supply voltage and DC2

corresponds to GND.

In another aspect of the invention, a sensor having a magnetic sensing element includes
signal injection into the sensing element. One consideration with the presence of an
excitation coil to exercise a magnetic sensing element is the current draw when exciting
the coil. The coil, which can be created on the metal layers of a silicon Hall integrated
circuit, for example, determines the magnitude of the magnetic field that can be generated
from a given current. In one embodiment, the generated magnetic field is limited to about

20 Gauss, which limits the output deflection.

FIG. 3 shows a sensor 300 having commonality with the sensor 100 of FIG. 1. The sensor
300 has an analog output voltage that is proportional to an applied magnetic field. In one
embodiment, a linear output VOUT starts at Vce/2 and swings in the positive and negative
direction depending on the polarity of the applied field. A self-test control module 303 is
coupled to the sensing element 104 to provide self-test functionality. In safety critical
applications, for example, the end user is interested in improving the Safety Integrity
Level (SIL) of the sensor. Self-test diagnostics achieve added integrity. As described
below, exemplary embodiments of the invention provide stimulation of the analog signal

path to provide self-testing diagnostics. Diagnostic results can be communicated to the

end user.

It should be noted that for the sequence of events of the self-test diagnostic functionality,
the times for acknowledging the fault or presenting the results of the self diagnostics to the
end user should be programmable. Programming allows for multiple operating platforms

that may require different delay times for initiating, acknowledging and reporting self-test

events.

As noted above, testing stimulates the analog signal path in a number of ways. In one
embodiment, a coil 105 is placed around or near a Hall element (or magnetic field sensing
element) on the silicon substrate, for example, and control current passed through the coil,
as shown in FIG. 3. The Hall transducer 104 is stimulated at the front end when current

flows through the coil 105 by generating a magnetic field in order to test the analog signal

13
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path. In one embodiment, a coil is used to test functionality of a diagnostic switch, such as
the switch shown in FIG. 3A. Current is switched on and off in the coil and switchpoints
of the comparator are adjusted such that during self-test the device output has a 50% PWM
signal on the output. If the device fails diagnostic testing, the output is stuck in the high or

low state during the testing period.

Referring again to FIG. 3, in an exemplary embodiment self-diagnostic testing includes
coupling a current source to both ends of the coil 105 so current can flow in either
direction to create either a positive and negative magnetic test field in the sensing element
104. During self-test, the coil 105 generates a magnetic field that can deflect the output of
the analog signal proportional to the current flowing in the coil 105, as shown in FIG. 3B.

The stimulation passes directly through the entire analog signal path to the output VOUT.

This arrangement provides a number of advantages. The analog signal path programmed
sensitivity can be checked by the end user. By applying a constant current through the coil,
the magnetic field generated by the coil will be fixed. This fixed magnetic field causes a
deflection on the output of the analog output proportional to the gain of the analog signal
path. Since the gain of the device is programmable and the design of the coil is well
understood, both are well known quantities and can provide the basis for an accurate

measurement of the analog signal path by the end user.

In addition, none of the analog signal path is modified during testing. In the diagnostic
switch of FIG. 3A, the switchpoints for diagnostics and for normal operation are different.
If the gain or comparator thresholds of the sensor during normal operation were to fail, it
is possible under certain conditions that the device self-diagnostic could trigger properly
but the normal operating mode could have magnetic switchpoints that were out of
specification. Attention in the design of the sensor can minimize, but perhaps not

eliminate, the window that can cause a false positive test.

Further, the offset of the device can also be tested. Since the zero gauss field analog output
voltage is also programmed, the zero field output signal, as well as the signal path gain,
can be self-tested with a relatively high level of accuracy. If it were to drift for some

reason, it could be identified during the self-test.
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Reporting of the test results can be accomplished in several ways. In one embodiment,
deflection of the analog signal is monitored by the user. In another embodiment, PWM is
used to generate a PWM output signal. Test results can be reported on a separate pin or
through some voltage modulation on another pin or current modulation. In a two-wire

sensor, current modulation can be used to communicate data.

FIG. 4 shows a portion of a sensor 400 having a magnetic sensing element 402, shown as a
Hall element, to which an electrical signal is applied. While the response of the Hall plate

may not be verified, the remainder of the signal path to the sensor output can be tested.

A current source 404 is coupled to the Hall element 402 for providing a bias current, and
to first and second current replicators 406a,b. The first current replicator 406a provides a
current to a first differential output 408a of the Hall element 402 and the second current
replicator 406b receives a current from the second differential output 408b of the Hall
element. The differential outputs 408a,b of the Hall element are coupled to an amplifier
410. In an exemplary embodiment, the first and second current replicators 406 provide a

current in proportion to the current generated by the current source 404, as determined by

a constant K.

In applying currents to the Hall element 402, a voltage is created across the hall plate
output since the hall plate is a resistive element. The current establishes a differential

output signal across the differential Hall element outputs 408.

In an alternative embodiment, independent current sources are coupled to the Hall plate

output terminals. In other embodiments, voltage signals are applied to the Hall element.

FIG. 4A shows an exemplary embodiment of a test circuit 450 that creates a differential
reference signal Out+, Out- that can be applied to the Hall plate output ports 408a,b (FIG.
4). In the illustrated embodiment, a voltage divider R1, R2 provides a current proportional
to the voltage coupled to the divider. The current is proportional to the supply voltage
coupled to the divider. In an alternative embodiment, a differential current reference

circuit can produce a current that is absolute in value. If the sensor is designed to be ratio-
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metric to the power supply voltage, then the power supply voltage can be used as the
external signal. If the circuit output is absolute, rather than ratio-metric, an absolute
differential current circuit should be used. It is understood that replacing the resistor

divider RI/R2 with a bandgap voltage reference converts this circuit from a proportional

output to an absolute output.

In one embodiment, the test circuit 450 can replace the current replicator circuits 406a,b in
FIG. 4. An additional mechanism can be added to verify the function of the Hall drive
current source. For example, the voltage across the inputs terminals of the hall plate can
be measured and compared to an expected level. An indication signal from a circuit that
verifies that the correct input current is applied to the hall plate is used to enable the test
current generation circuit, e.g., test circuit 450. In this way, if the hall plate is improperly
driven, the test circuit will not provide a test stimulation signal to the hall plate and the
output will then reflect a circuit failure through an improper output deflection from the
nominal level during test. It is understood that the output signals Out+, Out-, can be

coupled to switches, such as those found in the dynamic cancellation block (FIG. 1).

FIG. 4B shows an exemplary circuit 480 applying a reference voltage across a voltage
divider comprised of first, second, and third resistors Rprvi, Ruarr, Rprvz in series, where
the middle (second) of these three resistors is the hall plate itself.. First and second signals
V + AV, V - AV are applied, one to the free end of the first resistor Rprvi and the other to
the free end of the third resistor with the second resistor (the hall plate) connected between

the remaining ends of the first and third resistors Rprvi, Rprve.

The Hall plate between the two resistors can be expanded to allow for coarse signal level
adjustments by locating the Hall plate between two series strings of resistors with various
(symmetric) tap points into the resistor strings. Applying V+(deltaV) and V-(deltaV)to a

tap points closer to the Hall element provides a larger signal across the Hall element .

In the illustrated embodiment, the voltage appearing across the hall plate between Hall
Out+ and Hall Out- is given in the equation:

RHALL
RHALL +2- RD]V

(VHaLL oUT+ -VHALLOUT:) = AV -
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A supplemental circuit can be used to ensure that the Hall driver circuit is functioning
properly. In this case the output of the supplemental circuit can be used to control switches
that are used to connect the two test resistors to the signals V + AV and V - AV. In this
way, if it is determined that the Hall plate driver circuit is not functioning properly, then

the test signal is not applied to the hall plate and no deflection will be observed at the

output of the signal path.

FIG. 5 shows an exemplary circuit 500 to generate a test mode signal at the input to the
signal path of the hall detection device. The circuit 500 generates an output signal OUT
which is a fixed value. In one embodiment, this value is bi-directional so that one can test
the circuits for input fields generated in either polarity. A first circuit block 501 includes a
resistor R1 shorted across the Hall device effective resistance between nodes A and B
through first and second switches S1, S2 during test mode. The current generated in circuit
blocks 502-505 is applied to the first resistor R1 at nodes VASILP and VASILN during
the test mode. The voltage generated across nodes A and B is then presented as the input
to signal processing block 506. The output OUT is a constant magnitude with a polarity
defined by signal TM_POS through the selection of the polarity switch.

In circuit block 502, the amplifier Al forces a voltage VR across two parallel resistors R2
and R3. These resistors are scaled versions of R1 and the effective resistance Hall device
resistance between nodes A and B. This results in a first order correction for global
process variation and temperature of operation. The input VR to the amplifier Al is
determined by the values of Fine, which compensated for variations in the Fine gain
setting in the signal path in circuit block 405, and the value of Trim which allows for some
trimming of more local processing errors, such as device matching in the current

generating circuits (block 502-505) and the parallel shorting resistor R1.

Errors due to the resistance in switches S1 and S2 in circuit block 501 are compensated for
in circuit block 503. The current I1 generated in circuit block 502 flows through Q1 and
resistor R4. The voltage at the base of device Q1 (Node C) is VC=I1¥R4 + Vbe 1. The
current through R5 and the switch S3, supplied by Q2 is then IR5= (I1*R4+Vbel)/R5. The
voltage at the base node of Q3 (node D) is VD=IR5*(RS5 + Rs3), where Rs3 is the on
resistance of switch S3. The voltage across R6 (voltage at node E) is VE=Vd-Vbe3, and
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therefore 12 = VE/R6. Through proper scaling of devices, the ratio 12/11 can be made to

compensate for the voltage dropped across the switches S1 and S2 in circuit block 501.

Circuit block 504, which is shown as a current mirror, can be made programmable with a
coarse gain setting so current ratio 13/12 adjusts the voltage across R1 to maintain a

constant voltage OUT independent of coarse gain setting.

A differential current is generated in circuit block 505 which provides a chopping switch
needed to change polarity of the output signal OUT which also allows for the current to be

disconnected when not in test mode.

In another aspect of the invention, self-test diagnostics improve functional safely levels in
safety critical applications using self-test initiation, such as at power up or by user control.
In exemplary embodiments, timing of self-test signals is adjusted to align with expected
signal timing. Initiating self-test functionality relates to overall system control of the
sensor system. Flexibility in signal generation enables different users to improve safety
levels in a variety of ways. For example, the level of safety required in a given system

dictates how often self-diagnostics should report its operating or error condition to a user.

FIG. 6 shows further detail of an exemplary embodiment of a fault detection module 600
for monitoring the analog output and includes a programmable window comparator
module 602 with comparators to generate the fault output FAULT. In one embodiment,
the fault detection module 600 detects a fault and activates the fault output FAULT. Itis
understood that the fault output FAULT can be readily set to the active state for either a
positive (logical ONE) or negative (logical ZERO). In the illustrated embodiment, the

fault output is shown as active low.

It is understood that the fault output FAULT can provide redundancy with other fault
signals in the system, such as from a motor driver or micro-controller. This redundancy
improves the overall control system functionality, such as the Automotive Safety Integrity
Level (ASIL) applicable to safety levels in safety critical applications in autmobiles. For

example, power steering and accelerator pedal position require higher levels of safety

defined by ASIL.
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In an exemplary embodiment, the fault detection module includes a self-test routine that
can be initiated by the user to ensure that the sensor fault function is operating properly.

In one embodiment, self-test is initiated by providing a given voltage level on the FAULT

pin.

FIG. 6A shows an exemplary window comparator 650 that can form a part of the fault
detection module of FIG. 6. Resistors R1, R2, and R3 determine trip points of first and
second comparators 652, 654. In an exemplary embodiment, a reference voltage resistor
can be programmable by employing R/2R ladder DACs, which are well known in the art,
to set the desired window thresholds for detecting the fault. The circuit can be
programmed to trip under a short condition and the fault output FAULT becomes active

when a short circuit current, for example, is detected by the comparators.

In one embodiment, the fault can be detected as a positive or negative value using the
respective comparators 652, 654. In the illustrated embodiment, the comparator output is
configured for active low operation. If the first or second comparators 652, 654 have an

active output, a switch 656 is activated to bring the fault output FAULT to ground.

In one embodiment, the fault pin FAULT comprises an input/output pin that enables
initialization of the self-test function, as shown in FIG. 7. During a time when the
magnetic field is near zero, meaning no current flows in the application, and therefore no
magnetic field, the FAULT output pin can be pulled to Vec/2 to initiate self-test of the
fault detection functionality. In the illustrated embodiment, during time tagi 1 the voltage
on the FAULT pin is pulled Vcc/2, shown as Vs, During time tasicn, self-test is
performed. The device pulls the FAULT pin output low during this time to acknowledge
the device received the command to initiate self-test during time tASILI During time

tasiLr, the results of the self-test are output on the FAULT pin, shown as Vec for a self-test

pass and Vaspo for self-test fail.

As noted above, and shown in FIG. 7, the output voltage Vout will be at Voutog when no

magnetic field is present. During normal operation, the output voltage Vout can vary from
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a maximum VouTGmax) and a minimum of Vourgamin). VFPSP and VFNSP refer to the

positive full scale output voltage and negative full scale output voltage.

As shown in FIG. 8, the device can sense whether the Fault pin has been pulled to about
Vee/2, shown as Vasiw, at the beginning of time interval tasy; in FIG. 7, and no magnetic
field is detected by the Hall element. In the illustrated embodiment 800, a signal from the
Hall element is provided to first and second comparators 802, 804, which have respective
reference voltages defined by the values of R1, R2, and R3 that determine what is
considered ‘zero’ magnetic field. That is, the magnetic field should be less than some
value. In one embodiment, resistor R2 is adjustable for setting the comparator reference
voltages, e.g., a programmable window comparator. The outputs of the comparators 802,
804 are provided to an input of an AND gate 806, of which the output is provided to a
clocked counter 808. The Fault pin voltage is input to third and fourth comparators 810,
812, which have respective reference voltages determined by the values of R4, R5, R6.
The comparator 810, 812 outputs are provided to the AND gate 806 input. With this
arrangement, when the voltage from the Hall element is around zero, and the Fault pin is

pulled to about Vec/2, the self-test function is enabled after a time defined by the counter
808.

FIG. 9 shows an exemplary circuit implementation 900 of a fault detection module and
self-test functionality. After a timeout period of the counter 808 (FIG. 8), shown as
tASILI in FIG. 7, the device then enters the self-diagnostic mode. The counter 808
prevents noise or glitches from causing the part to go into the test mode. The timeout
tASILI can be set for a desired period of time, such as a few microseconds. It is
understood that the timeout tASILI can be set to any practical amount of time that is

desirable to meet the needs of a particular application.

The sensor ‘sees’ that the self-test command was received by the output of the fault pin
pulled to GND for time tASILH in FIG. 7. The chip *sees’ this because during a time
when there is no magnetic field/current the FAULT output was held at Vce/2 by for time
tASILI from counter 808. The active pull down by the IC acknowledges that the
command was received. If the output does not go low then the command to perform the

self-test is not ‘seen.” When control of the fault pin is released, the device takes control of
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the output pin and actively holds it to GND for time tASILH, which communicates that
the self-test command was received. The time tASILH should be long enough for the
device to complete the diagnostic test in order to report the results during the time

tASILR, as shown in FIG. 7.

In one embodiment, the self-test functionality is implemented as shown in FIG. 9. An
ASIL input command detection module 901 can be configured as shown and described in
conjunction with FIGs. 7 and 8. Once the ASIL command is detected, a test control
module 902 pulls the FAULT output to GND with a control signal input 904 to an OR gate
006. The test control module 902 implements the following sequence of testing while

maintaining the output low (see FIG. 7) by controlling the input to the OR gate.

During self-test, the test control module 902 closes switch position 5 of a first switch SW1

so the output of a 3-position second switch SW2. Under normal operation, the first switch

SW1 has position 6 closed to receive the Hall signal.

The test control module 902 controls the second switch SW2 to one of position 1 (V+),
position 2 (V+/ 2), or position 3 (GND). The test control module 902 cycles through
these connections to verify that at SW2 positions 1 and 3 the output of the fault
comparator is low (fault condition present), and that at position 2 the output of the fault

comparator is high (no fault). In one embodiment, the switches SW1, SW2 are provided

on the IC.

Once this sequence is completed the comparator circuitry has been tested and the results
can be communicated after the timeout of tASILH (see FIG. 7). More particularly, if self-
test fails the device can continue to pull the output FAULT low for a period of time
tASILR. In an alternative embodiment, if the self-test fails the sensor can latch the failure
on the output. In the illustrated embodiment, the device holds the fault output low for a
selected period of time and releases the output to enable a resumption of normal operation
and further self-test. For example, it may be desirable to re-run a self-test in the case

where a failure due to a glitch or noise pulse resulting a false positive test.
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If self-test is successful the device drives the output HI during time tASILR labeled as
self-test passing in FIG. 7. Once the self-test result during time tASILR ends, test control
module 902 releases the FAULT pin by reconnecting the Hall input voltage to the fault
comparator by connecting to the first switch SW1 to position 6 and clearing the input to

the OR gate to a logic low to assume normal operation.

With this arrangement, the device provides a self-test diagnostic that allows for each of the
three states of the comparator to be tested. The self-test can improve the functional safety

level of the entire system and allow improved levels of safety according to 1S026262, for

example.

In one embodiment, in the event a sensed magnetic field increases above a given threshold

as detected by the Hall circuitry, the device exits test mode.

In another embodiment, the device includes circuitry to test the accuracy of the
programmed fault thresholds by controlling switch positions 1 and 3 voltages close to the
programmed fault thresholds and testing a short distance away from both of the thresholds.
For example, say the fault threshold is programmed to a value 200mV below V+.
References of V+ - 200mV +/- x mV can be used to test that the comparator switches low
at +x mV and does not switch at —x mV. The value ‘X’ in mV can be selected to meet the
needs of a particular application. It is understood that the smaller the value of ‘x’, the

more accurately the switchpoints are tested.

An alternate embodiment 1000 of testing the window comparators is shown in FIG. 10
that tests in parallel instead of sequentially. The logic gates G1-3 and comparators CP1,
CP2 must function correctly for the ASIL test to pass. During normal operation only the
NAND gate G3 following the comparators CP1, CP2 is used in the Fault signal path.
During normal Fault detection operation the window references RefH and RefL are used
as thresholds to detect a fault condition. In ASIL test mode after the required time tASILI
described above verifies that an ASIL test is being requested, the references are switched
to TestRefH and TestRefL. Also, at that time, a MUX is switched to detect the alternate
logic path. TestRefH and Test RefL need only be of a value that the comparators should

trip as described above. In one embodiment, there is a cross connect of the two normal

22



10

15

20

25

30

WO 2015/100214 PCT/US2014/071825

operation references such that TestRefH= RefL. and TestRefL=RefH. This ensures that the

comparators CP1, CP2 have outputs indicative of a Fault condition.

In normal Fault detection operation the switches SW1, SW2 are connected as shown and
the ASIL Valid signal is LO. The references RefH and RefL are set so that the comparator
CP1, CP2 outputs are high if the device is operating in the desired output range. The
Boolean equation indicated as Mux0 path is valid and point C goes high if either points A

or B (the outputs of the comparators) go low indicating that a Fault has occurred.

During the ASIL test mode after the ASIL test request is valid for the period tASIL, the
switches SW1, SW2 connect the comparator CP1, CP2 inputs to new reference levels
TstRefH and TestRefL.. The MUX 1 input is also connected to point C so the MUX 1
Boolean equation is valid in this ASIL test mode. Now both comparator CP1, CP2 outputs
must be low for point C to go high. If the condition TstRefH < Out < TestRefL is met,
the outputs of the comparators CP1, CP2 go low and if the logic gates are also functioning
correctly then through the Boolean function C goes HI signaling that the comparators and

the logic are functioning correctly.

FIG. 11 shows a sequence diagram for the output signal Vour and the FAULT pin with
programmable self-test signals. As noted above, the FAULT pin is used as an input pin to
initiate the self -test diagnostics. During normal operation the FAULT output is used to
detect excessive magnetic North and South Pole fields, for example, and alert the user of
the excessive fields by pulling the FAULT pin low. Since it can be used for current

sensing, the device is well suited as an over-current fault feature in inverters to protect

switching transistors, for example.

As shown in FIG. 11, the FAULT pin is active low and normally at Vcc when there is no
fault. If the user pulls the FAULT pin to GND when there is no fault condition, then the
device can detect this input and initiate self -test. As described above, a circuit can
compare the voltage on the FAULT pin to the fault state. If the voltage on the FAULT pin
is low and the IC is not pulling this pin low, then the IC determines that the user is trying

to enter into diagnostic mode.
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In an exemplary embodiment, self-test can occur in a number of ways. For example, the
user can initiate self-test at a time when the magnetic field is near zero. When the
command is received, the IC can choose to ignore input fields and respond only to the
internally generated stimulus for self-testing, as shown in the illustrated embodiment. The

external fields are ignored and the output responds only to the self-test internally generated

signals.

In addition, the user can initiate self-test at any time and the IC can respond to external
fields. This superimposes the internally generated signal on the externally influenced
magnetic signal. As long as the input signal is small enough, the response signal can ‘ride

on top’ of the external field signal and not saturate the output.

In exemplary embodiments of the invention, the self-test timing sequence is
programmable. When the user gives the command to start self test, the FAULT pin is held
low for a period of time tASILREQUEST. Once this time expires, the chip has
successfully given the command to start self-test and acknowledges that the command was
received. To acknowledge, the sensor holds the output Vour low for a time tASILACK.
The user can observe the acknowledge signal by releasing control of the FAULT pin and

observing that the pin is still held low.

In the illustrated embodiment, the output Vour is also near the zero field level as it is
ignoring external fields. It is understood that ignoring external fields during this time is
not necessary. After acknowledging the command to initiate self-test during tASILACK,
the device begins self-test and tests the analog signal path during time tASILSENS and the
fault output during tASILFAULT. During this time a series of pulses appear on the analog
output Vour and the FAULT pin output. The user can observe these outputs for the correct
behavior to determine if the test was successful. The device can also report the results of

the testing during time tASILRESULT as the IC itself can also monitor the results of the

test and report it on the fault output.

In an exemplary embodiment, during time tASILRESULT, the time at which a pulse
appears on the FAULT pin indicates the result of the self-test. In the illustrated
embodiment of FIG. 11A, a transition of the FAULT pin at time tP indicates self-test pass.
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A transition at time tSF indicates a sensor test failure. A transition at time tFF indicates a
Fault failure. A transition at time tSFF indicates sensor and fault failure. The system
coupled to the sensor looks for a transition on the FAULT pin in relation to the beginning

of tASILRESULT, for example, to determine the test result.

In exemplary embodiments, the transitions can be of any order and of programmable
location and duration. In general, the sensor signals can be adapted to meet the

requirements of ECUs or other systems in communication with the sensor.

Once time tASILRESULT expires, the chip resumes normal operation. Independent of the
test sequence is the ability to program the timing of each sequence, such as
tASILREQUEST, tASILACK, tASILSENS, tASILFAULT, and/or tASILRESULT.
Making the sequence items programmable within the range of say 50us to 500mS or 1
second allows for timing compliance using different ECU (Engine Control Units) control
platforms, for example. Programming the timing of the pulses allows for maximum

flexibility.

Programming the width of the test pulses provides additional flexibility. These widths

could be programmed for instance between 50us to S0mS.

In alternative embodiments, a dedicated pin can be used to initiate self-test when available,
such as in a TSSOP package (FIG. 12B). In another embodiment, a three-pin package is

used in which output levels are measured in high, low and other diagnostic states.

One way to initiate self-test is at power up of the sensor. In embodiments coupled to an
ECU, the control ECU powers up first, then the ECU, and then the subsystems. It may be
convenient for the device to initiate self-test upon power -up for many systems. Where no
input is needed to initiate testing, programming of each individual timing element of the

testing provides maximum flexibility and compatibility with ECU control platforms.
In one embodiment, the device initiates self-test whenever the output of the device is near

zero field for a specified time, say greater than Ims or 10ms. In this case, the sensor is

always in diagnostic mode when no field is present and can be observed during the most
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convenient time for observing the output. The device can come out of self-test when it

observes a field applied, say more than 5% of full scale. Programming the timing sequence

provides maximum flexibility.

In another embodiment, the device initiates self-test whenever the temperature changes by
more than a specified amount; say more than 25 degrees Celsius to provide feedback that

the device is operating normally over temperature.

In a further embodiment, the device initiates self-test on a regular basis as determined by a
continuously running system clock. In this case the IC conducts a self-test whenever the

counter hits a certain value. Then the counter would be reset and start counting again. The

counter value can be programmable.

In another embodiment, in the case of an IC with a bi-directional communication protocol,
such as SPI or 12C, the user can choose when self diagnostics occur based on a digital

command that is sent to the sensor on the communication bus.

FIG. 12A shows an exemplary device packaged in a 4 lead KT SIP and FIG. 12B shows
and exmpalry surface mount TSSOP package. It is understood that the IC can comprise
any suitable package. In one embodiment, the package has a thickness of less than about
1.1mm. It is understood that it is desirable to minimize the thickness of the package. FIG.

12C shows an exempalry terminal listing for the KT and LE packages.

It is understood that a variety of packages can be used to meet the needs of a particular
application. For example, a package of the type shown and described in U.S. Patent No.

6,781,359, which is incorporated herein by reference, can be used.

FIG. 12D shows an exemplary split leadframe 1200 configuration in which a leadframe
1202 has a region 1204 cutout from the rest of the leadframe. A magnetic sensing element
1206 is located within the region 1204 to prevent Eddy current formation in the vicinity of

the sensing element. A die 1208 can be supported by the leadframe.
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In another embodiment shown in FIG. 12E, the lead frame may not have a die attach
paddle as shown in FIG. 12D, but rather may just have portions where the die is placed
across a die attach portion of the leads to create a split paddle, for example as shown in
U.S. Patent Publication No. 2014/0320124, filed on April 26, 2013, which is incorporated
herein by reference. A lead frame 1210 for use in an integrated circuit includes a plurality
of leads 1214, 1216, 1218 at least two of which (and here, all three) include a respective
die attach portion 1224, 1226, 1228 and connection portion 1234, 1236, 1238. The lead
frame 1210 has a first surface 1210a and a second, opposing surface (not shown). The die
attach portion 1224, 1226, 1228 of the leads (referred to herein sometimes as simply the
die portion) can have a semiconductor die 1240 (not shown) attached thereto. While the
lead frame 1210 is shown to include three leads 1214, 1216, 1218, it will be appreciated

by those of ordinary skill in the art that various numbers of leads, such as between two and

eight, are possible.

The connection portion 1234, 1236, 1238 of the leads extends from a first end 1234a,
12364, 1238a proximate to the respective die portion 1224, 1226, 1228 to a second, distal
end 1234b, 1236b, 1238b distal from the die portion. Generally, the connection portion
1234, 1236, 1238 of the leads is elongated and is suitable for making electrical connection
to electronic systems and components (not shown) outside of the integrated circuit
package, such as a power source or microcontroller. The die attach portion of one or more
of the leads further may further include at least one separating feature 1232 that separates

areas of a die attach portion from each other.

FIG. 13 shows an exemplary computer 1300 that can perform at least part of the
processing described herein. The computer 1300 includes a processor 1302, a volatile
memory 1304, a non-volatile memory 1306 (e.g., hard disk), an output device 1307 and a
graphical user interface (GUI) 1308 (e.g., a mouse, a keyboard, a display, for example).
The non-volatile memory 1306 stores computer instructions 1312, an operating system
1316 and data 1318. In one example, the computer instructions 1312 are executed by the
processor 1302 out of volatile memory 1304. In one embodiment, an article 1320

comprises non-transitory computer-readable instructions.
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Processing may be implemented in hardware, software, or a combination of the two.
Processing may be implemented in computer programs executed on programmable
computers/machines that each includes a processor, a storage medium or other article of
manufacture that is readable by the processor (including volatile and non-volatile memory
and/or storage elements), at least one input device, and one or more output devices.

Program code may be applied to data entered using an input device to perform processing

and to generate output information.

The system can perform processing, at least in part, via a computer program product, (e.g.,
in a machine-readable storage device), for execution by, or to control the operation of, data
processing apparatus (e.g., a programmable processor, a computer, or multiple computers).
Each such program may be implemented in a high level procedural or object-oriented
programming language to communicate with a computer system. However, the programs
may be implemented in assembly or machine language. The language may be a compiled
or an interpreted language and it may be deployed in any form, including as a stand-alone
program or as a module, component, subroutine, or other unit suitable for use in a
computing environment. A computer program may be deployed to be executed on one
computer or on multiple computers at one site or distributed across multiple sites and
interconnected by a communication network. A computer program may be stored on a
storage medium or device (e.g., CD-ROM, hard disk, or magnetic diskette) that is readable
by a general or special purpose programmable computer for configuring and operating the
computer when the storage medium or device is read by the computer. Processing may
also be implemented as a machine-readable storage medium, configured with a computer

program, where upon execution, instructions in the computer program cause the computer

to operate.

Processing may be performed by one or more programmable processors executing one or
more computer programs to perform the functions of the system. All or part of the system
may be implemented as, special purpose logic circuitry (e.g., an FPGA (field

programmable gate array) and/or an ASIC (application-specific integrated circuit)).

Having described exemplary embodiments of the invention, it will now become apparent

to one of ordinary skill in the art that other embodiments incorporating their concepts may
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also be used. The embodiments contained herein should not be limited to disclosed
embodiments but rather should be limited only by the spirit and scope of the appended

claims. All publications and references cited herein are expressly incorporated herein by
reference in their entirety.
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What is claimed is:

1. An integrated circuit, comprising:
a magnetic sensing element having differential first and second outputs and an
input, the input to receive current;

first and second switches coupled to a respective one of the differential first and

second outputs;

a first voltage source coupled between the first and second switches, the first and
second switches having a first state in which the first voltage source is coupled across the

differential first and second outputs; and

an IC output to output a voltage corresponding to the first voltage source when the
first and second switches are in the first state for monitoring operation of a signal path

from the magnetic sensing element to the IC output.

2. The integrated circuit according to claim 1, further including third and fourth switches

coupled to a respective one of the differential first and second outputs;

a second voltage source coupled between the third and fourth switches, the third
and fourth switches having a second state in which the first voltage source is coupled

across the differential first and second outputs,

wherein the IC output outputs a voltage corresponding to the second voltage source
when the third and fourth switches are in the second state for monitoring operation of a

signal path from the magnetic sensing element to the IC output.

3. The integrated circuit according to claim 2, wherein the first and second voltage

sources have different polarities.

4. The integrated circuit according to claim 1, further including a fifth switch coupled

between the second differential output of the magnetic field sensing element and the first

switch.

5. The integrated circuit according to claim 4, further including a sixth switch coupled

between the first differential output of the magnetic field sensing element and the second

switch.
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6. The integrated circuit according to claim 1, wherein respective states of the first,

second, third, and fourth switches is controllable to verify a gain of the signal path.

7. The integrated circuit according to claim 1, further including a voltage source to

provide the current to the input of the magnetic sensing element.

8. The integrated circuit according to claim 1, further including a current source to

provide the current to the input of the magnetic sensing element.

9. The integrated circuit according to claim 1, wherein the magnetic sensing element

comprises a Hall element.

10. The integrated circuit according to claim 1, wherein the magnetic sensing element

comprises a magnetoresitive element.

11. The integrated circuit according to claim 1, further including an amplifier having

respective inputs coupled to the first and second differential outputs of the magnetic

sensing element.

12. The integrated circuit according to claim 1, wherein the integrated circuit comprises a

linear magnetic sensor.

13. The integrated circuit according to claim 1, further including a die supported by a
leadframe having a region cutout from the leadframe, wherein the location of the magnetic

sensing element is aligned with the region to reduce Eddy currents.

14. The integrated circuit according to claim 1, wherein the leadframe has corresponding

leads having respective die attach portions, where a die is placed across the die attach

portions of the leads.

15. The integrated circuit according to claim 1, further including a processor and a non-

volatile memory to store instructions for the processor.
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16. A method comprising:

employing a magnetic sensing element having differential first and second outputs
and an input, the input to receive current;

coupling first and second switches to a respective one of the differential first and

second outputs;

coupling a first voltage source between the first and second switches, the first and
second switches having a first state in which the first voltage source is coupled across the

differential first and second outputs; and
employing an IC output to output a voltage corresponding to the first voltage
source when the first and second switches are in the first state for monitoring operation of

a signal path from the magnetic sensing element to the IC output.

17. The method according to claim 16, further including coupling third and fourth
switches to a respective one of the differential first and second outputs;

coupling a second voltage source between the third and fourth switches, the third
and fourth switches having a second state in which the first voltage source is coupled
across the differential first and second outputs,

wherein the IC output outputs a voltage corresponding to the second voltage source
when the third and fourth switches are in the second state for monitoring operation of a

signal path from the magnetic sensing element to the IC output.

18. The method according to claim 16, wherein the first and second voltage sources have

different polarities.

19. The method according to claim 16, further including coupling a fifth switch between

the second differential output of the magnetic field sensing element and the first switch.

20. The method according to claim 17, further including coupling a sixth switch between

the first differential output of the magnetic field sensing element and the second switch.

21. The method according to claim 16, wherein respective states of the first, second,

third, and fourth switches is controllable to verify a gain of the signal path.
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22. The method according to claim 16, wherein the magnetic sensing element comprises

a Hall element.

23. The method according to claim 16, wherein the magnetic sensing element comprises

a magnetoresitive element.

24. The method according to claim 16, further including employing an amplifier having

respective inputs coupled to the first and second differential outputs of the magnetic

sensing element.

25. The method according to claim 16, wherein the integrated circuit comprises a linear

magnetic Sensor.

26. The method according to claim 16, further including employing a die supported by a
leadframe having a region cutout from the leadframe, wherein the location of the magnetic

sensing element is aligned with the region to reduce Eddy currents.

27. The method according to claim 16, wherein the leadframe has corresponding leads

having respective die attach portions, where a die is placed across the die attach portions

of the leads.

28. The method according to claim 16, further including employing a processor and a

non-volatile memory to store instructions for the processor.

29. The method according to claim 16, further including employing a voltage source to

provide the current to the input of the magnetic sensing element.

30. The method according to claim 16, further including employing a current source to
provide the current to the input of the magnetic sensing element.
31. Anintegrated circuit, comprising:

a magnetic sensing element having differential first and second outputs and an

input, the input to receive current;
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first and second switch means for coupling to a respective one of the differential

first and second outputs;

a first voltage source means coupled between the first and second switches, the
first and second switches having a first state in which the first voltage source is coupled
across the differential first and second outputs; and

an IC output to output a voltage corresponding to the first voltage source means
when the first and second switch means are in the first state for monitoring operation of a

signal path from the magnetic sensing element to the IC output.

32. The integrated circuit according to claim 31, further including a die supported by a
leadframe having a region cutout from the leadframe, wherein the location of the magnetic

sensing element is aligned with the region to reduce Eddy currents.

33. An integrated circuit, comprising:

a drive current source;

a magnetic sensing element coupled to the drive current source, the magnetic sensing

element having first and second differential outputs;

first and second current elements to provide respective currents in relation to the drive

current source, wherein the first current element is coupled to the first differential output and

the second current element is coupled to the second differential output; and

an IC output to output a voltage corresponding to the currents of the first and second

current elements.

34. The integrated circuit according to claim 33, wherein the first current element comprises

a current replicator.

35. The integrated circuit according to claim 33, wherein the first and second current

elements comprise respective current replicators.

36. The integrated circuit according to claim 35, wherein the first and second current

elements provide a respective current in proportion to the drive current source.
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37. The integrated circuit according to claim 33, wherein the magnetic sensing element -

comprises a Hall element.

38. The integrated circuit according to claim 33, wherein the magnetic sensing element

comprises a magnetoresistive element.

39. The integrated circuit according to claim 33, further including a signal path that includes
a voltage divider having a first resistive element, a second resistive element, and third

resistive element, wherein the second resistive element comprises the magnetic sensing

element.

40. The integrated circuit according to claim 33, wherein the integrated circuit provides an

output voltage on the IC output that is proportional to an applied magnetic field.

41. A method, comprising:

employing a drive current source;

coupling a magnetic sensing element to the drive current source, the magnetic sensing
element having first and second differential outputs;

employing first and second current elements to provide respective currents in relation
to the drive current source, wherein the first current element is coupled to the first differential
output and the second current element is coupled to the second differential output; and

providing an IC output to output a voltage corresponding to the currents of the first

and second current elements.

42. An integrated circuit, comprising:
a magnetic sensing element;
a coil disposed in proximity to the magnetic sensing element;
a self test module coupled to ends of the coil to exercise an analog signal path

including from the magnetic sensing element to the IC output.

43. The integrated circuit according to claim 42, wherein the IC output outputs a voltage

that is proportional to an applied magnetic field.
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44. The integrated circuit according to claim 42, wherein the magnetic sensing element

comprises a Hall element disposed on a silicon substrate common to the integrated circuit.

45. The integrated circuit according to claim 42, wherein the magnetic sensing element

comprises a magnetoresistive element disposed on a silicon substrate common to the

integrated circuit.

46. The integrated circuit according to claim 42, wherein the magnetic sensing element

comprises a Hall element.

47. The integrated circuit according to claim 42, wherein the self test module includes a first

current source coupled to one of the coil and a second current source coupled to the other end

of the coil.

48. The integrated circuit according to claim 42, wherein the integrated circuit comprises a

linear current sensor.

49. The integrated circuit according to claim 42, wherein integrated circuit comprises a

switch.

50. The integrated circuit according to claim 42, further including a die supported by a
leadframe having a region cutout from the leadframe, wherein the location of the magnetic

sensing element is aligned with the region to reduce Eddy currents.

51. The integrated circuit according to claim 10, wherein the magnetic sensing element

comprises a Hall element.

52. A method, comprising:

locating a coil in proximity to a magnetic sensing element forming a part of an

integrated circuit;

coupling a self test module to ends of the coil to exercise an analog signal path

including from the magnetic sensing element to the IC output; and
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exercising the analog signal path from the magnetic sensing element to the IC output.

53. The method according to claim 52, further including coupling a first current source of

the self test module to one end of the coil and a second current source of the self test module

1o the other end of the coil.

54. The method according to claim 52, further including applying controlling the first and

second current sources to verify operation of the integrated circuit, including comparator

switchpoints.

55. The method according to clairn’52, further including controlling the first and second

current sources to verify operation of the integrated circuit, including deflecting the IC output

in proportion to current in the coil.

56. The method according to claim 52, further including applying a constant current to the

coil and verifying a deflection on the IC output proportional to a gain of the analog signal

path.

57. The method according to claim 52, further including verifying a zero field operation of

the IC output.

58. The method according to claim 52, further including employing a die supported by a
leadframe having a region cutout from the leadframe, wherein the location of the magnetic

sensing element is aligned with the region to reduce Eddy currents.

59. An integrated circuit, comprising:

a magnetic sensing element;

fault detection module coupled to the sensing element, the fault detection module
including circuitry to detect a fault condition and to self-test operation of the circuitry for
detecting the fault condition; and

a fault pin to indicate the fault condition.
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60. The integrated circuit according to claim 59, wherein the fault detection module

includes a window comparator having at least one threshold associated with the fault

condition.

61. The integrated circuit according to claim 60, wherein the at least one threshold

corresponds to a short circuit condition.

62. The integrated circuit according to claim 61, wherein the short circuit condition is

located in a signal path extending from the window comparator to the magnetic sensing

element.

63. The integrated circuit according to claim 60, wherein the fault pin is activated to a

given state upon fault detection by the at least one threshold.

64. The integrated circuit according to claim 59, wherein self-test signals of the self-test

operation are programmable in duration.

65. A method, comprising:

coupling a magnetic sensing element to fault detection module in an integrated
circuit;

providing the fault detection module to include circuitry to detect a fault condition
and to self-test operation of the circuitry for detecting the fault condition;

providing self-test signals; and

providing a fault pin to indicate the fault condition.

66. The method according to claim 65, wherein the fault detection module includes a

window comparator having at least one threshold associated with the fault condition.

67. The method according to claim 66, wherein the at least one threshold corresponds to

a short circuit condition.
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68. The method according to claim 67, wherein the short circuit condition is located in a

signal path extending from the window comparator to the magnetic sensing element.

69. The method according to claim 66, wherein the fault pin is activated to a given state

upon fault detection by the at least one threshold.

70. The method according to claim 66, wherein the fault condition includes a current

level above a threshold.

71. The method according to claim 68, wherein the fault pin is an input/output pin such
that pulling the fault pin to a given voltage level for a given time provides a self-test

request to initiate the self-test operation.

72. The method according to claim 71, wherein the given time of the self-test request is

programmable.

73. The method according to claim 71, wherein the given time of the self-test request

corresponds to power up initiation of self-test request.

74. The method according to claim 71, wherein the self-test operation is entered only

when an applied magnetic field is below a magnetic field threshold.

75. The method according to claim 71, further including controlling a voltage on the fault

pin to provide an acknowledge signal indicating entrance into the self-test operation.

76. The method according to claim 75, wherein an amount of time the acknowledge

signal is active is programmable.

77. The method according to claim 75, further including controlling the voltage level on

the fault pin to provide results from the self-test operation.

78. The method according to claim 77, further including timing the voltage level on the

fault pin to indicate a pass or a fail of the self-test operation.
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79. The method according to claim 78, wherein a transition of the voltage level at a first
time indicates pass, a transition of the voltage level at a second indicates a sensor test fail,

and a transition of the voltage level at a third time indicates a fault failure.

80. The method according to claim 79, wherein the first, second, and third times are

programmable.

81. The method according to claim 65, further including initiating the self-test operation

after a temperature change of greater than a temperature threshold.

82. The method according to claim 65, wherein the integrated circuit comprises a

package having exactly four pins.

83. The method according to claim 65, further including employing a die supported by a
leadframe having a region cutout from the leadframe, wherein the location of the magnetic

sensing element is aligned with the region to reduce Eddy currents.

84. The method according to claim 65, wherein the self-test is terminated when a

magnetic field above a flux threshold is detected.

85. The method according to claim 65, wherein the integrated circuit comprises a linear

current sensor.

86. The method according to claim 65, wherein self-test signals of the self-test operation

are programmable in duration.
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