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(57) Abstract: A number of position sensors and processing
circuits for position sensors are described. The processing
circuits include first and second measurement circuits that
each process at least one common sensor signal. Measure-
ment processing circuitry is arranged to use the measure-
ments from each measurement circuit, typically in a time in-
terleaved manner, so that whilst the measurement processing
circuitry is using the measurements from one measurement
circuit, measurements obtained in the other measurement cir-
cuit can be used to determine calibrations that can be used to
calibrate subsequent measurements obtained from that meas-
urement circuit.
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Position Sensor

The present invention relates to position sensors and to apparatus for use in such sensors. The
invention has particular, although not exclusive, relevance to inductive position sensors that can be used in
linear or rotary applications and to excitation circuitry and processing circuitry used in such position sensors.

Position sensors are used in many industries. Optical encoders are used in many applications and
offer the advantages of providing low latency measurements and high update rates. However, optical
encoders are expensive and require a clean environment to work correctly.

Inductive position encoders are also well known and typically include a movable target, whose
position is related to the machine about which position or motion information is desired, and stationary sensor
coils which are inductively coupled to the moving target. The sensor coils provide electrical output signals
which can be processed to provide an indication of the position, direction, speed and/or acceleration of the
movable target and hence for those of the related machine. In some applications, the target may be
stationary and the sensor coils move and in other applications both may move.

Some inductive position encoders employ a magnetic field generator as the target. The magnetic
field generator and the sensor coils are arranged so that the magnetic coupling between them varies with the
position of the movable member relative to the stationary member. As a result, an output signal is obtained
from each sensor coil which varies with the position of the movable member. The magnetic field generator
may be an active device such as a powered coil; or a passive device, such as a field concentrating member
(e.g. a ferrite rod), a conductive screen or a resonator. When a passive device is used, the magnetic field
generator is typically energised by an excitation coil which can be mounted on the stationary member.

Whilst inductive position encoders are much cheaper than optical encoders, they typically have a
higher latency and a lower update rate compared to optical encoders which make them less reliable for use in
applications where the moving object is moving quickly.

The present invention aims to provide alternative position encoders and to provide novel components
therefor. Embodiments of the invention provide new processing circuitry and new excitation circuitry that can
be used with, for example, an inductive position encoder to reduce its latency and improve its accuracy.

According to one aspect, the present invention provides processing circuitry for use in processing
sensor signals, the processing circuitry comprising: a first measurement circuit configured to receive a first
plurality of sensor signals from a plurality of sensor inputs and configured to pass the first plurality of sensor
signals through the first measurement circuit in a time division manner in a sequence of time intervals to
generate a first time division sequence of sensor measurements in response thereto; a second measurement
circuit configured to receive at least one sensor signal from a sensor input and configured to pass the at least
one sensor signal through the second measurement circuit to generate sensor measurements in response
thereto; and measurement processing circuitry configured to process the sensor measurements generated by
the first and second measurement circuits to determine and output sensor results; wherein the first and
second measurement circuits are both configured to receive a sensor signal from at least one common sensor
input and to output respective common sensor measurements in response thereto; and wherein the
measurement processing circuitry is configured to determine and output sensor results using the common
sensor measurements obtained from the first and second measurement circuits. By providing two (or more)
measurement circuits in this way, where each measurement circuit can process a common sensor signal, the
processing circuitry can detect errors in the measurements and can also continuously calibrate one or more of
the measurement circuits.

The measurement processing circuitry can determine various different calibration data including:

o calibration data that maps the signal amplitude measured in one measurement channel to the
signal amplitude measured in another measurement channel in order to remove the difference in
the gain and offset between measurement channels;

o calibration data determined by measuring the amplitude and phase of a reference signal that is



10

15

20

25

30

35

40

45

50

WO 2015/022516 PCT/GB2014/052460
-2

used for breakthrough offset correction in the sensor signals measured by electronics;

o calibration data determined by measuring the phase of the reference signal to actively tune its value
to a predetermined phase stored in the memory of the electronics;

o calibration data corresponding to the phase shift introduced in the amplification and filtering circuitry
in order to correct the measurement provided by the measurement circuit;

o calibration data that removes any remaining differences between sensor results obtained from
different measurement circuits so that substantially the same sensor result is output from either
measurement circuit.

The measurement processing circuitry may determine and output a sensor result using the common
sensor measurement obtained from the first measurement circuit and the common sensor measurement
obtained from the second measurement circuit. In one embodiment, the measurement processing circuitry
determines calibration data using the common sensor measurement from the first measurement circuit and
determines a sensor result using the common sensor measurement from the second measurement circuit and
the calibration data determined using the common sensor measurement from the first measurement circuit.
The measurement processing circuiry may be arranged to determine mapping data that relates
measurements made by the first measurement circuit to measurements made by the second measurement
circuit using the common sensor measurements from the first and second measurement circuits.

In some embodiments, the measurement processing circuitry switches between determining sensor
results using sensor measurements from the first measurement circuit and sensor measurements obtained
from the second measurement circuit and determines calibration data to smooth changes in the sensor results
when performing said switching using the common sensor measurement from the first measurement circuit
and the common sensor measurement from the second measurement circuit.

Typically, each input sensor signal has a first frequency and the first and second measurement
circuits are configured to receive and down convert the sensor signals to a sensor signal having a second
frequency that is lower than the first frequency. In some embodiments, the measurement processing circuitry
may control the switching of the sensor signals through said first measurement circuit in a time division
multiplexed manner so that said common sensor signal passes through said first and second measurement
circuits at different times. Preferably, the common sensor signal is switched through said first and second
measurement circuits at a third frequency that is higher than said second frequency — as this allows
measurements of the common signal to be obtained at around the same point in time, without requiring any
buffer amplifiers that would allow the common sensor signal to be input to both measurement circuits at the
same time.

In one embodiment, the plurality of sensor inputs includes main sensor inputs and auxiliary sensor
inputs and the first measurement circuit is configured to receive auxiliary sensor signals from the auxiliary
sensor inputs and to output auxiliary sensor measurements and wherein said measurement processing
circuitry is configured to process said auxiliary sensor measurements to determine calibration data for use in
calibrating sensor results.

The plurality of sensor inputs typically includes at least one main sensor input and at least one
auxiliary sensor input, wherein the first measurement circuit is configured to receive auxiliary sensor signals
from the at least one auxiliary sensor input and to output auxiliary sensor measurements.

The measurement processing circuitry may be arranged to determine mapping data that relates
measurements made by the first measurement circuit to measurements made by the second measurement
circuit using the common sensor measurements from the first and second measurement circuits and may be
arranged to determine a breakthrough correction for a sensor result using at least one auxiliary sensor
measurement and the determined mapping data.

The second measurement circuit may also be configured to receive a plurality of sensor signals from
a plurality of sensor inputs and to pass the plurality of sensor signals through the second measurement circuit
in a time division manner in a sequence of time intervals to generate a second time division sequence of
sensor measurements.

In this case, the plurality of sensor inputs may include at least one main sensor input and at least one
auxiliary sensor input, wherein the first measurement circuit is configured to receive auxiliary sensor signals
from the at least one auxiliary sensor input and to output auxiliary sensor measurements, wherein the second
measurement circuit is configured to receive auxiliary sensor signals from the at least one auxiliary sensor
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input and to output auxiliary sensor measurements. The first and second measurement circuits may be
configured: i) so that during time intervals when the first measurement circuit is passing the auxiliary sensor
signals there through, the second measurement circuit is passing sensor signals from the at least one main
sensor input there through; and ii) so that during time intervals when the second measurement circuit is
passing the auxiliary sensor signals there through, the first measurement circuit is passing the sensor signals
from the at least one main sensor input there through.

The measurement processing circuitry may be configured to determine a breakthrough correction for
the first measurement circuit using an auxiliary sensor measurement obtained from the first measurement
circuit and to determine a breakthrough correction for the second measurement circuit using an auxiliary
sensor measurement obtained from the second measurement circuit and may be configured to correct main
sensor measurements obtained from the first measurement circuit using the breakthrough correction for the
first measurement circuit and to correct main sensor measurements obtained from the second measurement
circuit using the breakthrough correction for the second measurement circuit.

In some embodiments, the first and second measurement circuits overlap the passing of the signals
from the at least one main sensor input there through, so that during some time intervals, both the first and
second measurement circuits generate sensor measurements of the sensor signals received from the at least
one main sensor input.

The processing circuitry may further comprise excitation circuitry for generating an excitation signal
for energising a target and the sensor signals are received from the sensor inputs in response to the
energising of target. In this case, each measurement circuit may include demodulating circuitry for multiplying
the sensor signal passing through the measurement circuit with a demodulation signal comprising a phase
shifted version of the excitation signal and phase shift circuitry can be provided for varying the phase of the
excitation signal or the phase shifted version of the excitation signal forming part of the demodulation signal.
In this case, the plurality of sensor inputs may include an auxiliary sensor input, and the phase shift circuitry
may vary the phase in dependence upon a control signal determined using a sensor measurement obtained
from the sensor signal received at said auxiliary sensor input.

In one embodiment, each measurement circuit is arranged to output a first main sensor measurement
corresponding to a sensor signal received from a first main sensor input and to output a second main sensor
measurement corresponding to a sensor signal received from a second main sensor input and wherein the
measurement processing circuitry is configured: i) to perform a ratiometric calculation of the first main sensor
measurement and the second main sensor measurement obtained from the first measurement circuit, to
determine a first ratiometric result; ii) to perform a ratiometric calculation of the first main sensor measurement
and the second main sensor measurement obtained from the second measurement circuit, to determine a
second ratiometric result; and iii) to determine and output sensor results using the first and second ratiometric
results.

The measurement processing circuitry may be arranged to determine a difference between sensor
results obtained using sensor measurements from the first measurement circuit and corresponding sensor
results obtained using sensor measurements from the second measurement circuit and may determine a
correction to be applied to the sensor measurements obtained from at least said first measurement circuit
using said difference so that sensor results obtained using measurements from said first and second
measurement circuits in relation to the same sensor signals are substantially the same. In this case, the
measurement processing circuitry may also determine a correction to be applied to the sensor measurements
obtained from said second measurement circuit using said difference.

A speed measure relating to a rate of change of the sensor results may also be determined and used
to determine a compensation to be applied to the sensor results to compensate for motion of a sensor target.
The compensation to be applied to a sensor result may depend on the value of the uncompensated sensor
result. In a preferred embodiment, the measurement processing circuitry determines a sensor result using a
first sensor measurement of a sensor signal obtained from a first main sensor input during a first time interval
by the first measurement circuit and a second sensor measurement of a sensor signal obtained from a second
main sensor input during a second time interval by the first measurement circuit; and the measurement
processing circuitry applies a first compensation to the sensor result if the first time interval is before the
second time interval and applies a second, different, compensation to the sensor result if the second time
interval is before the first time interval. An acceleration measure may also be used to determine the
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compensation measure.

In one embodiment, the first and second measurement circuits are configured, during an overlap
period, to overlap the passing of sensor signals from the at least one main sensor input there through, so that
during some time intervals, both the first and second measurement circuits generate sensor measurements of
the sensor signals received from the at least one main sensor input, wherein the measurement processing
circuitry is arranged: i) to determine a first sensor result using sensor measurements obtained from the first
measurement circuit during said overlap period; ii) to determine a second sensor result using sensor
measurements obtained from the second measurement circuit during said overlap period,; iii) to determine a
difference between the first and second sensor results; and iv) to apply a compensation to subsequent sensor
results using said difference to compensate for dynamic errors caused by motion of a sensor target.

In this case, the measurement processing circuitry may determine a sensor result using a first sensor
measurement of a sensor signal obtained from a first main sensor input during a first time interval by the first
measurement circuit and a second sensor measurement of a sensor signal obtained from a second main
sensor input during a second time interval by the first measurement circuit, wherein the measurement
processing circuitry is arranged may apply a first compensation using said difference to the sensor result if the
first time interval is before the second time interval, and may apply a second, different, compensation using
said difference to the sensor result if the second time interval is before the first time interval.

In one embodiment, each measurement circuit has an auxiliary mode of operation and a main sensor
mode of operation, wherein when the first measurement circuit is configured to operate in the main sensor
mode of operation, the second measurement circuit is configured to operate in the auxiliary mode of operation
and vice versa. When operating in the main sensor mode of operation, a measurement circuit is configured to
pass the sensor signals obtained from the at least one main sensor input there through without passing the
sensor signals from the auxiliary sensor inputs there through and when operating in the auxiliary mode of
operation, a measurement circuit is configured to pass the signals obtained from the auxiliary sensor inputs
and sensor signals obtained from the at least one main sensor input there through in a time division manner.
In this case, the measurement processing circuitry may determine calibration data for a measurement circuit
using sensor measurements of the sensor signals obtained from the at least one main sensor input when the
measurement circuit is operating in said auxiliary mode of operation and may apply the calibration data to
sensor results obtained from the measurement circuit when operating in said main sensor mode of operation.
Again, the calibration data determined for one measurement circuit may depend on a speed (an acceleration)
measure determined from sensor results obtained using sensor measurements from the other measurement
circuit. Typically, the determined calibration data for a measurement circuit is for cancelling a phase offset
introduced into the sensor results by the measurement circuit.

In one embodiment, analogue to digital converter, ADC, circuitry is provided for converting sensor
measurements obtained from the first measurement circuit to digital data and second analogue to digital
converter circuitry is provided for converting sensor measurements obtained from the second measurement
circuit, wherein the measurement processing circuitry dynamically adjusts a timing of a conversion performed
by the first ADC circuitry in dependence upon a speed measure determined using sensor measurements
obtained from the second measurement circuit. ~ Similarly, the measurement processing circuitry may
dynamically adjust a timing of a conversion performed by the second ADC circuitry in dependence upon a
speed measure determined using sensor measurements obtained from the first measurement circuit.

In one embodiment, each measurement circuit is configured to multiplex a pair of sensor signals
there through during each time interval to generate a sensor measurement signal whose phase varies with the
ratio of the pair of sensor signals. In this case, the measurement processing circuitry may include a zero
crossing detector for detecting zero crossings of the sensor measurement signal. The measurement circuitry
may also include an analogue to digital converter, ADC, for obtaining an amplitude measure of an amplitude
of the sensor measurement signal between a pair of adjacent detected zero crossing events and wherein the
measurement processing circuitry is configured to use the amplitude measure to identify which of the pair of
adjacent zero crossing events is arising zero crossing event and which is a falling zero crossing event.

In one embodiment, the measurement processing circuitry is configured to report sensor results using
the sensor measurements from the first measurement circuit during a first part of a detection cycle and is
configured to report sensor results using the sensor measurements from the second measurement circuit in a
second part of the detection cycle; and wherein the measurement processing circuitry is configured to ignore
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or add sensor results when switching between reporting using the sensor measurements obtained from the
first measurement circuit and reporting using the sensor measurements from the second measurement circuit.
For example, the measurement processing circuitry may ignore a first sensor result after switching to the
sensor measurements obtained from the second measurement circuit in the event that a first sensor result
obtained from the second measurement circuit is obtained within a defined time period of a last reported
sensor result obtained using the sensor measurements of the first measurement circuit.  Similarly, the
measurement processing circuitry may add a sensor result after switching to the sensor measurements
obtained from the second measurement circuit if a sensor result was determined using the sensor
measurements from the second measurement circuit within a defined time period before switching over to
reporting sensor results using the sensor measurements of the second measurement circuit. When adding a
new sensor result, the measurement processing circuitry may extrapolate a sensor result made using sensor
measurements obtained from the second measurement circuit in a previous time interval in accordance with a
measure of a speed of motion of a sensor target (and optionally in accordance with a measure of the
acceleration as well).

In one embodiment, the first measurement circuit comprises a first multiplexor for multiplexing a
sensor signal with a modulation control signal having a fundamental frequency within a pass band of
amplification and filtering circuitry forming part of the first measurement circuit, wherein the switching of the
first multiplexor injects unwanted charge injection into the sensor signals at around said fundamental
frequency, wherein an output from the first multiplexor is passed through a second multiplexor of the first
measurement circuit and a chopper signal, having a frequency that is a multiple of said fundamental
frequency, is used to enable and disable the second multiplexor in order to inject additional charge into the
sensor signals, and wherein transition points of said chopper signal are time aligned with transition points of
said modulation control signal so that the total charge injection into the sensor signals is at the higher
frequency of said chopper signal, which higher frequency is outside the pass band of said amplification and
filtering circuitry, whereby said charge injection is substantially attenuated in a sensor measurement signal
output from the first measurement circuit.

The chopper signal and said modulation control signal may be generated from a common clock
signal in order to time align the transition points of the chopper signal and the transition points of the
modulation control signal. For example, control signal logic may be provided for generating said chopper
signal and said modulation control signal from a master clock signal.

In one embodiment, one of the first and second measurement circuits provides sensor
measurements for use in determining main sensor results and the other one of the first and second
measurement circuits provides auxiliary measurements and wherein the roles of the first and second
measurement circuits is reversed depending on a value of the sensor result.

In an embodiment, the measurement processing circuitry may use the sensor measurements from
the first measurement circuit to determine first sensor results that vary with a sensor variable according to a
first function and to use the sensor measurements from the second measurement circuit to determine second
sensor results that vary with the sensor variable according to a second function that is different from the first
function; and wherein the measurement processing circuitry is configured to determine a value of the sensor
variable using the first and second sensor results. The measurement processing circuitry may use the first
sensor results to determine the value of the sensor variable or may use the second sensor results to
determine the value of the sensor variable depending on the value of the sensor variable. The measurement
processing circuitry may to use the first sensor results to determine a first value of the sensor variable and to
use the second sensor results to determine a second value of the sensor variable and may combine the first
and second values in accordance with a weighting function. The weighting function used may depend on the
value of the sensor variable.

In one embodiment, the plurality of sensor inputs include auxiliary sensor inputs, wherein the first and
second measurement circuits are configured to obtain sensor measurements of the sensor signals from the at
least one main sensor input more frequently than they obtain sensor measurements of the sensor signals
from the auxiliary sensor inputs; and wherein sensor inputs that are defined as being main sensor inputs and
sensor inputs that are defined as being the auxiliary sensor inputs change in dependence upon sensor results
determined by the measurement processing circuitry. In this case, the measurement processing circuitry may
use the sensor results to determine a value of a sensor variable and when the sensor variable falls within a
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first range of values the main sensor inputs correspond to a first set of the sensor inputs and the auxiliary
sensor inputs correspond to a second set of the sensor inputs and when the sensor variable falls within a
second range of values the main sensor inputs correspond to the second set of the sensor inputs and the
auxiliary sensor inputs correspond to the first set of the sensor inputs.

According to another aspect, the present invention also provides a position sensor comprising: a
plurality of detection elements and a target, at least one of: i) the detection elements; and ii) the target, being
moveable relative to the other such that signals are generated in the detection elements that depend on the
relative position of the target and the detection elements; and any of the processing circuitry described above
for processing the signals from the detection elements and for determining and outputting position information
relating to the relative position of the target and the detection elements. The position sensor may be, for
example, a linear or rotary position sensor or a proximity sensor. The sensor may use inductive detection
elements, capacitive detection elements or Hall effect detection elements.

According to another aspect, the present invention provides a sensor board carrying: an excitation
coil comprising a first set of one or more substantially planar conductor loops and a second set of one or more
substantially planar conductor loops, wherein the loops of the first set are substantially concentric and are
connected in series and wound in the same sense, wherein the one or more conductor loops of the second
set are connected in series and wound in the same sense, the one or more conductor loops of the first set
being grouped together between a first inner diameter and a first outer diameter and the conductor loops of
the second set being grouped together between a second inner diameter and a second outer diameter and
wherein the second outer diameter is smaller than the first inner diameter; and a first detection coil comprising
a third set of one or more substantially planar conductor loops and a fourth set of one or more substantially
planar conductor loops, the conductor loops of the first detection coil being substantially concentric with each
other and with the conductor loops of the excitation coil;

wherein the one or more conductor loops of the third set are connected in series and wound in the
same sense, wherein the one or more conductor loops of the fourth set are connected in series and wound in
the same sense, wherein the one or more conductor loops of the third set are connected in series and wound
in the opposite sense with the one or more conductor loops of the fourth set; wherein the one or more
conductor loops of the third set are grouped together between a third inner diameter and a third outer
diameter; wherein the one or more conductor loops of the fourth set are grouped together between a fourth
inner diameter and a fourth outer diameter, wherein the fourth outer diameter is less than the third inner
diameter; wherein the number of conductor loops in, and the respective inner and outer diameters of, the third
and fourth sets of conductor loops are selected so that the first detection coil is substantially insensitive to
background electromagnetic signals; and wherein the number of conductor loops in, and the respective inner
and outer diameters of, the first, and second conductor loops are selected so that the detection coil is
substantially balanced with respect to the excitation coil.

In one embodiment, the one or more conductor loops of the third set are located in closer proximity to
the one or more conductor loops of the first set than the proximity of the one or more conductor loops of the
fourth set to the one or more conductor loops of the first set. Alternatively, the one or more conductor loops of
the fourth may be located in closer proximity to the one or more conductor loops of the second set than the
proximity of the one or more conductor loops of the third set to the one of more conductor loops of the first
set. Alternatively still, the one or more conductor loops of the third set may be located in closer proximity to
the one or more conductor loops of the second set than the proximity of the one or more conductor loops of
the fourth set to the one of more conductor loops of the second set.

According to another aspect, the present invention provides processing circuitry for use in processing
sensor signals, the processing circuitry comprising: a first measurement circuit configured to receive a
plurality of sensor signals from a plurality of sensor inputs and configured to pass the plurality of sensor
signals through the first measurement circuit in a time division manner in a sequence of time intervals to
generate a first time division sequence of sensor measurements in response thereto; a second measurement
circuit configured to receive at least one sensor signal and configured to pass the at least one sensor signal
through the second measurement circuit to generate sensor measurements in response thereto; and
measurement processing circuitry configured to process the sensor measurements generated by the first and
second measurement circuits to determine and output sensor results; wherein the first and second
measurement circuits are both configured to receive a sensor signal from at least one common sensor input
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and to output respective common sensor measurements in response thereto; and wherein the measurement
processing circuitry is configured to use said common sensor measurements to determine first mapping data
that relates sensor measurements obtained from said second measurement circuit to sensor measurements
obtained from said first measurement circuit.

According to another aspect, the present invention provides processing circuitry for use in processing
sensor signals, the processing circuitry comprising: a first measurement circuit configured to receive a plurality
of sensor signals from a plurality of sensor inputs and configured to pass the plurality of sensor signals
through the first measurement circuit in a time division manner in a sequence of time intervals to generate a
first time division sequence of sensor measurements in response thereto; a second measurement circuit
configured to receive a plurality of sensor signals from a plurality of sensor inputs and configured to pass the
plurality of sensor signals through the second measurement circuit in a time division manner in a sequence of
time intervals to generate a second time division sequence of sensor measurements in response thereto; and
measurement processing circuitry configured to process the first and second time division sequences of
sensor measurements to determine and output sensor results; wherein during first time periods, the
measurement processing circuitry is arranged to determine sensor results using sensor measurements from
the first measurement circuit and during second time periods, the measurement processing circuitry is
arranged to determine sensor results using sensor measurements from the second measurement circuit;
wherein during at least one first time period, the measurement processing circuitry is arranged to determine
calibration data for use in determining the sensor results using the sensor measurements generated by the
second measurement circuit.

According to another aspect, the present invention provides processing circuitry for use in processing
sensor signals, the processing circuitry comprising: a first measurement circuit configured to receive and
down convert an input sensor signal having a first frequency to a sensor signal having a second frequency
that is lower than the first frequency and to generate therefrom sensor measurements; a second
measurement circuit configured to receive and down convert an input sensor signal having said first frequency
to a sensor signal having said second frequency and to generate therefrom sensor measurements; wherein
the first and second measurement circuits are both configured to receive a common sensor signal from at
least one common sensor input; control circuitry for causing said common sensor signal to be switched
through said first and second measurement circuits in a time division multiplexed manner so that said
common sensor signal passes through said first and second measurement circuits at different times; wherein
said control circuitry is arranged to cause said common sensor signal to be switched through said first and
second measurement circuits at a third frequency that is higher than said second frequency; and
measurement processing circuitry configured to process the sensor measurements obtained from said first
and second measurement circuits to determine sensor results.

According to another aspect, the present invention provides processing circuitry for use in processing
sensor signals, the processing circuitry comprising: a first measurement circuit configured to receive a plurality
of sensor signals from a plurality of sensor inputs, including at least one main sensor input and at least one
auxiliary sensor input, and configured to pass the plurality of sensor signals through the first measurement
circuit in a time division manner in a sequence of time intervals to generate a first time division sequence of
sensor measurements in response thereto; a second measurement circuit configured to receive a plurality of
sensor signals from a plurality of sensor inputs, including said at least one main sensor input and said at least
one auxiliary sensor input, and configured to pass the plurality of sensor signals through the second
measurement circuit in a time division manner in a sequence of time intervals to generate a second time
division sequence of sensor measurements in response thereto; and measurement processing circuitry
configured to process the first and second time division sequences of sensor measurements to determine and
output sensor results; wherein each measurement circuit has an auxiliary mode of operation and a main
sensor mode of operation; wherein when the first measurement circuit is configured to operate in the main
sensor mode of operation, the second measurement circuit is configured to operate in the auxiliary mode of
operation and when the second measurement circuit is configured to operate in the main sensor mode of
operation, the first measurement circuit is configured to operate in the auxiliary mode of operation; wherein
when operating in the main sensor mode of operation, a measurement circuit is configured to pass the sensor
signals obtained from the at least one main sensor input there through and when operating in the auxiliary
mode of operation, a measurement circuit is configured to pass the signals obtained from the at least one
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auxiliary sensor input there through; and wherein said measurement processing unit is configured: i) to
determine sensor results using sensor measurements obtained from a measurement circuit when operating in
said main sensor mode of operation; ii) to determine calibration data for a measurement circuit using sensor
measurements obtained from the measurement circuit when the measurement circuit is operating in said
auxiliary mode of operation; and iii) to use the calibration data for a measurement circuit when determining the
sensor results using the sensor measurements obtained from that measurement circuit when operating in said
main sensor mode of operation.

According to another aspect, the present invention provides processing circuitry for use in processing
sensor signals, the processing circuitry comprising: measurement circuitry configured to receive a first plurality
of sensor signals from a first plurality of sensor inputs, including a first main sensor input and a second main
sensor input and configured to pass the first plurality of sensor signals through the measurement circuitry in a
time division manner in a sequence of time intervals to generate at least one time division sequence of sensor
measurements in response thereto; and measurement processing circuitry configured to process the sensor
measurements generated by the measurement circuitry to determine and output sensor results; wherein the
measurement processing circuitry is configured to determine a sensor result using a first sensor measurement
of a sensor signal obtained from said first main sensor input during a first time interval and a second sensor
measurement of a sensor signal obtained from said second main sensor input during a second time interval,
and is arranged to apply a first compensation when determining the sensor result if the first time interval is
before the second time interval and is arranged to apply a second, different, compensation when determining
the sensor result if the second time interval is before the first time interval.

According to another aspect, the present invention provides processing circuitry for use in a position
sensor, the processing circuitry comprising: an input for receiving a sensor signal from a sensor input, the
sensor signal being generated in response an excitation signal being applied to an excitation element;
wherein the excitation signal has an excitation frequency and an excitation signal phase that can vary during
use and wherein the sensor signal has the excitation frequency and a sensor signal phase that depends on
the excitation signal phase; a demodulator for multiplying the sensor signal with a demodulating clock signal
having said excitation frequency and a demodulating clock signal phase, to generate a demodulated sensor
signal; control circuitry for processing the demodulated sensor signal to determine position information for a
sensor target; and phase tracking circuitry for maintaining a desired phase relationship between the excitation
phase and the demodulating clock phase, the phase tracking circuitry comprising: logic circuitry for generating
a first square wave clock signal having a fundamental frequency that is a multiple of the excitation frequency;
a filter circuit for filtering the square wave clock signal to produce a filtered signal having the fundamental
frequency; a comparator circuit for comparing the filtered signal with a reference value to generate a digital
signal at the fundamental frequency, with a duty ratio of the digital signal depending on the reference value;
and a frequency divider circuit for receiving the digital signal output from the comparator circuit and for
dividing the frequency of the digital signal to generate a square wave clock signal having the excitation
frequency and a phase that depends on the reference value; and wherein the square wave clock signal
generated by the frequency divider circuit is for use in generating said excitation signal or the demodulating
clock signal; and wherein the control circuitry is configured to vary the reference value used by said
comparator to adjust the phase of the square wave clock signal generated by the frequency divider circuit to
maintain the desired phase relationship between the excitation signal phase and the demodulating clock
signal phase.

The frequency divider circuit may be arranged to generate first and second demodulating clock
signals that are separated in phase by substantially 90 degrees and wherein the demodulator is configured to
multiply the sensor signal with the first and second demodulating clock signals in a time interleaved manner.
The control circuitry may vary the reference value in dependence upon a sensor signal received from an
auxiliary sensor input.

According to another aspect, the present invention provides processing circuitry for use in a position
sensor, the processing circuitry comprising first and second measurement circuits that each process at least
one common sensor signal and provide corresponding measurements; and measurement processing circuitry
that is arranged to use the measurements from each measurement circuit, in a time interleaved and cyclic
manner, to determine sensor results so that whilst the measurement processing circuitry is using the
measurements from one measurement circuit to determine sensor results, measurements obtained from the
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other measurement circuit are used to determine correction data that is used to correct subsequent
measurements obtained from that measurement circuit. Typically, the measurement processing circuitry will
repeatedly update the correction data for a measurement circuit each time the measurement processing
circuitry is using measurements from the other measurement circuit to determine sensor results.

As those skilled in the art will appreciate, these various aspects of the invention may be provided
separately or they may be combined together in one embodiment. Similarly, the modifications and
alternatives described above are applicable to each aspect of the invention and they have not been repeated
here for expediency.

These and other aspects of the invention will become apparent from the following detailed description
of embodiments and alternatives that are described by way of example only, with reference to the following
drawings in which:

Figure 1 is a block diagram illustrating components of excitation and processing circuitry used in an
inductive position sensor;

Figure 2a illustrates an excitation coil, coarse cosine and coarse sine detection coils and fine cosine
and fine sine detection coils forming part of a sensor board that is connected to the circuitry shown in Figure
1;

Figure 2b is a plot illustrating the way in which ratiometric measurements obtained from the coarse
and fine detection coils vary with position;

Figure 3 schematically illustrates in more detail the excitation circuitry used to apply excitation signals
to the excitation coil shown in Figure 2a and measurement circuitry used to process signals obtained from the
coarse and fine detection coils shown in Figures 2a and 2b;

Figure 4 illustrates two measurement circuits forming part of the measurement circuitry shown in
Figure 3 and illustrating the way in which different inputs of each measurement circuit are connected to the
detection coils;

Figure 5 illustrates in more detail the components in each of the two measurement circuits;

Figure 6 is a timing diagram illustrating the way in which signals from the inputs to a measurement
circuit may be switched through the measurement circuit;

Figure 7a is illustrates amplification and filtering circuitry that forms part of each measurement circuit
and that is used to amplify and filter signals obtained from the detection coils;

Figure 7b schematically illustrates a spectrum of the signal that is to be amplified and filtered by the
amplification and filtering circuit shown in Figure 7a;

Figure 7c illustrates a desired filter response for the amplification and filtering circuit shown in Figure
7a that can be used to filter the signal to remove the high frequency demodulation components whilst
maintaining signal components that will vary with the position to be sensed,;

Figure 8 illustrates the way in which an output signal from the amplification and filtering circuit may
vary during the five detection intervals illustrated in Figure 6;

Figure 9 is a timing diagram illustrating in more detail the timing of when the output signal from the
amplification and filtering circuit is converted to digital values and illustrating a measurement latency
associated with the measurements;

Figure 10 is a timing diagram illustrating a sequence of measurements that are obtained using the
two measurement circuits during a detection cycle and illustrating the way in which measurements from the
two measurement circuits are interleaved with one another;

Figure 11 is a flow chart illustrating the processing performed by the microcontroller to process the
signals obtained during a detection cycle;

Figure 12a is a timing diagram illustrating the way in which the microcontroller combines

measurements to determine a position measurement and the way in which the processing of the fine sine and
cosine signals is overlapped between the two measurement circuits;

Figure 12b is a plot illustrating the way in which a correction value is determined to correct for
different phase shifts associated with the two measurement channels;

Figure 13 schematically illustrates alternative excitation circuitry that allows for a dynamic change of
the phase of the excitation signal;

Figure 14a schematically illustrates the way in which the phase of the excitation signal can be varied
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using the circuitry shown in Figure 13;

Figure 14b is a flow chart illustrating a procedure performed by the microcontroller to vary a DAC
control signal used to vary the phase of the excitation signal;

Figure 15 is a timing diagram illustrating the way in which fine position measurements can be
obtained during each detection interval,

Figure 16 is a block diagram illustrating components of excitation and processing circuitry used in an
inductive position sensor;

Figure 17 is a timing diagram illustrating the way in which signals from two inputs are combined
together to form an intermediate signal whose phase varies with the position to be measured;

Figure 18 is a timing diagram illustrating the way in which signals from two inputs are combined
together to form a further intermediate signal whose phase varies with the position to be measured,;

Figure 19a is a phase plot illustrating the way in which first and third phase measures vary with the
position being measured;

Figure 19b is a phase plot illustrating the way in which a corrected third phase measure varies with
the position being measured;

Figure 19¢ is a phase plot illustrating the way in which second and fourth phase measures vary with
the position being measured;

Figure 19d is a phase plotillustrating the way in which a corrected fourth phase measure varies with
the position being measured;

Figure 20 is a timing diagram illustrating the way in which signals from two inputs are combined
together with different control signals to form two intermediate signals whose phases vary with the position to
be measured;

Figure 21 is a block diagram illustrating some of the timers and control signals used to measure the
phases of the intermediate signals illustrated in Figure 20;

Figure 22 is a timing diagram illustrating the way in which some of the control signals are determined
using the circuitry shown in Figure 21;

Figure 23 illustrates the way in which signals from the different inputs can be multiplexed through two
measurement circuits;

Figure 24 is a timing diagram illustrating the phase measurements made using the circuitry shown in
Figure 21 to obtain fine target position information;

Figure 25 is a timing diagram illustrating measurements made during a breakthrough offset
calibration measurement mode;

Figure 26 is a timing diagram illustrating the way in which the signal from a fine detection coil can be
multiplexed together with an excitation reference signal through the measurement circuits;

Figure 27 is a timing diagram illustrating the way in which two demodulation clocks of different
phases can be used during measurement of an excitation reference signal;

Figure 28 is a timing diagram illustrating the way in which the signal from a fine detection coil can be
multiplexed together with an excitation reference signal through the measurement circuits when using
demodulation clocks having different phases;

Figure 29 illustrates in more detail the components in each of two measurement circuits used in an
alternative embodiment that uses a chopper signal to enable and disable a demodulating switch;

Figure 30 is a timing diagram illustrating the effect of introducing the chopper signal to increase
charge injection during the operation of the circuitry shown in Figure 29;

Figure 31 is a timing diagram illustrating the way in which the signal from a fine detection coil can be
multiplexed together with an excitation reference signal through the measurement circuits when using the
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chopper signal shown in Figure 29;

Figure 32 schematically illustrates alternative excitation circuitry and measurement circuitry that may
be used to process signals obtained from the detection coils;

Figure 33 illustrates in more detail the three measurement circuits forming part of measurement
circuitry shown in Figure 32;

Figure 34 illustrates the content of measurement circuit N1 and measurement circuit N2 shown in
Figure 33;

Figure 35 illustrates the content of measurement circuit M shown in Figure 33;

Figure 36 illustrates sample switching circuitry forming part of the circuitry shown in Figure 32 and
showing the way in which the outputs from the measurement circuits are connected to respective inputs of a
three channel ADC;

Figure 37 is a timing diagram illustrating some of the control signals used to control the operation of
measurement circuit N1 shown in Figure 34;

Figure 38 is a timing diagram illustrating the different control signals used to control the three
measurement circuits used in the circuitry shown in Figure 32;

Figure 39 is a plot illustrating the relative timings of when the signals output from the three
measurement circuits are sampled by the ADC;

Figure 40 is a timing diagram illustrating the way in which the different sensor signals input to
measurement circuit M are multiplexed there through in a time division manner;

Figure 41 is a plot illustrating different calibration data sets and different mapping data that is
generated for the different calibration data sets;

Figure 42 is a block diagram illustrating an alternative sample switching circuitry that can be used to
connect the outputs from the measurement circuits to the ADC;

Figure 43 is a timing diagram illustrating the way in which the signals from the three measurement
circuits are multiplexed through the ADC;

Figure 44a is a plot showing the way in which first and second detection signals vary with separation
of a target from sensor coils of a proximity sensor;

Figure 44b is a plot showing the way in which first and second phase measures vary with the position
of the separation of the target from the sensor coils of the proximity sensor:

Figure 45aillustrates the form of an excitation coil that can be used in the proximity sensor;

Figure 45b illustrates the form of a balanced detection coil that can be used in the proximity sensor;

Figure 45c illustrates the form of unbalanced detection coil that can be used in the proximity sensor;

Figure 456d schematically illustrates all of the proximity coils superimposed on each other, illustrating
the relative locations of the excitation coil and the two detection coils;

Figure 46 is a timing diagram illustrating the way in which the signals from the two detection coils of
the proximity sensor can be passed through the two measurement circuits of the processing circuitry used in
earlier embodiments;

Figure 47 is a plot illustrating the way in which two weighting functions vary with the separation of the
target from the sensor coils;

Figure 48 is a plot illustrating the way in which the microcontroller of the proximity sensor may switch
between two different measurements depending on the determined separation;

Figure 49 is a timing plot illustrating the way in which the different measurements can be switched
through the two measurement circuits to allow for a fast update rate of the target separation; and

Figure 50 is a timing plot illustrating the way in which the two measurement circuits can switch
between the two measurements that are used as the main measurement using the two measurement circuits.
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First Embodiment
Overview

Figure 1 is a schematic block diagram illustrating the main components of a position sensor 1 used in
this embodiment to sense the position of a target (not shown). The position sensor 1 has a connector 3 for
connection to sensor coils (not shown). As will be described in more detail below with reference to Figure 2,
in this embodiment the sensor coils include an excitation coil and coarse and fine detection coils. The
connector 3 is connected to a microcontroller 9 that controls the application of excitation signals to the
excitation coil and that processes the signals obtained from the detection coils. As shown in Figure 1, the
microcontroller 9 includes excitation and control signal logic 11 that generates the control signals used to
control the excitation and processing of the excitation and sensor coils. In particular, the excitation and
control signal logic 11 controls excitation circuitry 23 to apply an excitation signal to the excitation coil via the
connector 3 and controls measurement circuitry 25 to measure the signals obtained from the detection coils
via the connector 3. The microcontroller 9 also includes an analogue to digital converter (ADC) 13 which
converts analogue measurements into digital values which are then stored in memory 17. The microcontroller
9 also includes a measurement processing unit 19 which processes the digital measurements stored in
memory 17 to determine the position of the target relative to the sensor coils and which then reports this
position to a host device (not shown) via a host interface unit 21. Breakthrough calibration data 29 is provided
that is used to reduce errors caused by direct inductive coupling between the excitation coil and the detection
coils; and dynamic correction data 31 is maintained and used dynamically to correct for systematic errors
introduced because measurements are being calculated using different measurement circuits and/or because
of target movement during the measurement process.

As will be explained in more detail below, the fine detection coils provide more accurate (but
ambiguous) position information and the coarse detection coils provide less accurate (but non-ambiguous)
position information that can be used to disambiguate the accurate position information from the fine detection
coils. Further, the measurement circuitry 25 has two measurement circuits that are used to process the
signals obtained from the fine detection coils in an overlapped time division multiplexed manner to maximise
the rate at which accurate position information can be obtained from the position sensor 1 whilst also allowing
measurements to be obtained from the coarse detection coils.

Sensor Coils

The circuitry shown in Figure 1 can be used with a wide range of different sensor coils, such as
those described in WO95/31696, W097/14935, W02005/085763 or W02009/115764, the contents of
which are hereby incorporated by reference. Figure 2 schematically illustrates the different sensor coils
used in this embodiment for sensing the position of the target 5 along the X direction illustrated. In particular,
Figure 2a shows an excitation coil 2, a coarse sine detection coil 4-1 and a coarse cosine detection coil 4-2.
Figure 2a also shows a fine sine detection coil 6-1 and a fine cosine detection coil 6-2. Although Figure 2a
ilustrates the sensor coils in a side by side arrangement (for ease of illustration), they are all mounted
(superimposed) on top of each other on a sensor board 8. In this embodiment, the sensor board 8 is a printed
circuit board, with the conductors forming the sensor coils being defined by conductive tracks on different
layers of the printed circuit board 8 so that the different sensor coils are electrically insulated from each other.
Figure 2a also shows the target 5 that is arranged to move along the X direction relative to the sensor coils. A
number of different types of target 5 may be used. Typically the target 5 will be a short circuit coil, a
conductive screen (for example made of a piece of aluminium or steel) or, as illustrated in Figure 2a, an
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electromagnetic resonator 12 that is formed by a coil 14 and a capacitor 16. The excitation coil 2 and the
target 5 are arranged so that when the excitation circuitry 23 applies an excitation signal to the excitation coil
2, the excitation magnetic field generates a signal in the target 5 that creates its own electromagnetic field. In
the case of a resonant target 5, the signal is a current flowing in the resonator coil 14 and in the case of a
metallic screen, the signal is in the form of Eddy currents flowing on the surface of the metallic screen. The
detection coils 4 and 6 are geomefrically patterned along the X direction (the measurement path) as a result
of which, the electromagnetic coupling between each detection coil 4 and 6 and the target 5 varies as a
function of position along the measurement path. Therefore, the signal generated by the target 5 in each of
the detection coils will vary with position along the measurement path. As will be explained in further detail
below, since the geometric patterning of each of the detection coils is slightly different, the signal obtained
from each detection coil will vary in a slightly different manner with the position of the target 5.

In this embodiment, the excitation and detection coils are geometrically arranged on the PCB 8
so that, in the absence of the target 5, there is substantially no electromagnetic (inductive) coupling
between them. In other words, in the absence of the target 5, when an AC excitation current is applied to
the excitation coil 2, substantially no signal is induced in each of the detection coils 4, 6. This is not
however essential.

As shown, the coarse sine detection coil 4-1 is formed from a conductor that defines two loops
which are connected together in the opposite sense in a figure of eight configuration. As a result of the
figure of eight connection EMFs (electromotive forces) induced in the first loop by a common background
magnetic field will oppose the EMFs induced in the second loop by the same common background
magnetic field. The coarse sine detection conductor 4-1 has a pitch (L) that approximately corresponds
to the measurement range over which the target 5 can move. As those skilled in the art will appreciate,
the coarse cosine detection coil 4-2 is effectively formed by shifting the coarse sine detection coil 4-1 by a
quarter of the pitch (Lc) along the X direction. As shown, the coarse cosine detection coil 4-2 has three
loops, with the first and third loops being wound in the same direction as each other but opposite to the
winding direction of the second (middle) loop. The fine sine and cosine detection coils 6-1 and 6-2 are
similar to the coarse detection coils 4, except that they have a smaller pitch (Ly) so that, in this
embodiment, there are four repeats or periods along the measurement range over which the target 5 can
move.

The excitation coil 2 is wound around the outside of the detection coils 4 and 6 and is arranged
so that (in the absence of the target 5) it generates a magnetic field which is substantially symmetric
along an axis which is parallel to the Y axis and which passes through the middle of the excitation coil 2.
This axis of symmetry is also an axis of symmetry for the detection coils 4 and 6. Therefore, as a result
of the figure of eight arrangement of the detection coils 4 and 6 and as a result of the common symmetry
between the excitation coil 2 and the detection coils 4 and 6, there is minimal direct inductive coupling
between the excitation coil 2 and the detection coils 4 and 6. Further, as a result of the figure of eight
configuration of the detection coils 4 and 6, the coupling between each detection coil 4, 6 and the target 5
is approximately sinusoidal, with the period of the sinusoidal variation being defined by (L) for the coarse
detection coils 4 and with the period of the sinusoidal variation being defined by (L) for the fine detection
coils 6. The EMFs induced in the detection coils 4 and 6 by the target 5 may therefore be represented by
the following:
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where dc is the coarse position of the target 5 along the measurement direction, ds is the fine position of
the target 5 along the measurement direction, Ac and Ar are amplitude terms and w represents the
angular frequency of the excitation signal applied to the excitation coil 2. As those skilled in the art will
appreciate, the equations above are approximate in that the peak amplitudes of the signals obtained from
the detection coils do not vary exactly sinusoidally with the position of the target 5. This is an
approximation to the actual variation, which will depend upon edge effects, positions of via holes on the
printed circuit board and other effects that infroduce non-linearities into the system. If the detection coils
4 and 6 were ideal, then d. and dr would be the same value. After demodulation and filtering to remove
the excitation frequency component, the coarse position (dc) of the target 5 can be determined from:

2nd, e
0 = { L } = arctan [VT] (5)
and the fine position (ds) of the target 5 can be determined from:
2nd Vs
F /
o = = arctan [—Cj (6)
{ Lf } -

The determination of the position of the target 5 as a function of the ratio of the peak amplitudes
of the signals induced in the detection coils makes the system less sensitive to variations in the amplitude
of the excitation current and variations in the distance between the target 5 and the sensor coils.

Figure 2b illustrates the way in which the phases @F and @C vary with the position of the target 5
along the measurement path (X). As can be seen, the coarse measurement (¢C) varies monotonically
with the position of the target along the measurement range, whilst the fine measurement (¢F) repeats
four times along the measurement range. Thus whilst the fine position measurement is more accurate, it
is ambiguous. However, the coarse position information can be used to resolve the period ambiguity
associated with the fine position measurement.
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Connections to the Sensor Coils

Figure 3 illustrates in more detail the way in which the excitation circuitry 23 connects to the
excitation coil 2 at the connections labelled ex+ and ex- of the connector 3. Figure 3 also shows that the
coarse sine detection coil 4-1 is connected to the measurement circuitry 25 at the connections labelled
C_sin+ and C_sin- of the connector 3; that the coarse cosine detection coil 4-2 is connected to the
measurement circuitry 25 at the connections labelled C_cos+ and C_cos- of the connector 3; that the fine
sine detection coil 6-1 is connected to the measurement circuitry 25 at the connections labelled F_sin+
and F_sin- of the connector 3; and that the fine cosine detection coil 6-2 is connected to the
measurement circuitry 25 at the connections labelled F_cos+ and F_cos- of the connector 3.

Excitation circuitry

Figure 3 also shows in more detail the excitation circuitry 23 used in this embodiment which is most
suited for use with sensors that use non-resonant targets 5, such as targets formed from a short circuit coil or
from a piece of metal (as systems that use non-resonant targets 5 are more susceptible to the effects of direct
breakthrough from the excitation coil 2 to the detection coils 4 and 6). As shown, the excitation circuitry has a
symmetrical drive circuit formed by multiplexor 41 that applies VCC to ex+ and ground to ex- or that applies
VCC to ex- and ground to ex+ in accordance with the control signal ex_clock (supplied from the excitation
and control signal logic 11). Such a symmetric drive is useful to reduce the amplitude of any common mode
current which can be established via capacitive coupling from the excitation coil 2 into conductive objects in
the vicinity of the sensor coils. The excitation signal output from the multiplexor 41 is filtered by R-C low pass
filters 43-1 and 43-2 to remove higher frequency harmonics from the excitation signal.

Figure 3 also shows a simple resistor divider 45 that is used to provide a fraction of the excitation
voltage to the Ref+ and Ref- inputs of the measurement circuitry 25. As will be explained in more detail
below, this reference signal is used to reduce the amount of direct breakthrough noise in the measurement
results.

Measurement Circuitry

Figure 4 is a block diagram illustrating the way in which the inputs to the measurement circuitry 25
are connected to the inputs of two separate measurement circuits — labelled measurement circuit N 51-1 and
measurement circuit M 51-2. As can be seen from Figure 4, each sensor coil connection and each reference
signal connection is connected to the following inputs of both measurement circuits 51-1 and 51-2 as follows:

Input 1+ = F_sin+

Input 1- = F_sin-
Input 2+ = F_cos+
Input 2- = F_cos-
Input 3+ = C_sin+
Input 3- = C_sin-
Input 4+ = C_cos+
Input 4- = C_cos-

Input 5+ = Ref+
Input 5- = Ref-
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As will be explained in more detail below, this allows each measurement circuit 51 to be able to
process the signal from each detection coil or to process the reference signal. As shown in Figure 4,
measurement circuit N 51-1 outputs processed signal AFN_out and measurement circuit M 51-2 outputs
processed signal AFM_out to the ADC 13 of the microcontroller 9. Therefore, the microcontroller 9 can obtain
signal measurements relating to any of the detection coils or relating to the reference input from each of the
two measurement circuits 51.

The resistors 59-0 to 59-7 and capacitors 63-0 to 63-9 are provided to reduce noise and to reduce
electromagnetic emissions from the sensor coils. The capacitors 65-0 and 65-2 provide a DC decoupling of
the excitation circuitry 23 and the measurement circuitry 25. Finally, the resistors 61-0 to 61-9 are used to
condition the DC level on each conductor to the mid-rail voltage.

Measurement Circuit

Each of the measurement circuits 51 has the same structure, although they are controlled by different control
signals to ensure that at any point in time the two measurement circuits 51 are processing different input
signals. Figure 5 is a block diagram illustrating the components of each of the measurement circuits 51. As
shown, the positive inputs 1+ to 4+ are applied to multiplexor 55-1 and the negative inputs 1- to 4- are applied
to multiplexor 55-2. Multiplexors 55 are used to select the ends of one of the detection coils 4 or 6 and
connect them through to a demodulating switch 56. Thus when the 1+ inputis selected by multiplexor 55-1
the 1- input is selected by multiplexor 55-2 and therefore the signal induced in detector coil 6-1 is passed
through to the demodulating switch 56. This is similarly true for the selection of the signals from the other
detection coils. The particular input that is selected by each of the two multiplexors 55 is defined by the
control signals in1 and in2 which are generated by the excitation and control signal logic 11. In this
embodiment, the control of the connection through each multiplexor 55 is defined by the following truth table:

in1 in2 Selected o/p
0 0 +1
0 1 +3
1 0 +2
1 1 +4

The reference signal inputs are applied to the multiplexor 57 and an enable signal in3 is used to
ensure that multiplexor 57 is disabled when multiplexors 55 are enabled and vice versa. When multiplexor 57
is enabled, the reference signal applied to inputs 5+ and 5- are passed directly through to the demodulating
switch 56.

The output labelled A from the multiplexor 55-1 or from the multiplexor 57, is input to terminals 1 and
4 of the demodulating switch 56 and the output labelled B from the multiplexor 55-2 or from the multiplexor 57,
is input to terminals 2 and 3 of the demodulating switch 56. The demodulating switch 56 acts to multiply a
“demod” signal with the input signal applied to the demodulating switch 56. As shown in Figure 5, the demod
signal is obtained by combining (in this example using an exclusive OR (XOR) gate 100) a polarity control
signal and an ex_shifted control signal, both of which are generated by the excitation and control signal logic
11.  The ex_shifted control signal is a phase shifted version of ex_clock and thus acts to effectively
demodulate the incoming signal to a “baseband” (quasi DC) signal whose amplitude depends on the position
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of the target 5. The polarity control signal is used to periodically change the polarity of the ex_shifted clock
so that the signal being processed by the measurement circuit 51 during the current detection interval is
demodulated an equal amount of time with a positive polarity of ex_shifted and with a negative polarity of
ex_clock. Thisresults in the signal that is applied to the amplification and filtering circuit 83 having a zero DC
component. This allows a high pass filter to be used in the amplification and filtering circuit 83 which helps to
remove DC offsets caused by the amplifiers as well as lower frequency noise associated with such DC
offsets.

When the demod signal has a value of one, the input labelled A passes through multiplexor terminal
1 to the A" input of the amplification and filtering circuit 83; and the input labelled B passes through the
multiplexor terminal 3 to the B input of the amplification and filtering circuit 83. When the demod signal is
zero the demodulating switch 56 changes position such that the input labelled A passes through multiplexor
terminal 4 to the B" input of the amplification and filtering circuit 83; and the input labelled B passes through
the multiplexor terminal 2 to the A" input of the amplification and filtering circuit 83. As will be explained in
more detail below, the amplification and filtering circuit 83 amplifies the difference between A* and B*. Thus,
the demodulating switch 56 and the amplification and filtering circuit 83 act to demodulate and amplify A-B or
B-A, depending on the value (1 or 0) of the polarity control signal. Hence positive and negative
measurements can be obtained from each individual detection coil.

Timing Diagrams

Figure 6 is a timing diagram illustrating the way in which the signals from the different inputs of a
measurement circuit 51 can be selected in a time division manner using the control signals in1, in2 and in3.
Figure 6 also shows ex_shifted and the polarity control signal and the resulting demod signal that is applied
to the demodulating switch 56. Figure 6 shows that during detection interval Aty the signals from the 1+/ 1-
inputs (fine sine detection coil 6-1) are selected and processed by the measurement circuit 51; that during
detection interval At the signals from the 2+ / 2- inputs (fine cosine detection coil 6-2) are selected and
processed by the measurement circuit 51; that during detection interval Atz the signals from the 3+ / 3- inputs
(coarse sine detection coil 4-1) are selected and processed by the measurement circuit 51; that during
detection interval At, the signals from the 4+ / 4- inputs (coarse cosine detection coil 4-2) are selected and
processed by the measurement circuit 51; and that during detection interval Ats the signals from the 5+ / 5-
inputs (reference signal) are selected and processed by the measurement circuit 51.

As can be seen from Figure 6, if the signals from the different inputs are multiplexed through the
measurement circuit 51 in this consecutive manner, then the update rate (the time between measurements of
the same signal) is five times the period of the polarity control signal. Using the two measurement circuits
this update rate can easily be increased to 2.5 times the period of the polarity control signal. Further, as will
be described in more detail later, it is possible to increase this update rate further through a more complex
interleaving of the measurements through the two measurement circuits 51.

Amplification and Filtering circuit

The amplification and filtering circuit 83 amplifies and filters the signals output from the demodulating
switch 56, to remove high frequency demodulation signals and to remove the low frequency DC offsets. As
shown in Figure 7a, the amplification and filtering circuit 83 has differential amplification circuitry 85 that
amplifies the difference between A* and B*. As discussed above, this results in amplifying A-B or B-A,
depending on the value (1 or 0) of the polarity control signal. The output from the differential amplification
circuitry 85 is filtered by a bandpass filter 87 to remove the unwanted frequency components from the
amplified signal.
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Figure 7b illustrates the spectrum of the signal output from the differential amplification circuitry 85.
Most of the desired signal components are around the frequency corresponding to the polarity control signal.
The higher frequency components correspond to the high frequency demodulation harmonics generated by
the demodulating switch 56.

Figure 7c illustrates the desired frequency response of the bandpass filter 87 shown in Figure 7a to
filter the signals output from the differential amplification circuitry 85. As shown, the high corner frequency of
the filter 87 can be kept quite close to the frequency of the polarity control signal. In this embodiment, the
high corner frequency has been set at 4 times the frequency of the polarity signal. This allows the
amplification and filtering circuit 83 to filter out almost all the high frequency harmonics generated by the
demodulating switch 56. The low corner frequency of the filter 87 cannot be set very close to the frequency of
the polarity signal. This is evident from the spectrum of the input signal shown in Figure 7b, which contains
quite a long tail at the low frequency end; and filtering out this part of the spectrum will alter substantially the
measured signal output by introducing low frequency transients in the response of the amplification and
filtering circuit 83. In this embodiment, the low corner frequency of the amplification and filtering circuit 83 has
been set at 100 times lower than the high corner frequency. This still allows the amplification and filtering
circuit 83 to filter out the DC offsets of the differential amplification circuitry 85 as well as most of the unwanted
low frequency noise caused by the measurement circuitry 25 and allows for a well defined gain for the
measured signals within the pass band of the filter 87.

Example Signals

Figure 8 illustrates the way in which the output (AF_out) from measurement circuit 51 varies during
the five detection intervals illustrated in Figure 6. This AF_out signal is passed to the ADC 13, where it is
converted into a digital value. As shown, during each detection interval At the AF_out signal settles to a
quasi DC level towards the end of each half period of the polarity control signal. The ADC 13 is triggered to
sample AF_out during each detection interval at each of the two quasi DC levels and the difference in the
levels is determined to provide a peak to peak voltage level (marked A4, Ay, Az, As and As in Figure 8) as the
measurement for the currently selected detection coil (or reference signal). Figure 9 shows in more detail the
control signals used to trigger the ADC conversion and to trigger the processing of the raw data by the
measurement processing unit 19 (shown in Figure 1). In particular, the ADC 13 is triggered by the control
signal ADC_trigger. The frequency of the ADC_trigger signal is exactly two times the frequency of the
polarity control signal. The ADC 13 is triggered to perform a conversion on the rising edge of the
ADC_trigger control signal — so that each of the two quasi DC levels reached during a detection interval is
converted into a digital value and stored in memory 17.

Another control signal, CALC_trigger, is used to interrupt the microcontroller 9 so that the digital
values can be read from memory 17 into the measurement processing unit 19. As shown, the CALC_trigger
control signal has the same frequency as the polarity signal but is slightly delayed from the edges of the
ADC_trigger signal to ensure that the results of the ADC conversion are already stored in memory 17 before
the CALC_trigger signal forces the microcontroller 9 to read the values obtained from a detection interval
from memory 17 into the measurement processing unit 19.

Each peak to peak voltage measurement calculated by the measurement processing unit 19
corresponds either to a measurement of the reference signal or to the signal from one of the detection coils
and in order to calculate a position measurement, an arctangent function is calculated using the
measurements from a sine and a cosine detection coil. If adjacent detection intervals are arranged to
measure the signal from a sine detection coil and a cosine detection coil, then a position calculation can be
determined after the second detection interval. This is illustrated in Figure 9, which shows that if one
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measurement is calculated for detection interval Atc and another one is measured for detection interval Atc.1
then position information can be calculated using those measurements during detection interval Atw.o. This
results in a measurement latency of just over two times the period of the polarity control signal.

Optimisation of Measurement Circuit Switching

An optimised switching scheme for switching the different signals from the detection coils (and the
reference signal) through the two measurement circuits 51 will now be described. This switching scheme
allows an improved update rate for position measurements. Figure 10 shows the timeline of the control
signals used to switch the measurement circuit inputs +1, +2, £3, +4, and +5 through measurement circuit N
51-1 and measurement circuit M 51-2. The detection cycle is periodic with a period (T_dc) corresponding to
ten detection intervals At; (for index i = 1 to 10). Figure 10 also shows a periodic mode_ref control signal that
is generated by the excitation and control signal logic 11 and used to define the start of a detection cycle. As
shown in Figure 10, the measurement circuit inputs selected during each of these ten detection intervals is
given in the following table:

Index (i) Mea.surgment Mea.sur.ement

CircuitN Circuit M
1 +1 (FS) +4 (CC)
2 £2 (FC) +5 (Ref)
3 +1 (FS) +2 (FC)
4 £2 (FC) +1 (FS)
> £3(CS) +2 (FC)
6 +4 (CC) +1 (FS)
! +5 (Ref) +2 (FC)
8 +2 (FC) +1 (FS)
o +1 (FS) +2 (FC)
10 +2 (FC) +3(CS)

Where FS is the fine sine detection coil 6-1; FC is the fine cosine detection coil 6-2; CS is the coarse sine
detection coil 4-1; CC is the coarse cosine detection coil 4-2 and Ref is the excitation reference signal.

As can be seen from the above table and from Figure 10, during each detection interval the two
measurement circuits 51 are processing different input signals. Figure 10 also shows that during each
detection interval at least one of the two measurement circuits 51 is processing a signal from one of the fine
detection coils. Additionally, the fine sine and the fine cosine signals are processed in a time interleaved
manner in each of the two measurement circuits and in an overlapping manner between the two
measurement circuits. During each detection cycle, each measurement circuit 51 also processes the signals
from the coarse detection coils 4 and the reference signal. Whilst one measurement circuit is processing the
signals from the coarse detection coils and the reference signal, the other measurement circuit 51 is
processing the signals from the fine detection coils. With this arrangement, an updated fine position
measurement can be obtained at least every second detection interval.

As shown in Figure 10, the interleaved manner of selecting signals through the two measurement
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circuits 51 is achieved by applying opposite polarity control signals in1_N and in1_M to the respective
multiplexors 55 in the measurement circuit N and the measurement circuit M; and by phase shifting control
signal in2_M and in3_M relative to in2_N and in3_N (by half the detection cycle) that are applied to the
respective multiplexors 55 in the measurement circuit N and the measurement circuit M. As a result, during
the detection interval Atk when channel 1+ and 1- is selected by the measurement circuit N, channel 2+ and
2- is selected by measurement circuit M. During the next detection interval Atk+1, channel 2+ and 2- is
selected by measurement circuit N and channel 1+ and 1- is selected by measurement circuit M. This avoids
unwanted collisions — in which the same input (channel) is selected simultaneously by measurement circuit N
and measurement circuit M.

Measurement Processing Unit

Figure 11 is a flow chart illustrating the processing performed by the measurement processing unit
19. As shown, in step s1, the measurement processing unit 19 waits until it receives the next mode_ref
signal (rising edge of the mode_ref signal shown in Figure 10). In response to receiving this rising edge
(interrupt), the measurement processing unit 19 sets, in step s3, the index (i) to the value 1. In step s5-1, the
measurement processing unit 19 reads the ADC data related to measurement circuit N from memory 17 and
in step s7-1 the measurement processing unit 19 processes the refrieved data according to the current value
of the index (i). In particular (and as will be described in more detail below), the processing that the
measurement processing unit 19 does on the retrieved data depends on what that data relates to — whether it
relates to a signal from a fine detection coil, a signal from a coarse detection coil or if it relates to the
reference signal. Similarly, in step s5-2, the measurement processing unit 19 reads the ADC data related to
measurement circuit M from memory 17 and in step s7-2 the measurement processing unit 19 processes the
retrieved data according to the current value of the index (i). In this embodiment, the ADC data from the two
measurement circuits 51 is written into separate portions of the memory 17 in a sequential manner — so that
the ADC data from measurement circuit N for detection interval Aty is written into the corresponding portion
of memory 17 after the ADC data from measurement circuit N obtained for detection interval Aty.

After step s5-2, the processing continues to step s9, where the measurement processing unit 19
checks to see if the index (i) has a value greater than nine. If it does not, then the processing proceeds to
step s11, where the index value (i) is incremented by one. The processing then proceeds to step s13, where
the measurement processing unit 19 waits for the next rising edge of the CALC_trigger signal (from the
excitation and control signal logic 11) indicating that the ADC values for the next detection interval will have
been written into the relevant part of the memory 17. The processing then returns to step s5-1 so that these
next ADC values can be read from memory and processed by the measurement processing unit 19. Once
step s9 determines that the index value (i) is greater than nine, the processing returns to the start where the
measurement processing unit 19 waits for the next mode_ref interrupt signal and the process is repeated.

As those skilled in the art will appreciate, the measurement processing unit 19 is operating
independently and asynchronously relative to the excitation and control signal logic 11, only receiving the
control signals mode_ref and CALC_trigger from the excitation and control signal logic 11 to ensure that it
processes the data arriving into the memory 17 at the appropriate timing.

Fine Detection Coil Measurements

Figure 12a is a timing diagram illustrating what inputs are being passed through each of the
measurement circuits 51 and the calculations that the measurement processing unit 19 performs in steps s7
shown in Figure 11 when processing the signals obtained from the fine detection coils 6. The processing of
the signals from the coarse detection coils 4 and the processing of the reference signal is not illustrated in
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Figure 12a to reduce the complexity of the figure. As shown in Figure 12a when the index i = 1, the signal on
the fine sine detection coil 4-1 (FS) is passed through measurement circuit N. During this detection interval,
the measurement processing unit 19 reads the ADC data obtained from measurement circuit N during the
previous two detection intervals (when i = 9 and 10 in the previous detection cycle) and calculates the above
described peak to peak voltage levels (Ak) for the previous two detection intervals. As shown in Figure 12a,
during the detection interval corresponding to i = 9, the signal from the fine sine detection coil (FS) was
passed through measurement circuit N; and during the detection interval corresponding to i = 10, the signal
from the fine cosine detection coil (FC) was passed through measurement circuit N. These raw peak to peak
values are then processed to reduce breakthrough noise (described in more detail later) and then the
breakthrough corrected values are applied to an arctangent function that converts the peak to peak measures
into fine position information (¢F) which is then processed to balance phase offsets introduced by the
measurement circuits 51-1 and 51-2 (described in more detail later).

As can be seen from Figure 12a, the measurement processing unit 19 determines such fine position
information using signals obtained from measurement circuit N during detection intervals corresponding to
index values i = 1, 3 and 5. Similarly, the measurement processing unit 19 determines such fine position
information using signals from measurement circuit M during detection intervals corresponding to index values
i =6, 8 and 10. Thus, during the detection interval corresponding to index value i = 1, the measurement
processing unit 19 switches over from using the data obtained from measurement circuit M to using the data
from measurement circuit N to calculate the fine position information. Similarly, during the detection interval
corresponding to index value i = 6, the measurement processing unit 19 switches over from using the data
obtained from measurement circuit N to using the data from measurement circuit M to calculate the fine
position information. Therefore, with this switching arrangement, the measurement processing unit 19 can
provide updated fine position measurements at an update rate of six times per ten detection intervals.

Although the signal (FC) from the fine cosine detection coil 6-2 is passed through measurement
circuit N during the detection interval corresponding to index i = 8, the measurement processing unit 19 does
not use this data to determine any position information — as it has fine position data from measurement
channel M. Similarly, although the signal (FC) from the fine cosine detection coil 6-2 is passed through
measurement circuit M during the detection interval corresponding to index i = 3, the measurement
processing unit 19 does not use this data to determine any position information — as it has fine position data
from measurement channel N. Having these extra measurements of the fine cosine signal makes it easier to
generate the control signals used to select the signals through the measurement circuits M and N.

Although not illustrated in Figure 12a, the measurement processing unit 19 also updates the coarse
position information for measurement circuit N during the detection interval corresponding to index value i = 7
using the ADC values obtained from measurement circuit N during detection intervals corresponding to i = 5
and 6. Similarly, the measurement processing unit 19 updates the coarse position information for
measurement circuit M during the detection interval corresponding to index value i = 2 using the ADC values
obtained from measurement circuit M during detection intervals corresponding to i = 10 and 1. During the
detection interval corresponding to index value i = 8, the measurement processing unit 19 updates the
breakthrough calibration data 29 stored for measurement circuit N using the ADC data obtained from
measurement circuit N during the detection interval corresponding to index value i = 7 (i.e. using the excitation
reference signal as measured by measurement circuit N).  Similarly, during the detection interval
corresponding to index value i = 3, the measurement processing unit 19 updates breakthrough calibration
data 29 stored for measurement circuit M using the ADC data obtained from measurement circuit M during the
detection interval corresponding to index value i = 2 (i.e. using the excitation reference signal as measured by
measurement circuit M). Thus whilst the measurement processing unit 19 is using the data from
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measurement circuit N for fine position measurements, the measurement processing unit 19 is using the data
from measurement circuit M for obtaining coarse position measurements and for measuring the excitation
reference signal (Ref); and whilst the measurement processing unit 19 is using the data from measurement
circuit M for fine positon measurements, the measurement processing unit 19 is using the data from
measurement circuit N for obtaining coarse position measurements and for measuring the excitation reference
signal (Ref).

Breakthrough Calibration Data

As discussed above, the peak to peak voltages calculated by the measurement processing unit 19 are
corrected for any direct breakthrough between the excitation coil 2 and the corresponding detection coil using
the stored breakthrough calibration data 29 and the latest measurement for the reference signal
(corresponding to the fraction of the excitation signal applied at input 5 of the measurement circuits).

The equations below illustrate the breakthrough corrections that are performed in this embodiment on
the peak to peak voltage measurement (VFSy) calculated for the signal obtained from the fine sine detection
coil 6-1 that is passed through measurement circuit N and on the peak to peak voltage measurement (VCy)
calculated for the signal obtained from the fine cosine detection coil 6-2 that is passed through measurement
circuit N:

Vi =V =05 xv (7)

Ncorr

Vieor =Vy© =03 xV3* (8)
Where OFSy is offset calibration data 29 (stored in non-volatile memory) associated with measurement circuit
N and the fine sine detection coil 6-1; OFCy is offset calibration data 29 associated with measurement circuit N
and the fine cosine detection coil 6-2; and VEXy is the latest measurement for the excitation reference signal
(corresponding to the fraction of the excitation signal applied at input 5 of measurement circuit N). Similar
breakthrough calibrations are performed on the measurements obtained from measurement circuit M as
follows:

Vi =V 0 v ©)
Vi =V O <V (10)

These breakthrough corrected measurements from each measurement circuit N and M for the fine
sine and fine cosine detection coils 4 can then be used to calculate the fine position information using an
arctangent function as follows:

kS

I
oh = arctan[ e } (11)

Ncorr

V ES
F corr
0, = arctan[ A } (12)

Mcorr
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This arctangent function can also be calculated approximately using the following arithmetic
approach:

if VF8or>0 and VFCeor>0
If | VFSCOH’ | < |VFCCOIT| (PF=1T/4* VFSCOH’ /VFCCOIT
else OF=11/2 - /4" VFCoor NFSconr

if VFSeor >0 and VFCeor <0
if | VFSsor | < | VFCoorr | (PF =T+ /4" VFSoor | VFCoorr
else @F =T1/2 -T/4* VVFCoor | VFScon

if VFSeor <0 and VFCeor <0
if | VFScorr | < | VFCcorr | (PF =1+ 11/4* VFSCOW /V_FC_COI'I'
else @F =31/2 -T/4* VFCoor | VFScon

if VFSeor <0 and VFCeor >0
If | VFSCOH’ | < | VFCCOIT | (pF =2Tr+ '|T/4* VFScon' / VFCcon'
else (PF =31/2 -Ti/4* FCoor / VFSgor (13)

The results of such arithmetic calculations will deviate from the true arctangent function by about 1%
and this deviation can be further compensated by using look-up table correction. The phase ambiguity
associated with the fine position information (¢F) can then be resolved using the coarse position information
(9°) calculated in a similar manner using the signals obtained from the coarse detection coils 4. Optionally,
the breakthrough correction of the coarse signal measurements can be omitted as the coarse position
information is only being used to resolve the period ambiguity problem associated with the fine position
measurements. However, when the period of the fine scale detection coils 6 is rather dissimilar to the period
of the coarse scale detection coils 4, a much better accuracy might be required for the coarse scale output. In
this case, therefore, a similar breakthrough correction can be applied to the signals measured in the coarse
scale coils 4 in order to improve the accuracy of the coarse position information.

Calibration of the direct breakthrough offset values

The direct breakthrough offset from the excitation coil 2 into the detection coils 4 and 6 can vary from
sensor to sensor and also can depend on the installation environment — especially to the location of various
metallic objects in the close vicinity of the sensor coils. The set of offset calibration data OFSy, OFCy, OCSy,
OCCy, OFSy, OFCy, OCSy and OCCy, should be determined after the sensor is packaged and preferably after the
sensor is installed in the final application but prior to the target 5 being mounted near the sensor coils.

When performing the calibration, typically the host interface unit 21 will provide a signal to the
measurement processing unit 19 to inform it that the subsequent measurements are for calibration purposes.
The measurement processing unit 19 is configured in such case to measure differences between consecutive
results of the conversions performed by the ADC 13, as peak-to-peak voltages:

VFSN, VFCN, VCSN, VCCN, VEXN
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and
VFSI\/|, VFCI\/|, VCSI\/|, VCCI\/|, VEXM
and to accumulate the running average for each voltage without trying to calculate any ratiometric functions.

This calibration measurement cycle is finished by a command from the host interface unit 21. At this time, the
measured values of the averaged voltages above are used to calculate the offset calibration data 29:

o (5
o3
cc

o (i)
and

o ()
o ()
()
()

This offset calibration data 29 is then written to the non-volatile memory of the microcontroller 9 and
is used in the manner described above to correct the raw data for direct breakthrough between the excitation
coil 2 and the detection coils 4 and 6.

Dynamic correction - Oscillation Removal

The fine position information (¢7) thus calculated still has an error associated with slightly different
properties of each measurement circuit N and M. This means that for the same target position, the fine
position information (¢Fy) obtained using the data measured with measurement circuit N will be slightly
different from the fine position information (¢f) obtained using the data measured with measurement circuit
M. As the measurement processing unit 19 is calculating fine position measurements from each measurement
circuit M and N three times per detection cycle (T_dc), this will cause the appearance of micro-oscillations in
the position calculations which will reduce the effective resolution of the measurement set-up below its actual
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accuracy capabilities. In order to reduce such micro-oscillations, the measurement processing unit 19
performs a phase correction to compensate for the difference in the systematic error between the two
measurement circuits N and M. Figure 12b illustrates the problem. In particular, Figure 12b is a plot showing
the way in which the measured fine position (¢F) changes over time between the detection interval
corresponding to index i = 8 in one detection cycle and the detection interval corresponding to index i = 3 in
the next detection cycle. As shown, between detection intervals corresponding to index i = 8 to i = 10, the fine
position measurement (¢Fw) is calculated by measurement circuit M and it changes in value by Ag1. As the
two measurements calculated during these detection intervals are determined from signals passed through
the same measurement circuit M, the change in fine position will be due to motion of the target 5. When the
measurement processing unit 19 starts to determine fine position measurements using the signals obtained
from measurement circuit N (in detection interval i = 1), there is a change in the measured fine position due to
the motion of the target 5 but also because the measurements are being determined using signals that have
been processed by a different measurement circuit N. To compensate, the position measurement obtained at
index i = 10 is extrapolated to detection time interval at index i = 1; this extrapolated value is then used to
determine a suitable correction value that should be applied to the fine position measurements from the two
measurement circuits. More specifically, the following procedure is used:

The difference between the fine position measurements (¢%) calculated during the detection intervals
Ati with index 10 and 8 is assigned to Ag1:

Ap1= @F10 - ¢Fs (22)

The difference between the fine position measurements (¢") calculated during the detection intervals
Ati with index 1 and 3 is assigned to Ag2:

Ap2= ¢F3 - ¢F4 (23)

The value of the fine position measurement ¢ o is extrapolated to detection interval Ati with index i =

O  10new= @F10 +1/45 (A1 + Ag2) (24)

This extrapolated value @ 1onew should be very close to the measured fine position @F1. The difference
between these two values represents the systematic error caused by differences between the measurement
circuits (M and N) used to determine the different fine position measurements. A correction value is then
defined by dividing this difference by two:

A(Pcorr= ((PF10new - (PF1)/2 (25)

This dynamic correction value is determined during the detection interval corresponding to index value i = 3.

A similar switch over in using the signals obtained from the two measurement circuits M and N is
performed during detection interval Ati with index i = 6 and a similar correction value is determined during
detection interval corresponding to i = 8 as follows:

Ap1= ¢Fs - ¢F3 (26)
Ap2= ¢Fs - ¢F (27)
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P snew= P75 +1/45 (A1 + Ap2) (28)

A(Pcorr= ((PFS - (PFSnew)/ 2 (29)

The value of A@cor can be averaged over several detection cycles (T_dc) to reduce noise levels and
is used by the microcontroller 9 as part of the dynamic correction. The last line of Figure 12a illustrates the
detection intervals when this dynamic correction value is updated. Then for all data points calculated for
channel N the ¢ values are corrected by:

(PFcorr= (PFN + A(Pcorr (30)
And for all data points calculated for channel M the ¢F values are corrected by
(PFcorr = (PFM - A(Pcorr (30)

Whilst the fine position measurements corrected in this way may still contain some degree of
systematic error, the fine position measurements will now be practically free from the micro-oscillations at the
moments of switching the ratiometric calculations using the signals obtained from measurement circuit N to
using the signals obtained from measurement circuit M and vice versa. As those skilled in the art will
appreciate, other extrapolations and other correction values could be calculated. For example, a single
correction could be applied to the output from just one of the measurement circuits, with no correction being
applied to the output from the other measurement circuit.

Dynamic Correction — Velocity Compensation

As illustrated in Figure 12b, the phase measurements obtained during consecutive detection intervals change
due to motion of the target 5. This causes a systematic error in the position measurements because all four
measurements made by the ADC controller 13 that are used to calculate the ratiometric answer ¢" are
measurements taken at consecutive moments in time in which the instantaneous value of ¢ is changing.
One way to dynamically correct for such motion, is to calculate a mean rate of change of @F as a running
average Amean of the following differences:

AQF34= @F 3- ¢F 4
AQF55= @F 5- ¢F 3
DQFa6= @ 5- ¢ 6
AQF 108= 7 10-@F g

Assuming that the value of ¢ is changing by a constant amount between each measurement, then
the shift in phase measurement between adjacent measurements output by the ADC 13 is equal to the
following speed parameter:
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This speed parameter is not exactly equal to the speed of movement of the target 5, as it represents
the average rate of change of the measured phase. However, as the measured phase is substantially linearly
related to the position of the target 5 (see Figure 2), the rate of change of the measured phase will be
substantially proportional to the rate of change of the target position (=speed).

As illustrated in Figure 12a, in this embodiment, position information is determined using
measurements that are taken of the signals from the fine sine detection coil 6-1 and then from the fine cosine
detection coil 6-2. Therefore, accounting for the motion of the target 5, the peak to peak voltage
measurements determined by the measurement processing unit 19 using the raw data obtained from the ADC
13 can be written as:

yrs = A, sin[(pF —3s]+ Ay sin[(pF —2s] (32)

y e = A, cos[(pF —s]+ Ay cos[(pF] (33)

and from this we can determine the following compensation to be applied to ¢ cor:

3
T Ea ) 61

As can be seen, the compensation that is applied to ¢ cor depends itself on the value of @Fcor and
thus different compensations are performed depending on the position of the target 5 relative to the sensor
coils. This compensation is performed on either the fine positon measurement using the data from
measurement circuit M or using the data from measurement circuit N and can significantly reduce (by as
much as 50 times) the dynamic error in the determined position of the target 5 due to using measurements
taken at consecutive times. There is no need to perform this dynamic compensation on the coarse position
measurements as they are only being used to resolve the period ambiguity of the fine position measurements.

The above compensation is specific to the situation where the signals from the fine sine detection coil
6-1 are measured before the signals from the fine cosine detection coil 6-2. If the signals from the fine cosine
detection coil 6-2 are measured before the signals from the fine sine detection coil 6-1, then, accounting for
the motion of the target 5, the peak to peak voltage measurements determined by the measurement
processing unit 19 using the raw data obtained from the ADC 13 can be written as:

y = A, cos[(pF —3s]+ Ay cos[(pF —2s] (3%)
yrs = A, sin[(pF —s]+ Ay sin[(pF] (36)
from which we can determine the following compensation to be applied to ¢Fcon:

3
Otomp =Pty + S(E —cos(29”, )j (37)

Thus different compensations are performed depending on the order in which the signals from the
two fine detection coils are measured by the measurement circuit.
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This movement compensation can be calculated arithmetically or, in order to speed-up the
calculations, can be determined in advance and stored in a look-up table. For instance, compensation can be
written as

of =l +Kolpr ) s
ok, =oh +Kilpk, )*s (38)

in which either coefficient KO or K1 is used for the dynamic correction according to which sine or cosine
detection coil was measured first; the values of KO and K1 are determined from the look-up table using @Fcor
to determine the index to the table, for example as follows:

F
index = round L(p“’”;ﬁ} (39)
T

where the look-up table has a length of 1024 with coefficients KO in a first column and coefficients K1 in a
second column. This look-up-table would be stored in the non-volatile memory of the microcontroller 9 as part
of the dynamic correction data 31. The values of KO and K1 for the different entries in the look-up-table can
be determined in advance from the following:

N3 4y

Ko(j)= ot cos£1024j (40)
, _2_ 4mj

Ki(j)= > 00{1024] (41)

As a further possibility, the values of KO and K1 in the look-up-table can be determined
experimentally. For example a set of experimental measurements from the sensor are collected together with
the readings from a much faster sensor (e.g. from a fast incremental optical encoder) at different speeds of
the target 5. The look-up table correction coefficients KO and K1 can be found for each value of ¢ cor as the
best parameters for the parabolic fit to the experimental data (¢ - ¢ cor) measured for different speeds of
the target 5. Different correction coefficients KO and K1 are determined depending on whether the signals
from the fine sine detection coil 6-1 are measured before the signals from the fine cosine detection coil 6-2 or
if the signals from the fine cosine detection coil 6-2 are measured before the signals from the fine sine
detection coil 6-1. The above compensation assumes that the target is moving with constant speed. Even
better accuracy for the dynamic compensation for the consecutive nature of the measurements can be
obtained if the acceleration of the target 5 is taken into account. In this case instantaneous measures of the
speed and acceleration can be determined at each calculation time as follows:

For detection interval corresponding to i = 3
s = (B¢"31)/4 = (9F 3- " 1)/4 (43)
Acc = (A(pF3.1 - A(me.g)/G; (44)
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For detection interval corresponding toi = 5
s = (AQF 5.3)/4 = (¢F 5 - ¢F 3)/4 (45)
Acc = (AQFs3— AQFz1)/4; (46)
For detection interval corresponding to i = 8
s = (AQF s5)/4 = (¢F 5 - ¢F 6)/4 (47)
Acc = (A@Fss— AQFs.3)/6; (48)
For detection interval corresponding to i = 10
= (AgF108)/4= (0" 10- ¢F 5)/4 (49)
Acc = (A(me.g— A(ng.s)/4; (50)

As there is a switch over of the measurement circuit (from measuring circuit M to measuring circuit N
and vice versa) at detection intervals corresponding to i = 1 and 6, and as calculations are performed in
adjacent detection intervals at the switch over time, instantaneous speed and acceleration values are not
calculated during detection intervals corresponding to i = 1 and 6 (as different equations would need to be
used). Instead, the speed measurement and the acceleration measurement determined for the detection
interval corresponding to i = 10 is also used during detection interval corresponding to i = 1; and the speed
measurement and the acceleration measurement determined for the detection interval corresponding toi = 5
is also used during detection interval corresponding to i = 6.

When determining the speed measurement and the acceleration measurement, the phase values ¢F
may be used (as per the equations above) or the phase values (¢"con) after correction for oscillations may be
used instead.

The speed value (s) determined at the given calculation time point can then be adjusted based on the
corresponding acceleration value (Acc); for example as follows:

a

Sag :s—%Acc (51)

This adjusted speed value can then be used in place of speed (s) in the above calculations for
dynamically compensating ¢ cor. Experiments have shown that there is very little to be gained by taking into
account even higher derivatives.

In the case when the compensation coefficients are determined from a large set of experimental data
measured at different positions, speeds and accelerations of the target 5, compensation can be achieved
using the following:

(pf;mp =l +KO0xs+K0* x(dcc)
(pf;mp =0l +Klxs+K1% x(dcc) (52)

where the values of KO, K1, KOA¢, and K14 are determined from the relevant look-up-table using ¢"cor in the
manner discussed above.

Second Embodiment
Phase adjustment of the excitation signal
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For many types of ratiometric sensors the phase of the measured signal from the target 5 and the
phase of the breakthrough offset voltage from the excitation coil are equal to each other (or 180 degrees out
of phase with each other). This happens for example when the target 5 is not resonant and is, for example
formed from a short circuit coil or a conductive (metallic) plate in which Eddy currents caused by the excitation
coil 2 induce voltages in the detection coils via an electromagnetic coupling. Simultaneously the non-exact
balance between the excitation coil and the detection coils causes direct breakthrough coupling due to the
electromagnetic field created by the excitation current flowing in the excitation coil. In such sensors the exact
phase difference between the excitation current and the demodulation control signal ex_shifted is not
particularly important, as long as this phase difference does not lead to a significant reduction in the
measured signal amplitudes.

However, with a resonant target 5 as illustrated in Figure 2a, there is approximately a 90 degree
phase shift between the signals induced in the detection coils 4 and 6 caused by the magnetic field generated
by the resonator 12 when it is energised by the excitation coil 2 and the direct breakthrough signal induced in
the detection coils 4 and 6 directly from the excitation coil 2. The 90 degree phase shift is achieved by
choosing the ex-clock signal to have a fundamental frequency corresponding in frequency to the resonant
frequency of the resonator 12. In order to obtain the best possible performance out of such resonant target 5
sensors, a precise phase tuning of the measurement circuit is required. In particular, as will be explained
below, it is possible to precisely phase tune the sensor to align the demodulation control signal ex_shifted so
that it becomes orthogonal (90 degrees phase shifted) to the direct breakthrough signal from the excitation
coil 2.

Figure 13 illustrates the excitation circuitry 23 that is used in this second embodiment with a resonant
target 5. The other components of this embodiment are the same as those in the first embodiment described
above except as discussed below. The reference voltage in this embodiment is measured by the
measurement circuitry 25 by passing the excitation current via a complex impedance Z. In practical
applications the complex impedance Z is constructed as either a parallel or serial combination of a resistor
and a capacitor whose values are chosen in order that there is a desired phase relationship between the
phase of the measured excitation reference signal and the phase of the direct breakthrough signals induced in
the detection coils 4 and 6 by the excitation coil 2. In the preferred embodiment, the impedance Z is chosen
(at the design stage of the sensor) so that the phase of the measured excitation reference signal is close to
the phase of the direct breakthrough signal induced from the excitation coil 2 into the detection coils 4 and 6
and thus is about 90 degrees out of phase with the signals induced in the detection coils 4 and 6 by the
resonator 12. As a result of the chosen phase of ex_shifted applied to the incoming signal at the
demodulation switch 56, the measured excitation reference value should, in theory, be close to zero.
However, during sensor operation, the phase characteristics of the sensor will change (for example due to
changing impedance values caused by temperature changes of the circuit components etc) and as a result,
the phase of the ex_shifted control signal will not be 90 degrees out of phase with the direct breakthrough
signal and so more of the direct breakthrough signal will pass through the amplification and filtering circuit 83.
By arranging the impedance Z so that the phase of the measured excitation reference signal is close to that of
the direct breakthrough signal, the microcontroller 9 can use a simple zero tuning approach to vary the phase
of the excitation signal applied to the excitation coil 2 in order to keep the measured excitation reference value
close to zero (and thereby also minimising the direct breakthrough signal).

As will be explained below, the phase of the excitation signal ex_clock applied to the excitation coil 2
is controlled by the comparator 91. The input control signal ex_double is at twice the desired excitation
frequency. This double frequency signal is low pass filtered by the R-C filter 93 to smooth its edges. Then the
rising and falling edges of ex_double are compared, by the comparator 91, with a DAC voltage level
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generated by the microcontroller 9. The signal at the output of the comparator 91 will have a variable duty
cycle depending on the exact level of the DAC voltage. In order to generate a desired 50% duty cycle for the
ex_clock signal, the output of the comparator 91 is passed through a latch circuit 95, which also halves the
frequency of the input signal and provides an output which has rising or falling edges at the rising edges of the
comparator output, as shown in Figure 14a. In particular, as can be seen from Figure 14a, by changing the
DAC voltage, the microcontroller 9 changes the phase of the excitation signal ex_clock without modifying the
50% duty cycle. The excitation circuitry 23 shown in Figure 13 has the advantage of being able to tune the
phase of the excitation signal (ex_clock) with very high resolution exceeding 10ps using an ordinary
microcontroller 9 having a clock speed of tens of MHz.

Figure 14b is a flow chart illustrating the procedure used by the microcontroller 9 to determine the
DAC voltage to apply to the comparator 91. As shown, in step s21, the microcontroller 9 determines that
phase adjustments should be made. The microcontroller 9 makes this determination when new excitation
reference voltages (VEXy and VE*y) become available. In step s23, the microcontroller 9 updates the mean
excitation reference value using the latest excitation reference values that have just been determined in the
current detection cycle. In step s25, the microcontroller 9 determines if the updated mean excitation
reference value is outside defined boundaries. As the impedance Z shown in Figure 13 has been chosen to
minimise the excitation reference signal in line with minimising the direct breakthrough signal in the detection
coils 4 and 6, the mean value for the measured excitation reference value should be around zero. By
increasing or decreasing the DAC value generated by the microcontroller 9, it is possible to maintain the
measured excitation value close to the zero level. Thus, if the measured mean value of the measured
excitation reference signal exceeds a positive or negative threshold, then the microcontroller 9 increments or
decrements, in step s27, the DAC value output to the comparator 91. The continual adjustment of the DAC
value in this way ensures a fixed relationship between the demodulation clock signal ex_shifted and the
phase of the signals being sensed in the measurement circuits N and M. As those skilled in the art will
appreciate, in this case where the excitation reference signal is being reduced to zero it is not essential to
perform the direct breakthrough corrections discussed above.

In most sensing applications the ability to automatically tune continuously to zero the value of the
measured reference excitation voltage (measured from the Z-impedance) allows the microcontroller 9 to
minimise the direct breakthrough in the signals obtained from the detection coils 4 and 6 and no further
breakthrough corrections are required. However in the case of sensors designed for the most accurate
measurements, the remaining level of the direct breakthrough offset should be compensated by the
microcontroller 9. In this case measurements are taken with the sensor when the target 5 is removed far away
from the sensor coils. The microcontroller 9 actively controls the level of the measured reference excitation
signal and keeps it close to zero (in the manner discussed above). The signals induced in each detection coil
4 and 6 are measured, averaged and stored in the non-volatile memory of the microcontroller 9 as
breakthrough calibration data 29:

P
B =13 (53)
Pr:l
e 1 s R
By _?ZVN (r) (54)
r=1

1 I
B ==2 V() (59)
r=1
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CcC l = CcC
By :?ZVN (r) (56)
r=1
and
FS l = FS
By =52 Vi () (57)
r=1
1 P
By = ;Z Vi (r) (58)
r=1
1 P
By =52V () (59)
r=1
1 P
By = ;Z Vi (r) (60)
r=1

where P is the number of measurements of each signal that are averaged.
This breakthrough calibration data 29 can then be applied to actual measurements obtained when
the target 5 is being sensed as follows:

View =V =By (61)
Ve =Vi~ =By (62)
View =Vy' =By (63)
P, =V B (64)
Ve =Vii —Big (65)
Vieow =Vas =B (66)
Vieor =Vt = Bir (67)
Vigar =Vt =B (68)
Third Embodiment

In the first and second embodiments, the measurement processing unit 19 obtained position information
approximately once every two periods of the polarity control signal. In this third embodiment, the
measurement processing unit 19 is arranged to update the fine position measurement during each detection
interval. This is illustrated in Figure 15, which shows that a fine position measurement is obtained during each
detection interval (Atk) either using measurements from measurement circuit M or using measurements from
measurement circuit N. As illustrated in Figure 15, during the detection interval corresponding to the index
value i = 1, the position information is calculated using fine sine and fine cosine measurements when the fine
sine measurement is obtained before the fine cosine measurement. During the detection interval
corresponding to the index value i = 2, the position information is obtained using fine sine and fine cosine
measurements when the fine cosine measurement is obtained before the fine sine measurement. As
explained above, in order to compensate for the movement of the target 5 between the times that the
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measurements are taken, different compensations should be used depending on whether the sine
measurement or the cosine measurement is measured first. This is illustrated in Figure 15 by the shading
used in the boxes showing the calculations that are performed, to illustrate that different compensations are
being applied to these measurements compared with the non-shaded boxes. The compensation to the ¢ cor
value will have a positive sign when the signals from the fine sine detection coil 6-1 are measured before the
signals from the fine cosine detection coil 6-2. More specifically, during detection intervals corresponding to
index valuesi =1, 3, 5, 6, 8 and 10 the measurement processing unit 19 performs the dynamic compensation
for movement of the target 5 using:

3
T Ea ) )

The compensation to the ¢ .o value will have a negative sign when the signals from the fine cosine
detection coil 6-2 are measured before the signals from the fine sine detection coil 6-1. More specifically,
during detection intervals corresponding to index values i = 2, 4, 7 and 9 the measurement processing unit 19
performs the dynamic compensation for movement of the target 5 using:

3
Doy = Py + S(E —cos(207, )j (70)

As explained above in the first embodiment, instead of using such arithmetic compensations, the
measurement processing unit 19 may use different look-up-tables instead to store the relevant correction
coefficients (KO, K1 efc) for the two types of compensation.

Like in the first embodiment, instead of assuming a fixed speed of the target 5, the measurement
processing unit 19 may also consider acceleration of the target 5. In this case, instantaneous speed and
acceleration values for the different detection intervals can be determined as follows:

For detection interval corresponding to i = 1
5= (AQF 110)/2 = (971 - 9F10)/2 (71)
Acc = (A(pF1.10 - A(pF1o.8)/3; (72)

For detection interval corresponding to i = 3
s = (B¢"31)/4 = (93 - 9™1)/4 (73)
Acc = (A(pF3.1 - A(pF1.1o)/3; (74)

For detection interval corresponding to i = 4
$ = (B¢ 42)/4 = (9F4- 9%2)/4 (79)
Acc = (AQFs2- AQFz4)/2; (76)

For detection interval corresponding toi = 5
s = (B¢ s53)/4 = (975 - 0%3)/4 (77)
Acc = (AQFs3— AQFar)/2; (78)
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For detection interval corresponding to i = 6

s = (A¢765)2 = (976 - ¢"s)/2 (79)
Acc = (A@Fe5— AQFs3)/3; (80)
For detection interval corresponding to i = 8

$ = (B¢ s5)/4 = (975 - 06)/4 (81)
Acc = (A@Fss— AQFes)/3; (82)
For detection interval corresponding toi = 9

s = (B¢7s7)/4 = (9F9 - 077)/4 (83)
Acc = (A@For— AQTss)/2; (84)
For detection interval corresponding to i = 10

s = (AQF 108)/4 = (9710 - 7s)/A (85)
Acc = (A(me.g - A(pF9.7)/2; (86)

(As before, ¢Fcor values may be used instead of the @ values in the above calculations for speed and
acceleration.)

As can be seen from the above equations and Figure 15, the speed and acceleration values are
determined using consecutive values of ¢ from earlier detection intervals where the same order of
processing the sine and cosine signals is performed. Thus, for example, in detection time interval
corresponding to i = 3, the measurement processing unit 19 calculates target position when the sine
measurement is obtained before the cosine measurement and therefore uses the position measurement from
earlier detection intervals where the sine measurement is obtained before the cosine measurement to
calculate the instantaneous speed. As can be seen from Figure 15, the closest earlier detection interval
where the sine measurement is obtained before the cosine measurement, is the detection interval
corresponding to i = 1. Consequently, the instantaneous speed is determined from the difference in position
between the measurements in these two detection intervals (A@F s.1). The acceleration measure is also
determined using signals obtained when the sine measurement are measured before the cosine
measurement.

As there is a switch over of the measurement circuit (from measuring circuit M to measuring circuit N
and vice versa) at detection intervals corresponding to i = 1 and 6, and in order not to overcomplicate the
calculations of the speed and acceleration measures during detection time intervals corresponding to i = 2
and 7, the acceleration measurement determined for the detection interval corresponding to i = 1 is also used
during the detection interval corresponding to i = 2; and the speed measurement and the acceleration
measurement determined for the detection interval corresponding to i = 6 is also used during the detection
interval corresponding toi = 7.

Like in the first embodiment, each speed value is then adjusted in view of the corresponding
acceleration value:

a

Seg =5~ %Acc (87)

This adjusted speed value can then be used in place of speed (s)( in the above calculations to
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dynamically compensate ¢ cor. The thus compensated phase values can then be mapped to a position of the
target 5 through an appropriate look-up-table correction and the period ambiguity associated with the fine
position measurements can be corrected using the latest coarse position measurement. The final position is
then sent to the host Interface unit 21 for reporting to the host. As shown in Figure 15, in this embodiment,
the fine position information is updated once per period of the polarity control signal, i.e. once per detection
interval.

Fourth Embodiment
In the third embodiment, a fine position measurement was obtained during every detection interval.

Signals from the fine detection coils are processed in two measurement circuits M and N in an overlapping
manner. As a result of the overlapping, it is possible to calculate two position measurements using the data
obtained from the two measurement circuits. For example, during the detection interval corresponding to i =
10, the third embodiment calculated a position measurement using the fine sine data from measurement
circuit M obtained in detection interval corresponding to i = 8 and the fine cosine data from measurement
circuit M obtained in detection interval corresponding to i = 9. However, during detection interval
corresponding to i = 10 another position measurement can be calculated using the fine cosine data from
measurement circuit N obtained in detection interval corresponding to i = 8 and the fine sine data from
measurement circuit N obtained in detection interval corresponding to i = 9.

These two position measurements would be calculated as follows:

View =V =0 <V (88)
Vi, =V 0L <y (59)
VFS
@1 = arctan [%} (90)
Ncorr
(PFNcorr= (PFN + A(Pcorr (91)
and
Vit =V =00 <V ©02)
Vieor =Vir =03 V5" (93)
VFS
@, = arctan E%} (94)
Mcorr
(PFMcorr= (PFM - A(Pcorr (95)
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The resulting position measurements (¢ mcor and @Fncor) Will deviate from each other due to the
dynamic error terms related to the speed of the target movement, as discussed above. However, the mean
value of these two position measurements

(PFmean = ((PFMcorr + (PFNcorr)/z (96)

will have much smaller dynamic error and any remaining dynamic error will have very little, if any, dependence
on the determined position measurement. Thus, by calculating during the detection interval with i = 10 the
instantaneous value of the parameter:

A(PFcomp = (PFMcorr - (PFmean = ((PFMcorr - (PFNcorr )/2 (97)

we can remove a significant part of the dynamic error caused by the movement of the target in the
measurements performed during detection intervals with i = 1, 3 and 5 (fine sine measured before fine cosine)
using formula:

(P Neorr = (PFN + A(Pcorr A(P comp (98)
and during detection intervals with i = 2 and 4 (fine sine is measured after fine cosine) using formula:
(P Neorr = (PFN + A(Pcorr +A(P comp (99)

During the detection time interval with i = 5, the instantaneous value of the parameter A@Fcome can be
updated using the two position measurements obtained using the data measured simultaneously in
measurement circuits N and M. Namely, the position measurement obtained using the fine sine data from
measurement circuit N obtained in detection interval corresponding to i = 3 and the fine cosine data from
measurement circuit N obtained in detection interval corresponding to i = 4; and the position measurement
using the fine cosine data from measurement circuit M obtained in detection interval corresponding to i = 3
and the fine sine data from measurement circuit M obtained in detection interval corresponding to i = 4. This
updated value of A¢Tcomp can then be used to compensate for movement of the target as follows during the
position calculations performed in detection intervals with i = 6, 8 and 10 (fine sine is measured before fine
cosine) using formula:

(P Mcorr = (PFM - A(Pcorr A(P comp (100)
and during detection intervals with i = 7and 9 (fine sine is measured after fine cosine) using formula:
(P Mcorr = (PFM - A(Pcorr +A(P comp (101)

The sign with which the velocity compensation factor (A¢@Temp) is applied to the position
measurement changes depending on which of the two signals fine sine or fine cosine was measured first. This
compensation technique will cause the position measurements to change smoothly between adjacent

measurements. As discussed above, this speed compensation removes the dependence on the position
measurement itself and so any remaining dynamic error can be compensated using a simple formula like:
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r r 3s

(pcomp = (pcorr +? (102)

Fifth Embodiment

In the above embodiments, the measurement circuits 51 were arranged to demodulate the signals obtained
from the selected detection coil 4, 6. The measurement circuits 51 also multiplied the incoming signal with a
polarity control signal that allowed a positive and a negative measure of the amplitude of the demodulated
signal from each detection coil to be obtained. In the first embodiment, the update rate can be improved by
increasing the frequency of the polarity control signal. However, if there is a limit on the excitation frequency
(for example because the excitation coil has high inductance), then this will limit the available update rate.
Also, even if the excitation frequency can be significantly increased, there is a practical upper limit on the
frequency of the polarity control signal — the signals must be filtered to remove external noise, but also the
signals being measured must be allowed to settle to the quasi dc level before the ADC 13 converts the
voltage into a corresponding digital value. This means that in practice, the upper limit on the frequency of the
polarity control signal is about 150 kHz.

In the fifth embodiment that is described below, the measurement architecture is based on the fast
multiplexing of voltages from two detection coils through the same measurement circuit 51 multiple times
during the same polarity modulation period, so that a ratiometric measurement of the signals from the two
detection coils is achieved with minimum latency. In particular, in this embodiment, the measurement circuits
51 demodulate and combine the signals from the fine sine and the fine cosine detection coils 6 with a polarity
modulation signal to produce a signal whose phase varies with the target position (¢7) to be measured. The
measurement circuits 51 also perform a similar processing of the signals from the coarse sine and cosine
detection coils 4. The position of the target 5 is then determined from zero crossing positions of the filtered
output signal from the measurement circuits 51.

This embodiment is ideally suited to sensors where the excitation frequency can be much higher than
the desired update rate of the sensor — which is applicable to sensors having low impedance sensor coils. As
will be demonstrated below, the update rate of the fitth embodiment is equal to half of the period of the
polarity modulation signal. Further, the requirement of the high corner frequency of the band pass filter 87
can be reduced by about four times for the same period of the polarity modulation signal. This is because in
the fifth embodiment, the output from the amplification and filtering circuit 83 does not need to settle to a quasi
dc level for conversion by the ADC 13. This helps to reduce significantly the level of the internal and external
noise in the results of the measurements. Additionally, the latency of the fifth embodiment is defined by the
filtering time and the calculation time of the microcontroller 9, which is less than half the period of the polarity
modulation signal. So this represents a four-fold improvement in the latency.

Figure 16 is a block diagram of the main components used in this fifth embodiment. As shown, the
implementation of this embodiment is similar to the embodiments described above — using a general purpose
microcontroller and measurement circuitry 25. The same reference numerals have been used to designate
similar components. The main difference with this embodiment is that it requires a more complex
measurement process and the generation of more complex control signals to control the measurement
process. The new components include digital switching circuitry 101, which is shown here as being outside
the microcontroller 9, although it may form part of the excitation and control signal logic 11. In addition to the
digital switching circuitry 101, this embodiment also has phase detectors 103 and timers 105 — both of which
are implemented inside the microcontroller 9. The phase detectors 103 detect zero crossings of the signals
output from the measurement circuitry 51 and the timers 105 provide control signals which trigger the ADC 13
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and provide an interrupt for the microcontroller 9 to start processing the converted data by the measurement
processing unit 19. The phase of the timers 105 is controlled by the measurement processing unit 19.

The measurement circuitry 25 that is used in this embodiment has the same two measurement
circuits 51 that were used in the first embodiment and shown in Figure 5. However, the timeline of the control
signals (in1, in2) used for selecting the signals from the different detection coils 4, 6 through to the
demodulation switch 56; and the timeline of the polarity modulation signal are very different. Figure 17 shows
example control signals that can be used in this embodiment and illustrates the effect of the two control
signals In1 and polarity on the selection of the signals from the 1+/1- input (corresponding to the fine sine
detection coil 6-1) and on the selection of the signals from the 2+/2- input (corresponding to the fine cosine
detection coil 6-2). As shown, when the polarity modulation signal is low and in1 is low, the signal from the
1+/1 input is passed through to the amplification and filtering circuitry 83. When the polarity modulation
signal is low and in1 is high, the signal from the 2+/2- input is passed through to the amplification and filtering
circuitry 83. When the polarity modulation signal is high and in1 is low, the signal from the 1+/1- input is
inverted and passed through to the amplification and filtering circuitry 83. Finally, when the polarity
modulation signal is high and in1 is high, the signal from the 2+/2- input is inverted and passed through to the
amplification and filtering circuitry 83. The in1 and polarity signals are periodic and have a repeat period of
Tmoa. As shown in Figure 17, the effect of using these in1 and polarity signals is to multiply the signal from
the 1+/1- input with the following periodic sequence of 32 numbers (although other numbers could be used):

1101010000101011110-1010000101011
and to multiply the signal from the 2+/2- input with the following periodic sequence of 32 numbers:
00101011110101000010-10-11-1-10-10-100

These two periodic sequences of 32 numbers are related in that one is a phase shifted version of the
other. In particular, one is shifted by a quarter of the period (Tmod). Therefore, the output from the

demodulating switch 56 when the signal from the 1+/1- input (corresponding to the signal from the fine sine
detection coil 6-1) is selected can be represented as:

. 2n
A, sing” COS[T

mod

]t + harmonics (103)

and the output from the demodulating switch 56 when the signal from the 2+/2- input (corresponding to the
signal from the fine cosine detection coil 6-2) is selected can be represented as:

A, coso” sin[ T27r ]t + harmonics (104)

mod

The two sequences of 32 numbers are also organized in a time division multiplexed manner, so that
whenever one of them corresponds to zero the other one corresponds to either one or minus one. The time
division multiplexing of the two inputs achieved with this approach leads to the interposing of the signals from
the two detection coils which, after passing through the amplification and filtering circuit 83 for filtering out the
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harmonics, can be represented as a combined signal of the form:

AF  =GA, sing” cos[[Tz—ﬂ]l + (p] +GA, cos” sin[[;—ﬂ]l + (p] (105)

mod mod

where G represents the gain of the amplification and filtering circuit 83, ¢ is the phase to be determined that
corresponds to the desired target position information, and ¢ is an unknown phase shift introduced by the
processing circuitry (mainly the bandpass filter 87 in the amplification and filtering circuit 83). This expression
can be rewritten as:

. 2
AF,, =V, sm[[—ﬂ]l +o+ (pF] (106)
Tmod
Thus the phase of the AF. signal varies with the target position information (¢F). The time points or
phases when AF.: crosses zero can be determined by comparing AF..: with zero in a comparator. Thus, the
signal AFou: will cross zero at the rising edge when

[Tz—ﬂ}t =0, (107)

mod

as measured from the beginning of the modulation period Tmea. Therefore,
OL+ O 7O =2T 0 0 =20 Qg — 0 (108)

Similarly, the signal AFo.: will cross zero at the falling edge when

[Tz—ﬂ}t =0, (109)

mod

as measured from the beginning of the modulation period Tmea. Therefore,
r . F
Oy +Q ptig TO =T 00 QO =T —Q e — @ (110)

In practice the phase shift introduced by the measurement circuits (¢) will be different for the rising
and the falling edges for various reasons, for instance due to the hysteresis in the comparator used to detect
the zero crossing. The above equations represent these different measurement circuit phase shifts as @rising
and Qraiing. These measurement circuit phase shifts are relatively stable parameters, although they can slowly
drift, for example with temperature. It is possible to measure and then remove these unwanted phase shifts
by obtaining a new measurement with a new polarity modulation signal that, when combined with the in1
control signal, results in the polarity reversal of one of the sequences of 32 numbers whilst leaving the other
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sequence of 32 numbers unchanged. For example, the signal from the 1+/1- input can be multiplied with the
following periodic sequence of 32 numbers:

11010100001010111101010000-10-10-1-1

and the signal from the 2+2- input can be multiplied with the same periodic sequence of 32 numbers as
before:

001010111101010000101011-1-10-10-100

Figure 18 shows an example of the new polarity modulation signal that can achieve this result when
combined with the in1 control signal. Figure 18 also shows the AF.y signal that is obtained as a result of
using this new polarity modulation signal. Figure 18 also shows (in phantom) the AF..: signal obtained with
the polarity modulation signal shown in Figure 17. In order to distinguish the two polarity modulation signals,
the polarity modulation signal used in Figure 17 is labelled polarity+ and in Figure 18 it is labelled polarity-.
The other control signals remain the same. In this case, the AF.y signal can be represented as:

AF  =-GA, sinp” cos[[Tzﬂ ]l+(p]+GAF cos” sin[[Tzﬂ ]l+(p} (111)
mod

mod

AF. =V, sin[[Tzn jl-ﬁ-(p —@F} (112)

mod

This new signal AF .. will cross zero at the rising edge when

[Tzﬂ }t:% (113)

mod

as measured from the beginning of the modulation period Tmea. Therefore,
(p3+(prising_(pF:O (p3:(pF_(prising (114)

Similarly, the signal AFo.: will cross zero at the falling edge when

{Tz’f ]rzm (115)

mod

as measured from the beginning of the modulation period Tmea. Therefore,

F

Oyt O g —Q =T 0 Oy =T~ Q g +(DF (116)
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Consequently, if the measured phases ¢1 and @3 are added together, we can obtain a measure of
Qrising as follows:

(pl+(p3 :(27T_(prising_(pF)+((pF_(prise) (117)

+
(przsing :ﬂ_(uj (118)

2

Similarly, by adding the measured phases ¢ and ¢4 together, we can obtain a measure of Qraing as
follows:
0, +0

(pfalllng =7 - (%j (1 19)

However, the phases ¢1 and ¢z are defined only from 0 to 21 and so (as can be seen from Figure 19a), Qrising
can also be equal to:

0,0
S (4 -

and similarly (as can be seen from Figure 19¢), @raiing can also be equal to:

0, T @
(pfalllng =27 - (%j (121)

In particular, Figure 19a is a phase plot showing the way in which the phases ¢ and ¢3 vary with the
target position phase @F and show (with the horizontal lines) the values that (@1 + @3)/2 can take. Figure 19¢c
ilustrates the corresponding phase plots for phases ¢, and ¢4 and showing (with the horizontal lines) the
values that (@2 + ¢4)/2 can take.

It is easy to deal with two possible answers for @yising — in particular, the microcontroller 9 can determine:

+
(przsing =T _(%j (122)

and if the answer is negative then the microcontroller 9 can add 1 to the answer. A similar calculation can be
performed in respect of Praling.

Now that @rising has been calculated, the microcontroller 9 can add this to @z in order to determine ¢F.
Figure 19b is a plot showing that @+ @iising Varies linearly with the target position phase (¢F). Similarly, now
that @raiing has been calculated, the microcontroller 9 can add this to @4 in order to determine ¢F. Figure 19d is
a plot showing that @4+ @raing —T1 varies linearly with the target position phase (¢F). In this way, the
microcontroller 9 can determine two measurements of the target position phase (¢F).
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The description above deals with the measurements made in a single measurement circuit 51.
However, as discussed above, the measurement circuitry 25 has two parallel measurement circuits 51-1 and
51-2 (M and N). To avoid the situation where the same measurement inputs (detection coil) are selected
simultaneously in both measurement circuits N and M, the control signal in1_N applied to the multiplexers 55-
1 and 55-2 of measurement circuit N is inverted and used as the control signal in1_M applied to the
multiplexors 55-1 and 55-2 of the measurement circuit M. In the following description the suffix “_N”" or “_M’
will be added to the reference numbers of the components to signify in which measurement circuit (M or N)
the corresponding component belongs. Figure 20 illustrates the way in which the fine sine detection coil
(connected to inputs 1+/1-) and the fine cosine detection coil (connected to inputs 2+/2-) can be switched
through both measurement circuits N and M in the above manner.  As shown, during the moment in time
when the fine sine detection coil 6-1 is selected by the multiplexers 55_N in measurement circuit N, the fine
cosine detection coil 6-2 is selected by the multiplexers $5_M in the measurement circuit M.  Similarly, during
the moment in time when the fine cosine detection coil 6-2 is selected by the multiplexers 55_N in
measurement circuit N, the fine sine detection coil 6-1 is selected by the multiplexers 55_M in the
measurement circuit M.

The value of the target position phase (¢7) measured in measurement circuit M will deviate (by 11/2)
from the value of the target position phase (¢7) measured in measurement circuit N because the order of the
selected measurement inputs is interchanged. This change of phase can be seen from the AFM signal and
the AFNo signal which are given by:

AFN =V, sin[[Tzﬁ ]Z—l—(pN +(pF] (123)
mod
M F 27 . B 2r
AF,, =GA, cos@” cos| | — [{+¢ |+ GA,sin@” sin| | — [+ ¢ (124)
Tmod Tmod
AFY —Vosin| | 2 v, +E—o" (125)
Tmod 2

These equations also show that the phases of the AFq signals output from the two measurement
circuits move in different directions for a changing position of the target 5. Therefore, the microcontroller 9
can determine the value of the target position phase (¢F) from each measurement circuit N and M and, by
measuring both the rising zero crossing and the falling zero crossing, the microcontroller 9 can obtain four
independent results for the same measurement (¢F). Of course the microcontroller 9 only needs to use one of
these measurements at any given time.

Phase Detection & Timing Control

Figure 21 is a block diagram illustrating the operation of the phase detector 103_N and the timers
105_1N and 105_2N used to process the AFNy: signal from measurement circuit N. The components marked
with the subscripts _N indicate that the circuit component is associated with measurement circuit N and that a
corresponding circuit component (not shown) is provided separately for measurement circuit M. It should be
understood that whilst the following description of Figure 21 concentrates on the processing of the signal



10

15

20

25

30

35

40

WO 2015/022516 PCT/GB2014/052460
43 -

AFNo, similar processing will be performed on the AFM signal output from the other measurement circuit M.
As shown, the AFN signal from measurement circuit N is input to a comparator 113_N where it is compared
with the mid-rail voltage (zero level). The digital signal output from the comparator 113 is used to trigger
capture/compare timers 115_1N and 115_2N. Both of these capture/compare timers 115_N are reset (for
example to zero) on the rising edge of a period_ref control signal that is generated by the excitation and
control signal logic 11. The period_ref control signal is periodic having period Tmos and its rising edge is time
aligned with the start of the Tmoq period. Thus at the start of each Trmoq period, the capture/compare timers
115_N are reset and they then start to count up (or down) until they are stopped by the appropriate trigger
output from the comparator 113_N. The rising edge of the digital signal output from the comparator 113 stops
the capture/compare timer 115_1N and the falling edge of the digital signal output from the comparator 113_N
stops the capture/compare timer 115_2N. The numeric values held by the capture/compare timers 115_N are
stored in the memory 17_1N (as the above described values ¢1 and ¢2 if the polarity+ modulation signal is
being used in the current modulation period or as the above described values @3 and ¢4 if the polarity-
modulation signal is being used in the current modulation period) and used by the measurement processing
circuitry 19 to determine the desired target position information ¢ in the manner described above. The
values held by the capture/compare timers 115_N are stored into the memory 17_1N as soon as the
capture/compare timer 115_N is stopped by the output of the comparator 113_N. The resolution of such
phase detection measurement is determined by the analogue noise and by the number of the counts in the
capture/compare timers 115 which correspond to the period of modulation Tme. Typically the
capture/compare timers 115_N will use about 11 bits, but in some embodiments may use more than 15 bits.

When using the counts that are stored in the memory 17_1N to calculate the target position
information @f, the counts must first be converted into phases. This is achieved by dividing the stored count
value by the number of counts corresponding to the period of modulation Trmeq and by multiplying the result by
2.

The measurement processing unit 19 uses the last two determined counts ((rast and Qiast-1) from the
timers 115_N that are stored in memory 17_1N to update the phase of the control signal (ADC_triggerN)
used to trigger the ADC 13_N to convert the amplitude of the AFNo. signal. In particular, the last two
determined counts stored in memory 17_1N will correspond to arising edge zero crossing and a falling edge
zero crossing. Therefore, the phase half way between these two phases will correspond to the maximum or
the minimum of the AFNy signal. This is illustrated in Figure 22, which shows the signal AFNy: and the
measured phases ¢1 and @2 that are measured by the timers 115_N. Half way between @1 and ¢2
corresponds to the minimum peak amplitude of AFNyy, which is the optimum time to convert the amplitude of
AFN,. As can be seen, the control signal ADC_triggerN has its rising edge aligned with the peak of the
AFNo signal. This is achieved by the measurement processing unit 19 determining the value of shift. ADCN
that is used to shift the phase of the timer 105_1N used to generate the ADC_triggerN control signal. As,
half way between the last two phase measurements corresponds to the optimum time to trigger the ADC
113N, the measurement processing unit 19 can determine this optimum time from:

+

(pmean — ((plast (plast—l j (126)
2

]-f (pmean > TL” Zhen (pmean = (pmean - TL- (127)

As the ADC 13_N is arranged to sample the positive peak and the negative peak of AFNyy, the
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ADC_triggerN control signal has twice the frequency of the period_ref control signal. Thus, the value of
Qmean iS doubled before writing it to the timer 105_1N to reflect the fact that the period of the ADC_triggerN
control signal is two times smaller than the period of Timg:

shift ADCN =20 (128)

The sampled and ADC converted amplitude values are stored into memory 17_2N. An interrupt at
the end of the modulation period Tmes is used for moving available data from memory 17-2N to the
measurement processing unit 19. However, a precaution is taken to avoid the situation where the ADC 13_N
is triggered just before the end of the modulation period Tmod such that the conversion result is not ready at
the end of the modulation period Tmea.  Similarly, a precaution is taken to ensure that when the interrupt at the
end of the modulation period Trod forces the measurement processing unit 19 to read the last set of data from
the memory 17-2N, the ADC 13_N is not triggered at the very beginning of the next modulation period Trmog.
To achieve this, a forbidden band is introduced at the start and end of the modulation period Tmoq S0 that the
ADC 13_N is not triggered during the time Tmod*Pieshoiat/2TT before the end of the modulation period and also
is not triggered during a shorter time Tmod " Pireshoid2/211 just after the start of the next modulation period Tmeg.
This dead zone with a total width of:

Prorvidden = Pthreshold+ Pthreshold? (129)

should be small enough compared to 1 in order to avoid introducing a significant error in the measurement of
the peak-to-peak amplitude performed by the ADC 13_N. For instance, Qrobidsen Should be less than 6% of
to provide peak-to-peak amplitude measurements with an error below 2%; Qromidden Should be less than 4.5%
of 1 to provide peak-to-peak amplitude measurements with an error below 1%. This forbidden zone 121 is
illustrated in Figure 22 and can be defined through the operation of the measurement processing unit 19 when
determining shift_ADCN as follows:

I-f ()Dmean < ()Dthresho/d 2 thel’l ()Dmean = ()Dthresho/d 2
I | h =
f (pmean > = E((pthreshuldl - (pthreshuld 2 )’ then (pmean - (pthreshuld 2

].f (pmean > T - (pthreshuld 1> Zhen (pmean =T - (pthreshuldl (130)

The ADC conversion is always triggered two times per modulation period Tmod and by introducing the
dead zone (Promidden) for the ADC_triggerN control signal, it can be assured that both data for the minimum
and the maximum values of AFN, converted by the ADC 13_N are available in the memory 17_2N by the end
of the modulation period Tmoa. The signal amplitudes converted by the ADC 13_N can be used to identify, in
the sequence of phases stored in the memory 17-1N, the set of phases corresponding to the rising zero
crossing values (91 or ¢3) and the set of phases corresponding to the falling zero crossing values (92 or ¢4).
In particular, when the measurement processing unit 19 reads the memories 17_1N and 17_2N at the
interrupt aligned with the end of the modulation cycle Tmos, One of the two last phases read by the
measurement processing unit 19 from the memory 17_1N will have its phase close to:
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O=Qrmean + TI/4 (131)

This measurement (for instance, the measurement marked as @2 in Figure 22) corresponds to the
zero crossing which happens between the two consecutive amplitude measurements which the ADC 13_N
converted during the last modulation period Tmoa. If the last reading from the ADC 13_N (ADCiasy) is larger
than the last but one reading (ADCiast-1), then the signal AFNo.: was rising, and thus the measurement point
with the value close to Pmean + T1/4 corresponds to the ¢1 or ¢3 measurement. However, if the last reading by
the ADC 13 (ADCiast) is smaller than the last but one reading (ADCiast1) (as shown in Figure 22), then the
signal AFNy: was falling, and thus the measurement point with the value close t0 Qmean + T1/4 corresponds to
either the ¢2 or 4 measurement.

The peak-to-peak amplitude of the signal AFNy is calculated as follows:

Ay =|ADC ,, - ADC,, | (132)

last

The CALC_trigger control signal interrupts the measurement processing unit 19 and causes it to
process the last phase measurement written into memory 17_1N and the last two amplitude measurements
written into memory 17_2N. The last two amplitude measurements are processed to update the value of AN
and the phase measurement is processed after each zero crossing event (i.e. on the falling and rising edges
of the CALC_trigger control signal) in order to update the value of ¢ . As shown in Figures 21 and 22, the
CALC_trigger control signal is generated by the timer 105_2 and it has the same frequency as the
period_ref control signal, but is phase shifted relative to period_ref by a phase shift (shift_CALC). The phase
shift is determined by the measurement processing unit 19 to ensure that the rising and falling edges of
CALC_trigger occur a short time period after the zero crossing events to be measured. The duration of this
short time period is chosen to ensure that there is sufficient time for the measurements to be written into
memory 17_N. As discussed above, the subscripts _N shown in Figure 21 indicate that the circuit component
is associated with measurement circuit N and that a corresponding circuit component is provided separately
for measurement circuit M. As can be seen, timer 105_2 does not have this subscript - as there is only one
CALC_trigger control signal.

The interrupt at each rising and falling edge of the CALC_trigger signal is used by the measurement
processing unit 19 to reload the phase shift values into the timers 105 (shift_CALC into timer 105_2 and
shift_ ADCN into timer 105_1N (and the corresponding shift_ADCM value into the timer 105_1M used for
measurement circuit M)), and then to run the required calculations to update the target position information to
the host interface unit 21. When the microcontroller 9 receives an interrupt from the rising edge of the
CALC_trigger control signal, it reloads its configuration so that the next interrupt will be triggered by the
falling edge of the CALC_trigger control signal. Similarly, when the microcontroller 9 receives an interrupt
from the falling edge of the CALC_trigger control signal, it reloads its configuration so that the next interrupt
will be triggered by the rising edge of the CALC_trigger control signal. Such an interchanging role of the
rising and falling edges of the CALC_trigger control signal, to generate an interrupt event in the
microcontroller 9, is important as it allows continuous tuning of the phase of the CALC_trigger control signal
without infroducing additional false trigger events.

The CALC_trigger adjustment algorithm uses an additional parameter @it - @ small phase shift
(equivalent to the above short time period) which provides a safety zone to ensure that the data related to the
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position of the zero crossing will be available in the memory 17-1N at the moment of the interrupt generated
by the corresponding edge of the CALC_trigger control signal. The value of shift_CALC can be calculated as
follows:

if 3>¢4 (or p1>¢2)
shift_CALC = ((rast + Prast-1)/2 + /4 + Perit (133)
if p3<¢4 (or p1<¢2)
shift_CALC = ((rast + Prast-1)/2 — TI/4 + Pt (134)

Overall Detection Cycle

Figure 23 is a timing diagram illustrating the way in which, in this embodiment, the measurement
circuitry 25 selects the different detection coils and the reference signal through the two measurement circuits
during one detection cycle (T_dc). Figure 23 also shows many of the different control signals used in this
embodiment to control the operation of the sensor electronics. As shown at the bottom of Figure 23, the
detection cycle is split into two parts — a first part having three detection intervals Atk (k=1 to 3); and a second
part having three detection intervals Atk (k=4 to 6). In this embodiment, each detection interval Atk is formed
from four modulation periods Tmoq, With the polarity modulation signal being the same at least during the first
two modulation periods and during the second two modulation periods. (If desired, each detection interval
may have more than four modulation periods.) During the first part of the detection cycle, the in2_M and
in3_M selection control signals ensure that the signals from the fine detection coils 6 (corresponding to inputs
1+1- & 2+2-) are passed through measurement circuit M and used to update the fine position
measurements. (Control signal in1_M and in1_N are not shown in Figure 23 for clarity due to the time scale
of the figure.) Figure 23 also shows the pol_swM signal used in this embodiment to switch the polarity
modulation signal used in measurement circuit M. As shown, during the first part of the detection cycle, the
pol_swM signal is always at a low value — and therefore the polarity- modulation signal (as shown in Figure
18) is applied continuously to the selected signals passed through measurement channel M. This is
represented by the ““ sign in each box corresponding to measurement circuit M during the first part of the
detection cycle. Thus during the first part of the detection cycle, measurement circuit M is only calculating fine
position measurements from the determined phase shifts (¢3M and p4M).

During this first part of the detection cycle, measurement circuit N is configured: i) to obtain
measurements of the reference signal during detection interval At1 - using the polarity+ modulation signal
(Figure 17) and then the polarity- modulation signal (Figure 18); ii) to obtain measurements from the coarse
detection coils 4 during detection interval At2 - using the polarity+ modulation signal (Figure 17) and then the
polarity- modulation signal (Figure 18); and iii) to obtain measurements from the fine detection coils 6 during
detection interval At3 - using the polarity+ modulation signal (Figure 17) and then the polarity- modulation
signal (Figure 18). The pol_swN control signal controls which polarity modulation signal is used in
measurement circuit N during each half of each detection interval. The signals measured in the measurement
circuit N during the first part of the detection cycle are used to update breakthrough parameters, the coarse
position information ¢C\, and to update the phase offsets Qraiingy and Prisingn .

During the second part of the detection cycle, the roles of the two measurement circuits N and M are
reversed, so that during the second part, the in2_N and in3_N selection control signals ensure that the
signals from the fine detection coils 6 (corresponding to inputs 1+1- & 2+2-) are passed through
measurement circuit N and used to update the fine position measurements; and so that measurement circuit
M is configured: i) to obtain measurements of the reference signal during detection interval At4 - using the
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polarity+ modulation signal (Figure 17) and then the polarity- modulation signal (Figure 18); ii) to obtain
measurements from the coarse detection coils 4 during detection interval At - using the polarity+ modulation
signal (Figure 17) and then the polarity- modulation signal (Figure 18); and iii) to obtain measurements from
the fine detection coils 6 during detection interval At6 - using the polarity+ modulation signal (Figure 17) and
then the polarity- modulation signal (Figure 18). The signals measured in the measurement circuit M during
the second part of the detection cycle are used to update breakthrough parameters, the coarse position
information ¢C, and to update the phase offsets Qralingv and Prisingwm.

Thus as can be seen from the shaded boxes “main data” in Figure 23, the measurement processing
unit 19 will update the fine position information during the first part of the detection cycle using the
measurements from measurement circuit M and will update the fine position information during the second
part of the detection cycle using the measurements from measurement circuit N. Configuring the two
measurement circuits N and M in this way provides the fastest possible update rate of the fine position
information to the host interface 21 — whilst allowing each measurement circuit M and N to obtain
measurements from ancillary channels (such as the reference signal and the coarse detection coils).

The reason for this is illustrated in Figure 24 which shows in more detail example signals obtained at
the end of detection interval At3 and the beginning of detection interval At4. As shown in Figure 23, during
the time interval corresponding to i = 5, measurement circuit N is arranged to obtain measurements (91N and
¢2N) from the fine detection coils 6 using the polarity+ modulation signal. Then during the time interval
corresponding to i = 6, measurement circuit N is arranged to obtain measurements (p3N and @4N) from the
fine detection coils 6 using the polarity- modulation signal. However, because of the change of the polarity
modulation signal that is used, the AFN,y signal is perturbed just after the transition fromi=51toi =6 (as
shown in Figure 24); and takes a short time to settle to its new cyclic form. As shown in Figure 24, after the
transition from i = 5 to i = 6, the AFNoy signal only crosses the zero crossing level once during the first
modulation period with the new polarity modulation signal. Therefore, in this embodiment, the measurement
processing unit 19 only considers the last two zero crossing events (@3N and @4N) of AFN at the end of the
time interval corresponding to i=6. In contrast, since the polarity modulation signal used in measurement
circuit M does not change during detection interval At3, the AFMy signal is stable and the measurement
processing unit 19 can use all of the detected zero crossing events to update the fine position information for
the target 5 during each of the four modulation periods (Tmed) corresponding to detection interval At3. The
measurement processing unit 19 is triggered to do this using the CALC_trigger control signal that is aligned
with the zero crossing events 3M and ¢4M to allow interrupts to the measurement processing unit 19 with
relatively low latency to the actual zero crossing events detected in the phase detector 103_M.

At the start of the next detection interval (At4), measurement circuit M is configured for obtaining
measurements of the excitation reference signal firstly using the polarity+ modulation signal (during i = 7) and
then using the polarity- modulation signal (during i = 8). Thus at the end of time interval with i=7, the
measurement processing unit 19 obtains the last two zero crossing events of AFMy: to obtain phase
measurements for the excitation reference signal ¢1Ry and ¢2Ry; and at the end of time interval with i=8
(which also correspond to the end of detection interval At4), the measurement processing unit 19 obtains the
last two the zero crossing events of AFMy,: to obtain phase measurements for the excitation reference signal
@3y and @4Ry. During detection interval At4, the fine position measurements are obtained using
measurement circuit N — and so the CALC_trigger control signal is realigned with the zero crossings of
AFNo.  This realignment is achieved using the phase measurements @3y and ¢4y obtained at the end of
detection interval At3 from measurement circuit N.

Interrupts
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As the measurement processing unit 19 reads the measurements from the two measurement circuits
at different rates, in this embodiment, two interrupt signals are used to interrupt the measurement processing
unit 19 to perform the read operations — the CALC_trigger control signal and the polarity switch control signal
(pol_sw).

The edges of the pol_sw signal are aligned with the edges of consecutive pairs of modulation
periods Tmod. The interrupt started by either the rising or the falling edge of the pol_sw control signal is used
to move the last two phase measurements and the last two amplitude measurements from the memories 17-1
and 17-2 (associated with the measurement circuit N or M in which the ancillary measurements are currently
being made) to the measurement processing unit 19. This interrupt generated by the pol_sw control signal
has the highest priority of all other interrupts and so can interrupt active calculations in the measurement
processing unit 19 or even the process of moving data from another measurement circuit (started by the
CALC_trigger interrupt signal). The measurement processing unit uses the last two phase measurements to
update the optimum timing for sampling the amplitude of the incoming signal in that time interval — which it
stores in memory for use in the next detection cycle; and then loads a new value into shift ADCN for use in
controlling when the ADC 13_N will make the amplitude measurements during the next time interval. Of
course, the same value of shift ADCN used in the current time interval cannot be used again in the next time
interval because the phase of the incoming signal will be very different (due to the use of a different polarity
modulation signal and in some cases because the signal being measured is different).

For example, in Figure 24, at the boundary between intervals marked as i=5 and i=6, the
measurement processing unit 19 will read the last two phase measurements stored in memory 17-1N and the
last two amplitude measurements stored in memory 17-2N. The measurement processing unit 19 uses the
two phase measurements to determine the optimum timing for ADC converting the signal during the time
interval corresponding to i=5 — which it stores as shift_ADCS for use in the next detection cycle. The
measurement processing unit 19 then retrieves the value of shift_ADC6 that was calculated at the end of the
time interval corresponding to i=6 in the previous detection cycle T_dc. However, the signal that is being
processed by measurement circuit N in the time interval corresponding to i=6 is the signal from the fine
detection coils (see Figure 23) and so its phase may have changed since the last detection cycle. Therefore,
the measurement processing unit 19 determines the value of shift_ADCN to be used during the time interval
corresponding to i=6 in the current detection cycle also taking into account the difference between the fine
phase measurement value (¢ wenss) recorded at the end of the time interval with i=6 in the previous detection
cycle using the data from the other measurement circuit (i.e. from measurement circuit M) and the latest fine
phase measurement (¢Fv) determined using the data also from measurement circuit M obtained at the end of
the time interval with i=5 of the current detection cycle (¢Fwenss). In particular, the following shift value is
calculated:

shift_ADCN = shift_ADC6 + (¢ wencs - §Fvencs) (139)
In the more general form we can write:
shift_ADCN = shift_ADCi— (¢ wmendi-1 - ¢ Mendi) (136)

when the value shift ADCN is updated for channel N utilizing the polarity+ modulation signal; and:
shift_ADCN = shift_ADC; + (¢ mendi-1 — P Mendi) (137)
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when the value shift ADCN is updated for channel N utilizing the polarity- modulation signal. The

generalized form takes into account the fact that the phases ¢2 and ¢1 are moving in the opposite direction

compared to ¢F (see Figure 19a and Figure 19¢) — which accounts for the opposite sign in the calculation.
Similarly, when measurement circuit M is processing the ancillary data (during detection intervals At4,

At and At6), the measurement processing unit 19 determines the value of shift_ADCM to write into the timer

105_1M as follows:

shift_ ADCM = shift_ADC;i + ( ¢"nendi-1 = " Nendi) (138)
when the value shift ADCM is updated for channel M utilizing the polarity+ modulation signal; and:
shift_ ADCM = shift_ADCi- ( ¢ Nendi-1 - P Nendi) (139)

when the value shift_ADCN is updated for channel M utilizing the polarity- modulation signal. In this case,
@ nendi-1 is the fine phase measurement obtained using the data from measurement circuit N during the
previous time interval (i-1); and @ nensi is the fine phase measurement obtained using the data from
measurement circuit N during the time interval i in the current detection cycle. The change of the sign of the
correction applied to shift ADCM compared to shift_ADCN is related to the different direction of movement of
¢1M and @2M in measurement circuit M compared to the direction of movement of 1N and @2N in
measurement circuit N.

Such new values of shift_ADC are also corrected to keep the forbidden zone for ADC friggering very
near the boundaries of adjacent modulation periods Tmod as described above.

After storing the value Qengi= @ and writing the value shift_ADCN in the timer 105_1N or shift ADCM
in the timer 105_1M (depending on which measurement circuit is involved in the ancillary measurements) the
measurement processing unit 19 sets a flag which identifies the need to carry out processing of the new
ancillary data. Such calculations have the lowest priority and are performed after the calculations (that are
performed in response to the interrupt caused by the CALC_trigger control signal), release the required
resources of the microcontroller 9.

A more detailed description of the processing performed by the measurement processing unit 19 will
now be given for the different time intervals illustrated in Figure 23. As discussed above, during detection
intervals At1, At2, and At3 the measurement circuit N is used in the ancillary measurement mode.

At pol_sw Interrupt between i=12 and i=1:

At this interrupt, the measurement circuit N selects the reference signal to be measured and the
polarity+ modulation signal is selected. At this interrupt, the value of shift_ADC12 is updated and stored in
memory 17 for use in the next detection cycle (in the manner described above). At this interrupt the phase
value of ¢y calculated with the data measured in the measurement circuit N during the time interval with
index i=12 is stored as:

@ Nendt2= QTN (140)
Then shift_ADCN is updated in the timer 105_1N by using the parameter shift_ADCN1 (which is the value of

shift ADCN calculated at the end of the processing of the data obtained in detection interval At1during the
previous detection cycle) that is stored in the memory 17:
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shift_ADCN = shift_ADC1 (141)

Note that in this case as the signal that is being measured in this time interval (i=1) is the excitation reference
signal, its value does not change with the position of the target and therefore, there is no need to consider
changes to the phase of the measured signal from one detection cycle to the next.

At pol_sw Interrupt between i=1 and i=2:

At this interrupt, the measurement circuit N selects the reference signal (on inputs 5+/5-) and uses
the polarity- modulation signal. At this interrupt the data measured during the time interval with the index i=1
are moved from the memories 17_1N and 17_2N into the measurement processing unit 19 and then the value
of shift_ADCN is updated in the timer 105_1N by using the parameter shift ADC2 (which is the value of
shift ADCN calculated at the end of the processing of the data obtained in time interval with i=2 during the
previous detection cycle) that is stored in the memory 17:

shift_ADCN = shift_ADC2 (142)

At pol_sw Interrupt between i=2 and i=3:

At this interrupt, the measurement circuit N selects the coarse detection coils 4 (inputs 3+/3- and
4+/4-) and uses the polarity+ modulation signal. At this interrupt the data measured during the time interval
with index i=2 are moved from the memories 17_1N and 17_2N and the value of ¢\ calculated with the data
¢3M or 94M measured by the measurement circuit M during time interval with index i=2 is stored as:

@ mend2= P u (143)

Then the value of shift_ADCN is updated in timer 105_1N by using the parameter shift_ADC3 that
was stored in memory 17 during the previous detection cycle:

shift_ADCN = shift_ADC3 — (¢ mend2 — P menas)/NP (144)

As can be seen from this calculation, the measurement processing unit 19 adjusts the value of shift ADCN
value calculated using data measured in the previous detection cycle using the change in the measured fine
phase between the corresponding point in time of the previous detection cycle and the latest fine phase
measurement obtained from the measurement circuit M. As measurement circuit N will be measuring the
coarse phase during the time interval corresponding to i=3, the change in the fine phase is scaled down by
the value NP, which equals the number of periods of the fine detection coils 6 in one period of the coarse
detection coils 4.

After updating the shift ADCN value at the boundary between time intervals with i=2 and i=3, the
measurement processing unit 19 sets a flag to identify that the data measured for the excitation reference
signal during detection interval At1 are ready for further processing. The measurement processing unit 19
then returns back from the pol_sw interrupt to continue with other tasks related to serving interrupts with a
lower priority introduced by the CALC_trigger control signal, which is used in order to process the ¢3M or
¢4M data measured during the First part of the detection cycle by the measurement circuit M. After the end of
each interrupt induced by the edges of the CALC_trigger control signal, the measurement processing unit 19
checks whether the flag for the further processing of the ancillary measurement data is set. If the flag is set,
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the measurement processing unit 19 starts the further processing of the stored ancillary data and after the
further processing is finished, it clears the value of the flag.

Further Processing of Ancillary Data obtained during detection interval At1

During the further processing of the ancillary data obtained during detection interval At1, the new best
value for the shift_ADCN is calculated using values of @1N and @2N detected during the time interval with
index i=1 and the parameter shift_ADC1 is updated and saved to the operation memory 17_N. Then the new
best value for the shift_ ADCN is calculated using values of 3N and ¢4N detected during the time interval
with index i=2 and the parameter shift_ADC2 is updated and saved to the operation memory 17_N. The data
for @Nising and @MNaiing are updated and if necessary averaged together with the previous data for detection
interval At1 from the previous detection cycle T_dc. Then the value of gn®é' is calculated and compared with
the value of /4. Indeed, when the reference signal is being switched through the measurement circuit N or M,
it is only the reference signal that is being switched through the demodulating switch 56 and so the value of
@nRef is given by:

JRes T
Ref _ M _
=arctan| ——— | = — 145

If a substantial deviation from the value of /4 is found, the measurement processing unit 19 outputs
an error message to the host interface 21 and stops updating the fine phase measurements to the host
interface 21 until the next detection cycle when this error is cleared if the measurement returns back to being
close to /4. At the end of this data processing, the last two amplitude values obtained from ADC 13_N
(ADCiast and ADCiast-1) during each of the time intervals with i=1 and i=2 are used to calculate the average
value of the peak-to-peak reference amplitude (VEX).

At pol_sw Interrupt between i=3 and i=4:

At this interrupt, the measurement circuit N starts mixing the signals from the coarse detection coils
(on inputs 3+/3- and 4+/4-) using the polarity- modulation signal. At this interrupt the data measured during
the time interval with index i=3 are moved from the memory 17_1N and 17_2N and the value of ¢
calculated with the data 3M or p4M measured in the measurement circuit M during time interval with i=3 is
stored as:

@ Mendz= P u (146)

Then the value of shift_ADCN is updated in timer 105_1N by using the parameter shift_ADC4 stored in the
memory:

shift_ADCN = shift_ADC4 + (¢"wend3 - ¢ mends)/NP (147)

At pol_sw Interrupt between i=4 and i=5:

At this interrupt, the measurement circuit N starts mixing the signals from the fine detection coils (on
inputs 1+/1- and 2+/2-) using the polarity+ modulation signal. At this interrupt the data measured during the
time interval with the index i=4 are moved from the memory 17_1N and 17_2N and the value of ¢y
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calculated with the data 3M or p4M measured in the measurement circuit M during time interval with i=4 is
stored as:

@ Mends= P u (148)

Then the value shift_ADCN is updated in the timer 105_1N by using the parameter shift ADC5 stored in the
memory:

shift_ADCN = shift_ADC5 — (" mends - ¢ vencs) (149)

After updating the shift ADCN value, the measurement processing unit 19 sets the flag to indicate
that the data measured for the coarse scale channels during the detection interval At2 are ready for further
processing. The measurement processing unit 19 then returns back from the pol_sw interrupt to continue with
other tasks related to serving interrupts with a lower priority introduced by the CALC_trigger control signal,
which is used in order to process the ¢3M or p4M data measured during the First part of the detection cycle in
the measurement circuit M. After the end of each interrupt induced by the edges of the CALC_trigger control
signal, the measurement processing unit 19 checks whether the flag for the further processing of the ancillary
measurement data is set. If the flag is set, the measurement processing unit 19 starts the further processing
of the ancillary data and after the processing is finished, it clears the value of the flag.

Further Processing of Ancillary Data obtained during detection interval At2

During the further processing of the ancillary data obtained during detection interval At2 the new best
value for the shift_ADCN is calculated using values of @1N and @2N detected during the time interval with
index i=3 and the parameter shift ADC3 is updated and saved to the operation memory 17. Then the new
best value for the shift_ ADCN is calculated using values of 3N and ¢4N detected during the time interval
with index i=4 and the parameter shift_ADC4 is updated and saved to the operation memory 17. The data for
QNiising and QNraiing are updated and if necessary averaged together with the previous data for the time interval
At2 from previous detection periods T_dc. Then the coarse target position information (¢°) is calculated using
the @3N and the @4N phase measurements obtained during time interval i=4. The last two amplitude
measurements from the ADC 13_N (ADCNast and ADCNast.1) obtained for each time interval with i=3 and i=4
are used to calculate the average value of the peak-to-peak amplitude of AFN, when the coarse detection
coils are selected (AcN). The obtained values are then used to correct the coarse phase measurements for
breakthrough offset and to update the coarse position measurement of the target 5 relative to the coarse
detection coils 4 and, together with the latest fine position measurement (¢"w), confirm the current absolute
position of the target 5.

At pol_sw Interrupt between i=5 and i=6:

At this interrupt, the measurement circuit N starts mixing the signals from the fine detection coils (on
inputs 1+/1- and 2+/2-) using the polarity- modulation signal. At this interrupt the data measured during the
time interval with index i=5 are moved from the memory 17-1N and 17_2N and the value of ¢Fy calculated
with the data ¢3M or ¢4M measured in the measurement circuit M during time interval with i=5 is stored as:

P Menas= P u (150)
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Then the value shift_ADCN is updated in timer 105_1N by using the parameter shift_ADCG6 stored in
the memory:

shift_ ADCN= shift_ADCB + (¢ mencs - ¢ vencs) (151)

At pol_sw Interrupt between i=6 and i=7

At this interrupt, , the measurement circuit N continues mixing the signals from the fine detection coils
(on inputs 1+/1- and 2+/2-) again using the polarity- modulation signal. At this interrupt the data measured
during the time interval with the index i=6 are moved from the memory 17-1N and 17_2N and the value of ¢y
calculated with the data 3M or p4M measured in the measurement circuit M during time interval with i=6 is
stored as:

P Mends= P u (152)

As discussed above, in detection interval At4, measurement circuit M starts to obtain the ancillary
measurements and measurement circuit N starts to obtain the fine position measurements. Therefore, at this
time point, the measurement processing unit 19 updates the value of shift_ADCM applied to timer 105_1M by
using the parameter shift_ ADC7 stored in the memory.

shift_ ADCM= shift ADC7 (153)

Again as measurement circuit M will measure the excitation reference signal during the time interval
corresponding to i=7, the phase of the incoming signal will not have changed with the position of the target 5
and so, at this point, there is no need to modify shift ADCM to account for movement of the target. After
updating the shift_ADCM value, the measurement processing unit 19 sets the flag to identify that the data
measured from the fine detection coils by measurement circuit N during the detection interval At3 are ready
for the further processing.

During this interrupt, as a result of the switch over of the roles of the two measurement circuits, an
additional adjustment of the shift_CALC parameter is made to align the edges of the CAL_trigger control
signal near (just after) the zero crossing events of the AFNyy signal obtained from measurement circuit N.
Indeed, in order to lock the CALC_trigger control signal to the zero events in the measurement circuitry N,
the timer 105_2 has to be reloaded with a new value of shift_CALC calculated from the phase data ¢3N and
@4N measured during the time interval with index i=6 that have just been read from the memory 17-1N into
the measurement processing unit 19 at the pol_sw signal interrupt event. As a result of this change to the
CALC_trigger control signal, it will jump and thus an additional edge can be introduced in the CALC_trigger
control signal at this particular moment in time. In order to ignore any such extra edge of the CALC_trigger
control signal, the interrupt events associated with the edges of the CALC_trigger control signal are disabled
during the reloading of the timer 105_2 and are then enabled again once the timer 105_2 has been reloaded.

The measurement processing unit 19 then returns back from the pol_sw interrupt to continue with
other tasks related to serving interrupts with a lower priority introduced by the CALC_trigger control signal,
which from this time interval (until the end of the detection cycle) will now be used in order to process the ¢3N
or 4N data obtained from measurement circuit N during the Second part of the detection cycle T_dc. As
discussed above, after the end of each interrupt caused by the CALC_trigger control signal, the
measurement processing unit 19 checks whether the flag for the further processing of the ancillary



10

15

20

25

30

35

40

45

WO 2015/022516 PCT/GB2014/052460
-54 -
measurement data is set. If the flag is set, the measurement processing unit 19 starts the further processing
of the ancillary data and after the processing is finished, it clears the value of the flag.

Further Processing of Ancillary Data obtained during detection interval At3

During the further processing of the ancillary data obtained during detection interval At3, the new best
value for shift ADCN is calculated using the values of @1N and @2N detected during the time interval with
index i=5 and the parameter shift ADC5 is updated and saved to the operation memory 17. Then the new
best value for the shift_ADCN is calculated using the values of 3N and @4N detected during the time interval
with index i=6 and the parameter shift_ADC6 is updated and saved to the operation memory 17. The data for
QNising and ONraiing are updated and if necessary averaged together with previous data obtained for time
interval At3 from previous detection periods T_dc. The last two amplitude measurements from the ADC 13_N
(ADCNast and ADCMast.1) obtained in each of the time intervals with i=5 and i=6 are used to calculate the
average value of the peak-to-peak amplitude of AFN.: when the fine detection coils are selected (AFV).

Subsequent pol_sw Interrupts

After switching over between measurement circuits N and M for fine position measurements, the
procedure discussed above for obtaining and processing the ancillary data is repeated for measurement
circuit M with a shift of the index i by 6 positions (index i=1 is replaced with index i=7, index i=2 is replaced
with an index i=8, etc.). All dynamic corrections described above for the value of the shift_ADCN are applied
with an opposite sign to the shift_ADCM, reflecting the fact that the zero crossing values @1N, ¢2N are
moving in the opposite direction to the 1M, ¢2M values with the change of target position, and the zero
crossing values @3N, 4N are moving in the opposite direction to the ¢3M, ¢4M with the change of target
position.

Processing Performed at CALC_trigger Interrupt

As discussed above, the CALC_trigger control signal interrupts the measurement processing unit 19
and causes it to process the last phase measurement written into memory 17_1 and the last two amplitude
measurements written into memory 17_2. The last two amplitude measurements are processed to update the
peak to peak measure of the AF: signal value of (AeN or As™) and the phase measurement is processed after each
zero crossing event (i.e. on the falling and rising edges of the CALC_trigger control signal) in order to update the
value of ¢ . During the first part of the detection cycle, the measurement processing unit 19 uses the signals from
measurement circuit M to update the phase and amplitude measures (¢ and Ae"); and during the second part of
the detection cycle, the measurement processing unit 19 uses the signals from measurement circuit N to update
the phase and amplitude measures (¢"n and AeN). In the first part of the detection cycle the phase of the
CALC_trigger control signal and the phase of the ADC_friggerM signal are constantly fine tuned after each
interrupt generated by the CALC_trigger control signal. The fine position information ¢ is then recalculated
to an absolute position of the target 5 using various adjustments including applying look-up table corrections,
and by shifting the fine position measurement in accordance with the latest coarse position measurement. In
the second part of the detection cycle the phase of the CALC_trigger control signal and the phase of the
ADC_triggerN signal are constantly fine tuned after each interrupt generated by the CALC_trigger control
signal. The fine position information @y is then recalculated to an absolute position of the target 5.

During the transition from continuous measurement of 3M and ¢4M in measurement circuit M to the
same type of continuous measurement of 3N and 4N in measurement circuit N, the update events to the
host interface, which are typically separated by about half of the modulation period Tmeq, might experience a
jump by about + half of the modulation period Tmes. So, while the system on average will provide a small
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latency which is not going to be affected by the switching between measurement circuits N and M, the actual
update events are affected and might show a sudden slip in the update time between adjacent
measurements. For some switching events the separation between them can become close to zero instead of
(Tmoa)/2, and for other switching events the separation between adjacent update events can become as large
as Tmog instead of (Tmod)/2. All other update events will be spaced equidistantly by about (Trmod)/2.

Breakthrough Calibration Data

Most ratiometric sensors work on the assumption that the detection coils are well balanced with
respect to the excitation coil — so that there is no coupling between them. In such ratiometric sensors the
signals generated in the detection coils are mainly caused by the presence of the moving target 5 and
therefore the accurate position of the target 5 can be obtained from two ratiometric channels if they show
different dependencies of the induced signals against the actual position of the target. In real systems,
however, the strength of the signal induced by the target 5 in the detection coils can be relatively small, so
that even a small amount of direct breakthrough from the excitation coil can affect the accuracy of the
ratiometric output. It is desirable to provide a sensor that has the capability to correct, in software, the output
of the ratiometric sensor to account for the breakthrough between the excitation coil and the detection coil in
order to improve the accuracy achievable by the sensor. Such breakthrough correction was described above
in the first embodiment and a similar breakthrough correction is performed in this embodiment.

The correction of the data measured by the sensor can be achieved if the breakthrough offset
coefficients are measured in a separate calibration step and stored in the memory 29 of the microcontroller 9.
Below we show the required calculations which can be used to correct the raw measured data for the
breakthrough offset from the excitation coil using calibrated coefficients OFS and OFC describing the
breakthrough offset signal in the fine sine detection coil 6-1 and in the fine cosine detection coil 6-2
respectively. From equations (3), (4) and (6) above, the amplitude of the signals induced in each fine
detection coil 6 by the target 5 is ideally given by:

Vi = A, sin((pF) (154)
Vi =4, cos((pF) (155)
However, the actual voltages that are measured contain both the desired signal due to the position of the

target 5 in close proximity to the fine detection coils 6 as well as the direct breakthrough offset signal from the
excitation coil 2; and can therefore be corrected by using:

VT om = Ay sin((pF)—OFS x V= (156)
VI om = A, cos((pF)—OFS x V= (157)

where VEX - is the peak-to-peak amplitude of the AF.. signal obtained when the reference signal is selected
by the multiplexer 57 in the measurement circuit 51 (detection interval At1 for measurement circuit N and
detection interval At4 for measurement circuit M) . Thus, the breakthrough corrected fine position of the target
5 can be determined from:
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Where ¢ is the raw fine position measurement obtained by processing the phases determined from the
timers 115 (shown in Figure 21), OFS and OFC are the stored calibration breakthrough offset coefficients 29,
VEX is the current value of the peak-to-peak amplitude of the reference signal, and Ar is the peak-to-peak
amplitude of the signals used to determine @ . Similar breakthrough corrections can be performed on the
coarse position measurements using coarse breakthrough offsets O°S and O°C.

The above formula (equation 158) for the corrected value of ¢ cor has two correction terms which are
proportional to the ratio between VEX and Ar and thus the correction for breakthrough offset is independent of
the actual gain of the measurement circuit N or M as well as the exact phase tuning of the demodulation
performed by the demodulating switch 56. What is important is that both peak-to-peak amplitudes VEX and Ar
have been measured via the same analogue measurement circuitry 25 and have been converted using the
same ADC 13. In this fifth embodiment, this is achieved by measuring the reference signal, which is a fraction
of the excitation voltage, through each of the two measurement circuits N and M which are also used to
measure the signals from the fine sine and the fine cosine detection coils 6 and the signals from the coarse
sine and the coarse cosine detection coils 4.

In order to speed-up calculations in the microcontroller 9 for the purpose of calculations of sine,
cosine, and arc-tangent functions, a set of look-up tables can be used. The size of the required memory 29 for
such look-up tables is not excessive because only a 45 degree look-up table section is required for the arc-
tangent calculations and only a 90 degree look-up table section is required for calculations of both sine and
cosine functions.

Itis also worth noting that the measured amplitude VEX is equal to:

pEX :\/EXVOR” (159)

The coefficient +/2 is related to the fact that when the reference signal is selected by the multiplexor
57, the excitation reference signal is applied to both inputs of the demodulating switch 56 and therefore the
composite signal obtained during the reference channel measurement can be represented as:

V =V*/sin 2n 1+ V"7 cos 21 t =2V sin 2n r+ 2 (160)
Tmod Tmod Tmod 4

After the amplification and filtering circuitry 83 the signal in the measurement circuit becomes equal to:

AF,, = Gain x 2V 7 sin[{;—ﬂ}l +%+ (p] =2y Rt sin[{;—ﬂ}l +%+ (p] (161)

mod mod

Thus, the coefficients OFS and OFC can be written in terms of the breakthrough between the excitation
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coil 2 and the corresponding sine and cosine detection coil as follows:
B ES
0" = ——— (162)

Navpes

BFC
0" = ——— (163)

N

Similarly for the coarse breakthrough offset coefficients:

0% = B (164)
e
BCC
0 (165)

Breakthrough Calibration

Before breakthrough corrections can be applied, a calibration mode must be performed to determine
the values of the coefficients OFS, OFC, OCS and OCC. This can be achieved by physically removing the target
5 from the vicinity of the detection coils 4, 6 and then measuring the signal induced in the fine sine and the
fine cosine coils 6 when the excitation signal is applied to the excitation coil 2 (and similarly by measuring the
signal induced in the coarse sine and the coarse cosine detection coils 4 when the excitation signal is applied
to the excitation coil 2). Such measurements can be performed during production of the sensor or after the
sensor has been installed in the final application.

Unfortunately, it is not practical to mix the BFS and the BFC (or the B©S and the BCC) signals together
through the measurement circuits N or M as such signals are typically relatively small and the composite
signal created by mixing these signals through the measurement circuit 51 will result in an AC amplitude of
AFq that is too small to be detected by the comparator 113 of the phase detector 103 (shown in Figure 21).
The ratiometric electronics of this embodiment, however, will work well if each of the breakthrough signals is
intermixed with a relatively large signal — such as the reference signal. Thus, by intermixing each
breakthrough signal (on input 1+/1- or 2+/2-) with the reference signal (from input 5+/5-), it is possible to
measure the ratiometric value of BFS/\Vefy and BFC/Vefy with good resolution and accuracy.

Figure 25 is a timing diagram illustrating the control signals used to select the different inputs to be
intermixed by the demodulating switch 56 during this breakthrough calibration mode. As shown, during the
first detection interval At1 the signal from the fine sine detection coil and the reference signal (inputs 1+/1- and
5+/5-) are selected simultaneously in measurement circuits N and M. In the first half of the detection interval
At1 the intermixing in the measurement circuit N and in measurement circuit M is performed using the
polarity+ modulation signal. Figure 26 shows the time line for the time division multiplexing of these two
signals into the measurement circuits N and M during one modulation period of the first half of the detection
interval. As can be seen, while both input signals are intermixed in measurement circuits N and M, there are
no collisions when both measurement circuits N and M are selecting the same input signal at exactly the
same moment in time. This is achieved by using the opposite polarity for the in3_N and in3_M control signals.



10

15

20

25

30

35

WO 2015/022516 PCT/GB2014/052460
-58-
By comparing Figures 26 and 20, it can be seen that the same waveform used for the control signals in1_N
and in1_M in the main measurement mode presented in the Figure 20 is used now for the control signals
in3_N and in3_M in this calibration mode. As a result of this time division multiplexing, when the signal from
the fine sine detection coil is selected by the measurement circuit N, the reference signal is selected in the
same moment in time by measurement circuit M, and vice versa.
As aresult of intermixing the breakthrough signal and the reference signal in this particular manner,
the @n value measured using the data from measurement circuit N can then be related to the desired ratio of
the breakthrough signal to the reference signal as follows:

ES

B
Vévef =tan(p,, ) (166)

0N

And the @u value measured using the data from measurement circuit M can be related to the desired ratio of
the breakthrough signal to the reference signal as follows:

B 71
Vo%f = tan(z—(pMj (167)

However, as explained above, the phase measurements obtained by the timers 115 include a phase
shift infroduced by the measurement circuitry 25 and so phase measurements obtained when the polarity-
modulation signal is applied must also be obtained and combined with those obtained when the polarity+
modulation signal is used, in order to determine ¢y and @u. As shown in Figure 25, in the next half of
detection interval At1 the intermixing in measurement circuits N and M is performed using the polarity-
modulation signal. Therefore the phase measurements obtained during detection interval At1 can be used to
determine @n and ¢w, from which the above ratios can be calculated.

In the next detection interval At2 the same measurements are obtained in respect of the signal from
the fine cosine detection coil and the reference signal (inputs 2+/2- and 5+/5-) to allow calculation of:

FC

ey = tan(oy) (168)
ON
FC T

VRLefztan(E—(pMJ (169)
OAM

In the next detection interval At3 the same measurements are obtained in respect of the signal from
the coarse sine detection coil and the reference signal (inputs 3+/3- and 5+/5-) to allow calculation of:

Vévef = tan(p,, ) (170)
ON
[\ T

V}Zf = tan(z—(pMj (171)
0M
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In the final detection interval At4 the same measurements are obtained in respect of the signal from
the coarse sine detection coil and the reference signal (inputs 4+/4- and 5+/5-) to allow calculation of:

cC

szvef = tan(p,, ) (172)
ON
cC T

Vfif Ztan(z—prj (173)
0M

Such measurements are continuously obtained whilst the sensor is in the breakthrough offset
measurement mode and a running average of each of the above ratios is determined to reduce the noise in
the actual measurements. Once the breakthrough offset measurement mode is stopped, the set of calibration
coefficients:

s _ 1 BY s _ 1 By

BEOR SN P

e _ 1 B re_ 1 By

sy

s _ 1 BY s _ 1 By

oyt g

cc _ 1 B o _ 1 B 174)
PR PR

is calculated and stored in the non-volatile memory of the microcontroller 9 as the breakthrough calibration
data 29.

This calibration data 29 is then used in the main measurement mode illustrated in the Figure 23 for
correcting the raw data measured in the presence of the target 5 in order to reduce the breakthrough error
and therefore improve the accuracy of the ratiometric sensor output.

Dynamic Correction — Velocity Compensation

Like in the first embodiment, some of the measurements obtained in this embodiment combine
phases measured in different time intervals — for example, combining the phase measurements obtained
when the polarity+ modulation signal is used with the corresponding phase measurements obtained when
the polarity- modulation signal is used. As a result, if the target 5 is moving, then this will introduce errors
into the measurements that are obtained. As can be seen from Figure 23, this is only a problem for the
ancillary measurements that are being calculated using data from measurement circuit N during detection
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intervals At1, At2 and At3 and for the ancillary measurements that are being calculated using data from
measurement circuit M during detection intervals At4, Ats and At6. The other measurements (fine position
measurements) are calculated using instantaneous data for either ¢3 or g4 — and so they are not subject to
this movement error. The error to the final answer ¢ is determined mainly by the dynamic error in the value of
Qrising and Qraling calculated from the ancillary measurement data. To calculate a measure of the speed of the
target 5, we can look at how much the measured (raw) phases change during one time interval. For example,
referring to Figure 24, during the time interval corresponding to i=6, the timers 115_M will measure four
phases — 3M and ¢4M in each of the two modulation periods corresponding to this time interval. If we label
these measurements: @3Morevious, P4Morevious, P3Mnew and @4Mnew, then we can calculate a change in
measured phase between P3Morevious and P3Mrew and a change in measured phase between ¢4Myrevious and
Q4Mrew as follows:

A@3M = @3M ,,, —@3M (175)

previous

A@4M = A4M ,, —@4M (176)

previous

Both of these phase differences represent the change in position of the target 5 over one modulation
period (Tmog). In most cases P3Mprevious and P3Mrew should be relatively close together and therefore this
change in phase should be relatively small. However, it is possible that, p3Mourevious is determined to be close
to zero and that @3M.ew is close to 211 and vice versa. This is similarly true for @4Morevious and P4Mnew. This is
not because the target 5 has moved by a whole period of the fine detection coils (Lr in Figure 2), but because
the measured phases are bound between zero and 21 and so when the phase is measured close to the value
2m, the next phase measurement may well result in a jump back to a phase close to zero. This can be
compensated as follows:

If Ae3M >n, then Ap3M =Ap3M -21
If Ap3M <—m, then Ap3M = Ap3M + 2= (177)

Similarly for AQ4M:

If ApdAM > 7, then Ap4M = Ap4M - 21
If Apd4M < —m, then Ap4M = Ap4M +2n (178)

We can then work out an average change in measured phase during one modulation period as:

B (A(p3M +A(p4M)

mean
2

Ao

(179)

Therefore the rate of change of the measured phase (which is a measure of the speed of the target ) can be
calculated as:
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5 = (A‘g—;ﬂjaﬂ) (180)

This speed parameter can be updated each time zero crossing measurements are made. As the fine
position is being updated about twice every modulation period, the position of the target 5 will change by
about r*s between each measurement.

We can also obtain a measure of the acceleration of the target 5 by considering the change of speed
between adjacent updates as follows:

ACC — (Snew - Spreviuus ) (181)
Vi

The acceleration value (Acc) can also be averaged between several updates of the speed to reduce
the noise. In this embodiment the speed and acceleration parameters are measured and continuously
updated using the measurements from the measurement circuit N or M that is currently being used for fine
position measurements. These values are then used to compensate the measurements made by the other
measurement circuit M or N — i.e. to compensate the measurements being made by the measurement circuit
that is currently in the “auxiliary” mode. For example, during detection interval At3, measurement circuit N is
in the auxiliary mode and the signals from the fine detection coils 6 are selected by measurement circuit N
and the polarity modulation signal is switched between polarity+ and polarity- so that the phase offsets
Qraing and Qrising can be updated for subsequent use in calculating fine position information using the
measurements from measurement circuit N during detection intervals At4, At5 and At6.

As shown in Figure 24, in this embodiment the polarity+ modulation signal is applied first during the
time interval corresponding to i=5 and then the polarity- modulation signal is applied during time interval i=6.
In this embodiment, each time interval corresponds to two modulation periods, but in the general case each
time interval may correspond to 1+L modulation periods (where L is a non-zero integer). As discussed
above, when processing the data from the measurement circuit that is currently in the “ancillary” mode of
operation, the measurement processing unit 19 only processes the last two zero crossing events obtained at
the end of each time interval. Therefore, the measurement circuit N will obtain phase values @1N and ¢2N at
the end of time interval corresponding to i=5; and will obtain phase values @3N and @4N at the end of time
interval corresponding to i=6. The zero crossing measurements of 3N and @4N have been obtained in a
period of modulation that is not immediately adjacent the period of modulation from which the phase
measurements ¢1N and ¢2N have been obtained. In the general case when there are 1+L modulation
periods in each time interval (i) the zero crossing measurements for 1N and @3N are separated in time by:

©IN — @3N
ATrzsing = (1 + L)Tmod - [T Tmod (182)
Or, writing this in terms of a phase:
AQ isng = (1 + LR —@ 1N +¢3N (183)

However, the measurement processing unit 19 should also take into account the possibility that the
zero crossing corresponding to 1N does not occur in the last period of the time interval corresponding to i=5
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and/or the possibility that the zero crossing corresponding to ¢3N does not occur in the last period of the time
interval corresponding to i=6. If this happens, then the above formula for the separation between the ¢1N and
@3N phase measurements becomes incorrect. This is possible because when the target 5 is moving quickly
the period of the signal AFNy: will deviate from the modulation period (Tmod). Recall that during the time
interval when the polarity+ modulation signal is applied to the demodulation switch 56, AFNo is given by:

mod

AF, =V, sin[[Tz—”]z o+ (pF] (184)

and during the time interval when the polarity- modulation signal is applied to the demodulation switch 56,
AFN,is given by:

AF. =V, sin[[Tzﬁ ]l—l—(p—(pF] (185)

mod

Therefore, if ¢F is changing with time, then depending on the direction of the target movement, the
actual period of AFNy can become slightly shorter than Trmeg or slightly longer than Times. For instance, when
the period of AFNyy is slightly shorter than Tmoq when the polarity+ modulation signal is applied, then the
period of AFNo,: becomes slightly longer than Tmeg When the polarity- modulation signal is applied. Similarly,
when the period of AFNyy is slightly longer than Troqs When the polarity+ modulation signal is applied, then the
period of AFN: becomes slightly shorter than Tmoq when the polarity- modulation signal is applied. When the
period of AFNy is slightly longer than Trog, ONly one zero crossing might be detected during the last period of
the interval (i) if the phases of AFNy: and the modulation period become nearly aligned to each other.

The measurement processing unit 19 can detect when this happens and make the appropriate
corrections. In particular, as discussed above, the phase measurements obtained by the timers 115_N are
written into memory 17_1N in the order in which they are measured — and when processing the
measurements, the measurement processing unit 19 retrieves the last two phase measurements from the
memory 17_1N. Under normal circumstances, the first phase measurement will be smaller than the second
phase measurement (as both are counted from the start of the modulation period). However, if the second
phase measurement is smaller than the first phase measurement, then this means that the first (larger) phase
measurement was recorded in the last but one modulation period. For instance this can happen if this second
(larger) phase measurement is very close to 21 in the last but one modulation period and so was not detected
as a small value close to zero in the next modulation period. A similar analysis is performed for the sequence
of 3N and @4N measurements written in to memory 17_1N to determine if the zero crossing corresponding
to 3N measurement does not occur in the last period of the time interval corresponding to i=6.

If the measurement processing unit 19 determines that last value for ¢1N is detected in the last but
one modulation period, then the formula for determining the separation between the zero crossing
measurements for 1N and ¢3N, should be modified to:

AQ visng =2+ LR —¢1N + 3N (186)

Similarly, if the measurement processing unit 19 determines that last value for 3N is detected in the
last but one modulation period, then the formula for determining the separation between the zero crossing
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measurements for 1N and ¢3N, should be modified to:
AQ " visng = Lx2m —@1IN + @3N (187)
If the measurement processing unit 19 determines that both the last value for 1N and @3N are

detected in the last but one modulation period, then the formula for determining the separation between the
zero crossing measurements for 1N and @3N, should remain as originally defined:

Ao visng =(1+ L27 —@IN + @3N (188)

Whatever value of A@Tising is determined, it can then be used to determine the actual change of the
target position between the zero crossing corresponding to the last value of 1N and the zero crossing
corresponding to the last value of 3N from:

AQge :[s—%Acc XA(pTrlsinngA(pTrlsing (189)

where s and Acc are the speed and acceleration values determined using the data from the other
measurement circuit (in this case measurement circuit M). This value can then be used to correct for changing
values of ¢y that are used to determine @Nising. Recall that:

(plN =2m _(PNrising _(ij\/r (190)
and
P3N =@y — ¢ rising (191)

Therefore, to account for the delay in the measurement of 3N compared to the measurement of
¢@1N, this becomes:

_ _ N _ F
g
(plN—27r P risin (pN (192)
and
03N =0k + A0y )0 Vs (193)

However, there is a further complication — the inventors have found that the value of @yising When the
polarity+ modulation signal is used is not the same as @rising When the polarity- modulation signal is used.
This is because, as explained above, the apparent frequency of the AFN,y signal in both cases will be slightly
different; and the phase shift introduced by the amplification and filtering circuitry 83 will depend on the
frequency. More specifically, as the frequency of AFN. increases the phase shift reduces and as the
frequency of AFNoy reduces the phase shift increases. Consequently, this dependence near the working
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frequency wo corresponding to the period of modulation Tmed can be expressed using the dimensionless
parameter:

[AwJ

Vi

1= (199
2

In typical electronic circuits this parameter q will be close to the value of one and is related to the
effective quality factor (Q) of the filters designed for the amplification and filtering circuitry 83. This parameter
q can be calculated exactly for a given design of the amplification and filtering circuit 83 or measured
experimentally.

Therefore, assuming that the target 5 is moving with constant speed, we can define the
corresponding target phase shift (7(t)) as

2r t
wi(l)zwiNHX[T

mod

}:(péiNJrsxa)ot (195)

Therefore, the output from measurement circuit N when the polarity+ modulation signal is applied to
the demodulation switch 56, is given by:

AF) =V sm(a) [+¢ +(pN(Z)) Vs s1n(a) [+¢ +(p0N +5xX0 Z) (196)

Consequently, the frequency of the signal AFNo.: has been increased from wyp to (1+ s) we by the
amount of s*wo. This allows us to calculate a value for @rising When the polarity+ modulation signal is being
used as:

—TXgXS (197)

(prising+ = (prising

Similarly, when the polarity- modulation signal is applied to the demodulation switch 56, the output
from measurement circuit N is given by:

AF) =vY s1n(a)t+(p (pN(Z)) Vs sm(a)t+(p (pON sxa)ot) (198)

out

Consequently, the frequency of the signal AFn.u: has been decreased from wo to (1- s) wo by the
amount of s*wo. This allows us to calculate a value for @Nising When the polarity- modulation signal is being
used as:

+TXgXs (199)

(prising— = (prising

Therefore, by adding the values of 1N and @3N together (when determining @Niising), We obtain:
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qﬂN+¢$V=@ﬂ—wim+—¢”)+«#w+A¢im)—¢%w)
=27 — (‘Pr];]smg+ + (p}{;]sing—)—i_ A¢5smg
(200)

If the target 5 is moving with constant speed, then the "q*s value that is part of @Viising+ Will cancel
out with the m*q*s value that is part of @Nisng. However, if the speed has changed between the
measurements of 1N and @3N, then these terms will not cancel. Therefore, if we define the change of
speed between measurement ¢1N and measurement @3N as As, it follows that:

(plN + (p3N =2r - ((p;i]sing+ + (p;i]sing—)_ A(p}fsing

=2 —2(pf1’smg +A(pfsmg —TxXgxAs

(201)

Or using standard equations of motion, this can be written as:
QIN + @3N =27 — 2(pﬁlsmg + A(pfsmg — 7 xgx Acc x AQ rising (202)

Thus, to summarise the compensation, the measurement processing unit 19 calculates @1N + @3N.
If @IN + @3N > 2m, then 2m is subtracted from the calculated value of 1N + @3N. The measurement
processing unit 19 then calculate QNising from:

o —n [(plN+<p3Nj+A<P5smg T x g x Acc x AQ rising
rising - -

203
2 2 2 (203)

The measurement processing unit 19 then uses this value of QNising to determine the value of PNiging-
as follows:

N N
()Drising— - ()Drising T XGXS

(204)

Ao’ T
o _((plN+(p3N]+ Prising N Ace X AQ” rising
2 2 2
The value of @Niising is updated every detection cycle during detection interval At4, using the 1N and
@3N values that were obtained during detection interval At3. Then when the measurement processing unit 19

is determining fine position measurements using the rising zero crossing events during detection intervals At4,
At5 and At6, it determines the target position (¢F) using instantaneous value of PNiising.:

(pjl\j :(p3N+(p5sing— (205)
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The correction to the @Nising- value (and thus to the ¢ value) does depend on the actual properties of the
amplification and filtering circuitry 83 described by the parameter g. In an actual implementation it might be
advantageous to first average the speed independent value of @Nising in order to reduce the noise. The
instantaneous value of @Nising. is then calculated using as a correction an instantaneous value for the speed of
the target s, as shown above.

A similar dynamic compensation is performed for the falling zero crossing events. In particular, the
measurement processing unit 19 calculates 2N + 4N from the measurements obtained during detection
interval At3. If 2N + @4N > 2m, then 21 is subtracted from the calculated value of 2N + @4N. The
measurement processing unit 19 then calculates @"aiing from:

F
92N + 04N j D T x g x Acc x AQ g (206)

N
(pfallmg =T - [ 2 2 2

where AQTriing represents the phase separation between the falling zero crossing measurements for 2N
and @4N obtained from measurement circuit N during detection interval At3.

The measurement processing unit 19 then uses this value of @"aiing to determine the value of @Maliing-
as follows:

N N
()Dfalling— - ()Dfalling tXgXxs

Ao’ T
—K()DZN;()DA‘NJ-F ()D;allmg +7T><q><[S—ACCXA2(p fallmg]

(207)

The value of @Naiing is updated every detection cycle during detection interval At4, using the 2N and
@4N values that were obtained during detection interval At3. Then when the measurement processing unit 19
is determining fine position measurements using the falling zero crossing events during detection intervals
At4, AtS and At6, it determines the target position (¢F) using instantaneous value of @Najing. :

(p]]\j = (p4N+(p;\’c]zlling— -7 (208)

Therefore, the corrections applied to the data for the falling and rising zero crossing events are very
similar to each other. In both cases the final fine target position information ¢y can be corrected further for
the remaining latency of the calculations performed between updates in the measurement processing unit 19.
In particular, there is a latency associated with the time it takes the measurement processing unit 19 to
process the fine position information. It is clear from Figure 24 that the measurement processing unit 19 must
calculate the fine position measurement ¢y in less time than half the modulation period (Tmod). Whatever,
processing time is required, it will be known to the measurement processing unit 16 and can be defined as
k*Tmoa/4, where k is a constant that is determined in advance. Therefore, to adjust the determined value of
the fine position measurement, to take into account movement of the target 5 during the processing time, the
measurement processing unit calculates:
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r kxmxs

(pjifrcomp = (pN + 2 (209)

This fine target position information will have the lowest possible dynamic error.

So far the discussion above related to dynamic corrections that are applied to the data obtained from
measurement circuit N. Similar dynamic corrections are calculated for compensating the measurements
obtained from measurement circuit M — except using speed and acceleration measures determined from the
measurements from measurement circuit N. As has been explained above, movement of the target 5 results
in a change of phase in different directions between the outputs of the two measurement circuits N and M.
This means that slightly different compensations will be applied to the measurements obtained from the
measurement circuit M. In particular, during detection interval At1, the measurement processing unit 19 will
calculate the compensation value:

(210)

\ OIM +03MY AP,
(prisin =T = -
g 2 2

Ace x AQ" yising
2

—ﬂqu[s—

from the 1M and ¢3M measurements obtained from measurement circuit M during detection interval At6 and
will apply that correction to the fine position measurements obtained by measurement circuit M from the rising
zero crossing events during detection intervals At1, At2 and At3 as follows:

ol =2 ~lo3M <0, ) @)

Similarly, during detection interval At1, the measurement processing unit 19 will calculate the
compensation value:

M +oaM\ Aok,
P g =ﬂ—[(p i j— - (212)

Ace x A(PTfa//ing]
2

—TXgX|S—

e[ s- 2
from the 2M and ¢4M measurements obtained from measurement circuit M during detection interval At6,
and will apply that correction to the fine position measurements obtained by measurement circuit M from the
rising zero crossing events during detection intervals At1, At2 and At3 as follows:

T
0f =2~ 04M +03l, ) (213)

The same correction for the calculation time of the measurement processing unit 19 can then be performed:

kxmxs
Orscom =P +———— (214)

The procedure described above allows the measurement processing unit 19 to correct the four
individual measurements (¢3N, ¢4N, ¢3M and ¢4M) that the measurement circuits N and M measure when
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they are not operating in the ancillary measurement mode. Corrections related to the acceleration of the
target 5 might not be required for some sensing applications (where large acceleration of the target is unlikely
to happen), nevertheless the described corrections for dealing with constant speed targets 5 are important in
order to reduce the dynamic error of the measurement system.

As those skilled in the art will appreciate, instead of using the above analytically derived corrections,
a simpler approximate correction could be determined as follows:

(pf;mp:(pFJrAxs (215)

where the coefficient A is determined experimentally by collecting numerous measurements with different
speeds of the target 5 using both the output of the measurement processing unit 19 and the output of a very
fast and accurate sensor such as an incremental optical encoder. For example, the coefficient A can be found
from experimental data as a best linear fit for the correction which can be used in order to minimize the
difference between the outputs of both sensors at different values of the speed of the target 5. Such an
approach also allows us to introduce additional coefficients such as:

(pf;mp =" +KO((pF)><s+K1((pF)>< Acc (216)

where the values KO(¢F), and K1(¢") are determined from a look-up-table based on the determined target
position and would be determined from extensive experimental data collected for different positions of the
target 5, for different speeds of the target and for different accelerations of the target. The relevant indexing
into such a look-up-table can be achieved using index i:

0" %256
i = round —2 (217)
i

Such a look-up-table based correction can take into account any remaining issues which are not
considered in the analytical model described above. Nevertheless, the phase shifts Qraiing and @rising are likely
to change over the life time of the electronics, and both further depends on the speed of the target. As a
result, the simple look-up-table correction will not reduce the dynamic error of the system. If desired, similar
dynamic correction can be applied to the calculations of the position of the target 5 using the signals from the
coarse detection conductors 4. In this case the speed of the target and the acceleration of the target should
be reduced by NP times, where NP — is the number of fine periods in one period of the coarse detection coils.
For the detection coils shown in Figure 2, NP equals 4.

Dynamic Compensation of Trigger Signals

Dynamic corrections related to fast changes of @F can also be implemented for the value of
shift_CALC (described above with reference to Figure 22) which is used to fine tune the position of the edges
of the CALC_trigger signal. The formulas for the calculation of the value of shift_CALC discussed above can
be corrected as:
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If 3> (p4(0r(pl > (p2)

218
Shlﬁt CALC — (plastN +(plast—1N +£+(pshiﬁ +3—7T><S ( )
- 2 4 2
when locking the CALC_tirgger signal to zero crossings in measurement circuit N; or
shifi_CALC = [ Lot *Ouasa | T T (219)
- 2 4 2
when locking the CALC_tirgger signal to zero crossings in measurement circuit M.
If p3 < (p4(0r(pl < (p2)
220
Shlﬁt CALC — (plastN + (plast—lN _ £+ (pshiﬁ + 3_7[ X ( )
- 2 4 2
when locking the CALC_tirgger signal to zero crossings in measurement circuit N; or
shift _CALC = [‘PWM +2‘P lat -1 j - TCZ @ — 37“ x s (221)

when locking the CALC_tirgger signal to zero crossings in measurement circuit M. The change of the sign of
the dynamic correction for measurement circuit N and M is related to the fact that the measurements @3N and
@4N are changing in the opposite direction to the measurements ¢3M and p4M.

Similarly, it is also possible to make more precise adjustments to the phase of the ADC_trigger
signals that are used for triggering the ADC conversions in measurement circuit N during the period of time
when it is in the ancillary measuring mode. For example, the measurement processing unit 19 can
compensate shift ADCN as follows:

shift_ADCN = shift_ ADCi— (@Fvendit + (L+1/2)*2T7 - ¢Fyjenc) (222)

when shift_ADC is updated for measurement circuit N when the polarity+ modulation signal is used (during
time interval corresponding to i=5 shown in Figure 23); and can compensate shift ADCN as follows:

shift_ADCN = shift_ADC; + (¢ mendi-1 + (L+1/2)*211*S - ¢Fvendi) (223)
when shift_ADC is updated for measurement circuit N when the polarity- modulation signal is used (during
time interval corresponding to i=6 shown in Figure 23). Similarly, the measurement processing unit 19 can

compensate shift ADCM as follows:

shift_ ADCM = shift_ ADCi + (@Fnendi.1 + (L+1/2)*211*S - @Feng) (224)
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when shift_ADC is updated for measurement circuit M when the polarity+ modulation signal is used (during
time interval corresponding to i=11 shown in Figure 23); and can compensate shift ADCM as follows:

shift_ ADCM = shift_ ADCi. (Fxendit + (L+1/2)*2TT"S - ¢FNend) (225)

when shift_ADC is updated for measurement circuit M when the polarity- modulation signal is used (during
time interval corresponding to i=12 shown in Figure 23). The change of the sign of the correction is related to
the different direction of the movement of ¢3M and ¢4M for a moving target 5 in channel M compared to the
direction of the movement of @3N and @4N for channel N. Such new values of shift_ADC are then further
corrected to maintain the above described forbidden zone in which the ADCs 13 are not triggered near the
edges of the modulation period T

Stabilizing Separation Between Adjacent Measurements

As discussed above, when one measurement circuit is calculating the fine position measurements
and the other is calculating the ancillary measurements, the fine target position information is output regularly
— once every half modulation period (Tmoq). However, when the measurement circuits N and M are switched
over in their roles, the spacing between fine position measurements can change significantly. Such varying
separations in the interval between fine position measurements can cause problems for the host. For
example, if the position sensor forms part of a control loop, then such variations in the timing between
measurements may destabilize the control loop. A relatively simple approach to stabilize the separation
between adjacent update events at the point of switching between measurement circuits N and M will now be
described for the measurement circuit crossover event shown in the Figure 23.

Firstly, the measurement processing unit 19 determines the position of the last CALC_trigger event
before switching between the measurement circuits has happened. At the interrupt caused by the pol_sw
control signal at the boundaries between time intervals i=6 and i=7 before calculating a new value of the
parameter shift_CALC, the measurement processing unit 19 determines:

If shifi CALC <m, then shifi CALC =shift CALC +x

(226)
Atrigger 1 = 21 — shift  CALC
The measurement processing unit 19 then determines a new value of shift_CALC using the data ¢3N
and 4N measured during the time interval with index i=6 that have just been read from the memory 17-1N
into the measurement processing unit 19 at the pol_sw signal edge interrupt event. With this new value of
shift_ CALC, the measurement processing unit 19 determines:

Atrigger 2 = shift CALC
If Atrigger 2 > 1, then Atrigger 2 = Atrigger 2 — 1 (227)
If Atrigger 2 < A, then Atrigger 2 = Atrigger 2+ 1

where A is a parameter introduced in software in order to avoid issues in the case, when the usable
triggering event for either the positive or negative edge of the refreshed CALC_trigger control signal will be
introduced too close to the moment of reloading the timer 105_2 and thus might be entirely missed because
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during this moment of time the interrupt associated with the edges of the CALC_trigger control signal is
disabled. Then the measurement processing unit 19 calculates:

Atrigger = Atriggerl + Atrigger2 (228)

If Atrigger > /4, then the measurement processing unit 19 can reload the timer 105_2 and re-install the
interrupt to the rising edge of the CALC_trigger control signal in the case if:

A¢ <shift CALC <m+ A@ (229)

or otherwise it can re-install the interrupt event to the falling edge of the CALC_trigger control signal.

In the case where Afrigger > m +11/4, the measurement processing unit 19 introduces an additional
data point N measured for the zero crossing in measurement circuit N in the preceding detection interval.
This can be accomplished by introducing a lower priority interrupt to start the processing of the last data value
for the data 3N and @4N measured during the time interval with index i=6 and just downloaded from the
memory 17-1N into the measurement processing unit 19 at the pol_sw signal edge interrupt event. The
processing of this data point will start immediately after the processing of the data related to the last
CALC_trigger event (which happened during the time interval with i=6) is finished.

In order to take into account that this data point has been measured too much in advance, it is
possible to introduce a correction:

(PFNComp = (PFN"' (2" —(PNIast) *s (230)

Another correction to the same value can be introduced to take into account the required time this
interrupt will need to wait until the resources of the microcontroller 9 are released from processing the data
related to the last CALC_trigger event (which happened during the time interval with i=6):

If 2n —oM ,,, < kx then

2

o 231)
(p]{jcorr = (p]{jComp + (7 -2 + (least j X s

where k/2 refers to the time (referenced to the period of Timag) required by the measurement processing unit
19 to perform calculations at the CALC_trigger event. In this way, the measurement processing unit 19 can
introduce an additional calculation point with the raw data measured and processed asynchronously to the
edges of the CALC_trigger signal.

In the case where Atrigger < 11/4, instead of adding a measurement data point from the previous time
interval with i=6, the measurement processing unit 19 skips the first trigger event in the next time interval
corresponding to i=7. This is achieved by reversing the polarity of the first interrupt event for the
CALC_trigger signal. Thus when re-installing the interrupt, the measurement processing unit 19 locks it to the
falling edge of the CALC_trigger signal for:

shift CALC <
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or otherwise the measurement processing unit 19 re-installs the interrupt event to the rising edge of the
CALC_trigger control signal.

In all cases, the measurement processing unit 19 also sets the flag to identify that the data measured
for the fine detection coils during detection interval At3 are ready for further processing as described above.
The processing of this data will happen only when the resources of the microcontroller 9 are free from serving
other interrupt requests.

By removing one data point at the switch-over event or by adding a data point measured in the
previous detection interval, the measurement processing unit 19 keeps the minimum distance between
adjacent updates at the switch-over point to the value of 1/4 (Tmea/8) and the maximum distance between
adjacent updates at the switch-over point at 5/41 (5Tmee/8). The usual separation between adjacent updates
is very close to  (i.e. Tmod/2 as the phase is referenced to the period of modulation Tmeq). A more stable
maximum separation between adjacent updates in the measurement system is important when the position
sensor is used as part of a control loop, for example feeding back position information so that the controller
can take necessary control actions.

Dynamic Correction — Oscillation Removal

Like in the first embodiment, when changing between measurement circuits N and M, jumps in the
measured fine position can lead to micro-oscillations in the output reported to the host. In this embodiment,
however, there are four different fine positions that are determined from phase measurements @3N, @4N,
¢3M and @4M. The micro-oscillations at the point of switching between the results derived from the different
measurements are typically caused by different systematic errors in each of the four measurements that have
not been removed by the corrections performed above. In order to reduce these micro-oscillations a further
calibration procedure should be performed to determine a base line of the remaining systematic error for each
of the four different fine position measurements.

The measurement processing unit 19 determines the appropriate corrections to be applied to each
measurement using the fine position measurements obtained when the polarity- modulation signal is applied
to each measurement circuit N and M and when both measurement circuits are measuring the signals from
the fine detection coils 6. With the switching illustrated in Figure 23, this means that during detection interval
At4 the measurement processing unit 19 processes the measurements (3N, ¢4N, 3M and p4M) obtained
from both measurement circuits N and M during time interval i=6, to determine a correction for each
measurement. Similarly, during detection interval At1 the measurement processing unit 19 processes the
measurements (P3N, ¢4N, ¢3M and @4M) obtained from both measurement circuits N and M during time
interval i=12, to determine a correction for each measurement. The measurement processing unit 19 is
arranged to maintain a running average value of each of these corrections, which are updated during
detection intervals At1 and At4.

For example, during detection interval At4, the measurement processing unit 19 can measure the
following four fine position measurements (corrected in the manner described above in the previous sections):

k
(p’fN = (p3N + (pr];/sing— + % (232)
F N kxmxs
(p4N = (p4N + (pfallingf -+ (233)
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0l =Z-lo3M + o, J+ =222 (234)
2 2
T kxmxs
oy :E—((p4M +(p%mng7 —7'[)+T (235)

As discussed above, all four of these fine position measurement values will be different because of
the different systematic error in each measurement and also because of dynamic changes due to movement
of the target 5 with time. In order to remove the dynamic changes, the measurement processing unit 19
synchronizes all four of these calculated values of ¢ to the beginning of the modulation period Tmod:

Piy = @5y — 93N xs (236)
@iy = Piy —P4N x5 (237)
Piy = @iy —93M x5 (238)
Qv = Qi — QAM x5 (239)

If in the sequence @3, ¢4 the larger phase value is followed by the smaller phase value, and the
smaller phase value is the last one recorded in the memory 17-1 at the end of the current modulation cycle
Tmog, then it means that the larger phase value was recorded in the previous modulation cycle Tmod and no
update for this phase value was captured in the current modulation cycle. For instance, this can happen if this
larger value was very close to 21 in the previous modulation cycle and will be detected as a small value close
to zero in the next modulation cycle. Therefore, no zero crossing for this particular phase value will be
detected in the current modulation cycle. From the point of synchronizing this larger phase value with other
measured values of ¢F , the measurement processing unit 19 adds the value of 21*s to the result calculated
above.

For example, if in the sequence @3N, @4N the value @3N is larger than @4N, but 4N is the last data
recorded in the memory 17-1N at the end of the current period, then @3N was recorded in the previous
modulation period and thus instead of the formula for ¢Fay above, the measurement processing unit 19 uses:

(P3FN :(P3FN +(27T _(P?’N)XS (240)
In a similar manner, if in the sequence ¢3M, ¢p4M the value p4Mis larger than ¢3M, but @3M is the
last data recorded in the memory 17-1M at the end of the current period Troq, then 4M was recorder in the

previous modulation period and thus instead of the formula above for ¢Fav, the measurement processing unit
19 uses:

(pr = (pr + (2777 _(P4M)>< B (241)
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In this way, each fine position measurement has been calculated for the same moment in time
corresponding to the beginning of the current modulation period and so all the differences between them is
caused by the different systematic errors.

One systematic error in each channel is related to the breakthrough offset from the excitation coil 2 to
each detection coil 6 and the slight difference which this error can cause to the measurements in each
separate measurement circuit N and M. As described above, this breakthrough offset can be corrected in the
measurements obtained using measurement circuit N using:

e

AF

g

AF

ol = arctan

(242)

where Ar is the peak-to-peak amplitude of the AF..: signal obtained when measuring the signals from the fine
detection coil in a measurement circuit; and VEX is the peak-to-peak amplitude of the AFqun signal when the
excitation reference signal is measured in the same measurement circuit. Accordingly all four fine position
measurements are corrected in this way to remove the direct breakthrough offset from the excitation channel:

Esm (o7 )- ONVEXJ

F
@ cor 3y = arctan FC EX (243)
Oy xVy
[cos e j
an Ofo“j
sin (o5, )~
ol ., =arctan N (244)
i T
FN
OFS VEX
nfos,)- O
F
@ corr 3 = ArCtaN FC EX (243)
O V
[cos - j
OFS VEX
g, )- O 7
®L .., = arctan (246)

Before processing these values further, the measurement processing unit 19 checks each value in
the case a 2m jump has been infroduced in to some measurements. For instance, some measurements
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calculated above can be positive but close to zero and some can be just slightly below 21. To correct for this
21 jump, the measurement processing unit 19 finds the smallest of these four answers ¢ min and checks for
each corrected fine position measurement ¢ for j=3N, 4N, 3M and 4M:

].f((pgurr (@3] - (prim )> T[’Zhen (pgurr (@3] = (pgurr (@3] - 27[ (247)

The measurement processing unit 19 then determines the largest of these four answers @Fmax and
the new value of " in and then determines the total spread of the four measurements:

A = P~ P i (248)

If Amax is above a threshold value, then this indicates that there has been an error in the
measurements and so the measurement processing unit 19 generates and outputs an error flag to the host
interface 21 and stops outputting measurements until Anax falls below another threshold (which may be the
same as the first threshold). The measurement processing unit 19 then determines the mean value of the
four measurements and the deviation of each measurement from that mean value:

Ohn = 5Ok + 0L + 0l +0Lsr) (249)
AQLosy = Ploman = Povean (250)
AQLin = Olomax = Pmean (251)
APLosns = Plomsss = Pomean (252)
APL o iss = Pl irs = Pomean (253)

Once calculated, these deviations are stored as correction values that are then applied to subsequent
corresponding measurements obtained in different modulation periods. As discussed above, the
measurement processing unit 19 updates these deviation (correction) values during each detection interval
At1 and At4 (for example by maintaining a running average of these deviations (A" cor) to filter out possible
noise). The final corrections for each of the four possible measurements are shown below:

k
O3y = Q3N + 0,5, +$ (254)

o) 2

[COS (05, ) ONVJfXj

oL .., =arctan 255
Corr 3N
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F _ A F F
(pCump3N - (pCurrSN - A(pCurr3N

and/or
kxmxs
(pr = (p4N +(pj]>a/zlling— -+ T
. O <y B
( (o5, )- 2
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Corr 4N ( - )_O]]\;"CXVAJIEX
COS\ P4y “‘jg‘*
FN
(pgump4N = (pgurr4N - Awgurr4N
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» T M kxmxs
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F AFM
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[cos( 7 )_ O, xV, j
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AFM
(pgump3M = (pgurr3M - A(pgur}GM
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F T v kxmxs
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Phase Adjustment of the Excitation Signal

As explained above with reference to Figure 13, for many types of ratiometric sensors the phase of
the measured signal from the target and the phase of the breakthrough offset voltage induced in the detection
coils directly from the excitation coil are equal to each other (or are separated by mradians). This happens
for example when the target is a piece of metal or a short circuit coil or the like. Other types of sensors might
aim to introduce a 90 degree phase shift between the signals induced in the detection coil by the target 5 and
the breakthrough signals induced in the detection coil by the excitation coil directly. One example of such a
sensor is a resonant target inductive sensor in which an additional 90 degree phase shift of the current in the
resonant coil of the target at the resonant frequency helps to achieve the required phase shift between the
desired signals and the direct breakthrough signals. In order to obtain the best possible performance out of
such resonant target sensors, a precise phase tuning of the measurement circuit should be performed. As will
be explained below, such precise phase tuning can allow the measurement circuitry 25 to accurately align the
phase of the demodulation clock ex_shifted so that it is orthogonal (90 degree phase shifted) to the direct
breakthrough offset signal induced in the detection coils 4, 6 by the excitation signal that is applied to the
excitation coil 2.

In order to perform such phase tuning in this fifth embodiment, the measurement processing unit 19
first measures the phase shift between the excitation reference signal and the demodulation clock ex_shifted.
This is achieved by introducing two demodulation clocks ex_0 and ex_90 shifted between each other by 90
degrees. As shown in the Figure 27 the ratiometric measurement is organised in such detection interval so
that the excitation reference signal is always selected by the multiplexer 57. Instead of selecting two different
inputs that are multiplexed together through the demodulating switch 56, only the excitation reference signal is
applied to the input of the demodulating switch 56; and at the times when the two inputs were multiplexed, the
two different demodulation clocks ex_0 or ex_90 are applied to the demodulating switch 56 as the clock
ex_shifted. In this way two ratiometric signals, signal one — Vref demodulated with the demodulation clock
ex_90, and signal two - Vref demodulated with the demodulation clock ex_0, are multiplexed in time and
mixed together. The demodulation of the signal Vref with the demodulation clock ex_90 gives the amplitude
Vref*sin(¢pRe), where @Ref is the phase shift between the input excitation reference signal and the clock ex_0.
The demodulation of the signal Vref with the demodulation clock ex_0 gives the amplitude Vref‘cos(gRe!).
Thus the composite signal at the input of the amplification and filtering circuitry will be equal to:

27 }t}rVRefcos((pRef)sinH 27 }t}
Tmod Tmod
= pRes sin@ 27 }H(pw}

Tmod

After passing through the amplification and filtering circuitry 83, the signal becomes:

VR sin ((p Re/ )cos@

(266)

mod mod

AF,, = Gain xVRefsin[{Tzﬂ }H(pR"f +¢]:V0Refsin[{T2” }Jr(pRef +<p} (267)
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Therefore, by mixing the excitation reference signal through the measurement circuit N or M using
these two clocks, the measurement processing unit 19 has determined a much lower intermediate frequency
signal (at the frequency corresponding to the modulation period Tmog) that has the same phase as the input
high frequency excitation reference signal applied at the input of the measurement circuit N or M (plus the
phase offset () introduced by the measurement circuit). This makes it much easier to measure the phase
with the timers 115 rather than trying to measure the phase of the high frequency reference signal directly.
The measurement processing unit 19 then determines the value of @=ef by using a phase measurement of
AFq.: obtained when the polarity- modulation signal is being used and a phase measurement of AFqy
obtained when the polarity+ modulation signal is being used. After the value of the @R¢f is measured in each
of the two measurement circuits N and M, the measurement processing unit 19 determines the mean value:

on - o +0ll) (269)

2

and then the measurement processing unit 19 stabilizes this value close to a desired optimum value @Ry
using a software feedback loop that controls the value of the DAC voltage that is applied to the comparator 91
(shown in Figure 13), in a similar manner to the procedure described above with reference to Figures 14a and
14b.

At the design stage of the sensor, the impedance Z shown in Figure 13 should be chosen so that the
reference excitation voltage presented to the measurement circuitry 25 has approximately the desired
optimum phase with regard to the excitation breakthrough signal. For instance it might be possible to have
the phase of the reference excitation signal to be close to the phase of the direct breakthrough signal. In the
case when the direct breakthrough signal is about 90 degrees shifted from the signals induced by the
resonant target 5 in the detection coils 4 and 6, the @Ref, value will also be close to 90 degrees. The interplay
between the imaginary and real parts of the impedance Z allows the sensor designer to be able to tune the
phase of @Ref, within a large band without affecting the actual phase of the signals in the sensing channels.
Thus the most appropriate value for @Refy;: can be selected which achieves the most accurate sensor output.

Errors in measuring the phase @Ref are mainly caused by the inaccuracy of the actual phase shift
between the 90 degree demodulation clock ex_90 and the zero degree demodulation clock ex_0. If the
misalignment of the orthogonality between ex_0 and ex_90 clocks is given by:

(5] TL- (5] (5]
umr =5 (pke! — ke ) (269)

then the error of the measurement of @Ref caused by using non orthogonal clocks for demodulating the
reference signal is equal to:

: Re f Re f
ol — o2 ™t — arctan | SO 0% ))
COS((p )

(270)

_ okl x (4 cosfae™))
2
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Therefore, in order to reduce the absolute error AgRefe in the measurements of @Refit is best to tune
the impedance Z in the excitation circuitry so that the @Refy,; value is close to 90 degrees. This will reduce the
error ARl practically to zero even for relatively large values of @Réror. Essentially in this case the phase
of the excitation signal is tuned so that the reference signal Vref measured with the ex_0 demodulation clock
is very close to zero and the measurement algorithm becomes very close to the approach with zero voltage
tuning described in the second embodiment with reference to the Figure 14.

In order to identify the most appropriate value of @Ry, the measurement processing unit 19 can be
switched into the breakthrough offset measurement mode shown in the Figure 26. However this time when
selecting the excitation reference signal (i.e. when the in3 control signal shown in Figure 26 is high) the
demodulation clock ex_shifted is switched from the ex 0 demodulation clock to the ex 90 demodulation
clock as further shown in Figure 28. This allows the measurement processing unit to measure the following
ratiometric values:

. VFS
Ratiol = (VRef sin((pRef» (271)
FC
Ratio2 = V (272)
(VRef sm((pRef»
cC
Ratio3 = V (273)
(VRef sm((pRef»
cC
Ratio4 = V (274)
o)

These ratiometric measurements should be made without the target 5 being present near the
excitation coil 2 and the detection coils 4 and 6. A set of these ratiometric measurements can be made with
different values of the DAC voltage applied to the excitation circuitry 23 of Figure 13, which will correspond to
the different phases of the excitation signal ex_clock in respect of the demodulation clock ex_0. By plotting
all the ratiometric answers obtained as a function of the DAC voltage it is possible to find the optimum value
DAC_optimum of the DAC voltage for which the direct breakthrough signals in the different detection coil
signals are going through the zero value and are changing sign. Of course this procedure will not work if no
actual breakthrough offset is present in the detection coil signals, i.e. when the detection channels of the
sensor are well balanced to the excitation channel. In such a case, it might be appropriate to provide
asymmetrically some conductive objects near the excitation coil 2 of the sensors in order to break the balance
of the detection coils to the excitation coil in order to obtain a more sensitive response to the phase tuning of
the ex_clock signal in respect of the demodulation clock ex_0. The microcontroller 9 can tune the value of
the DAC voltage in a semi-automatic manner in order to reduce the value of the following breakthrough in the
fine detection coil signals in the channels N and M:

Breakthrou gh = \/ Ratiol N2 + Ratio2 N2 + Ratiol M2 + Ratio2 M2 (275)
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The resulting value DACq: corresponds to the global minimum of this “breakthrough” parameter.

Once the breakthrough offset calibration mode has ended, the value of @Refo, is measured in the
main measurement mode with the corresponding value of DACq: applied to the excitation circuitry of Figure
13. If necessary, the real and imaginary parts of the Z-impedance of Figure 13 can be adjusted to make the
value of @Ref,; to be closer to 90 degrees. In this case the calibration procedure to find DAC should be
repeated again to identify the new @Refy value.

The same measurements for determining the ¢Ref,: value can be performed on similar sensors or for
the same sensor with a different arrangement of conductive objects around its sensor head in order to find a
common base @Refo, for all variations in the mechanical sensor build and electronics build for this family of
sensors. It may be possible to use the same value of @Refy, for all sensors of the same family regardless of
any small variations from one sensor to another sensor in the family. The finally optimized target value of
@Ryt can be explicitly coded in the main program of the microcontroller 9 or stored in the non-volatile
memory of the microcontroller 9. In the main measurement mode the phase ¢=¢' should be continuously tuned
to @Refo: by using the software feedback loop as shown in Figure 14b. Such sensors can be further produced
without fitting the dedicated hardware electronics specifically designed for running the breakthrough offset
measurement mode shown in the Figure 25 and Figure 28. These sensors can work without any specific
recalibration for zero breakthrough offset from the excitation coil. No software compensation for breakthrough
offset is applied in such case by software during the normal mode of operation. The phase tuning of @Ref
towards the value of @Refy, is constantly performed to ensure a relatively low level of the direct breakthrough
from the excitation coil 2 to the main detection coils 4, 6.

However the possible variation of @Refy: with the sensor build and electronics build can lead to small
non-compensated breakthrough which might affect the accuracy of the sensor in the most demanding
applications. It is clearly not appropriate to tune the value of @Réfyy for each sensor again as it can lead to
erroneous adjustments for well balanced sensors and will fail to reject breakthrough caused by metallic
objects if such objects are located near the sensor head at a later point in time. Therefore, it is more
appropriate to determine the values of Ratio1, Ratio2, Ratio3 and Ratio4 shown above in order to use them in
a software algorithm for compensation of the breakthrough offset. In particular, the measurement processing
unit 19 can remove the direct breakthrough offset using a similar technique to that described above:

VT om = Ay sin((pF)—OFS x V= (276)
VI om = A, cos((pF)—OFS x V= (277)

where Ar is the peak-to-peak amplitude of the AF.y signal when the signals from the fine sine detection coil 6-
1 and the fine cosine detection coil 6-2 are selected by the multiplexer 55-1 in the measurement circuit 51,
and VEX is the peak-to-peak amplitude of the AFq. signal when the excitation reference signal is selected by
the multiplexer 57 in the measurement circuit 51 and the two separate demodulation clocks ex_0 and ex_90
are used as the ex_shifted demodulation clock in a time division multiplexing manner as discussed above.
Thus, the breakthrough corrected fine position of the target 5 can be determined from:
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e

ES
F
O = arctan[ e } = arctan

cory

(278)

It is worth mentioning that in this case the amplitude VEX is equal to:
VEX — VORef

Thus, the coefficients OF$ and OFC can be written in terms of the breakthrough between the excitation
coil 2 and the corresponding sine and cosine detection coil as follows:

ES

or = [T = Ratio 1 x sin(w Ref) o
0
Iz
0O = T = Ratio 2 x sin(w Ref) o
0

Similarly for the coarse breakthrough offset coefficients:

cs

O°S :VR_ef:Ratio3><sin(<PRef) 0
0
cC
0 = T = Ratio 4 x sin(@ Ref) o

0

Thus the coefficients OFS, OFC, O and OCC can be determined during the breakthrough offset
calibration mode and stored in the non-volatile memory 29 of the microcontroller. The combination of the
active tuning of the phase difference between the excitation signal ex_clock and the demodulation clock ex_0
and software compensation of the remaining small breakthrough offset from the excitation coil 2 into the
detection coils 4, 6 provides the best balanced ratiometric measurement for resonant target sensors. In such
an embodiment the well balanced compensated signals in the measurement channels will be entirely
determined by the position of the target 5.

Charge Injection

One of the remaining issues with the fifth embodiment described above is related to the less than
ideal properties of the relatively cheap but fast multiplexors 55, 56 and 57 used in the measurement circuits
51. The choice of appropriate multiplexers is further restricted if the sensor electronics is designed for
industrial applications where the sensor must be able to operate at temperatures up to 105 °C. Multiplexers
can introduce a relatively large crosstalk between the digital control signals and the input analogue signals
which usually results in a voltage spike induced at the edges of the switching control signals used to switch
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the multiplexer off and on. The effect of such crosstalk between the analogue and digital signals can be
relatively low, but it can be a significant problem for measurement systems aimed at measuring low amplitude
signals or aimed at achieving high accuracy.

The control signals used to switch the multiplexers in the measurement circuitry 25 can include
frequency components in the pass-band of the amplification and filtering circuitry 83 which can cause
interference with the measurement results. For instance, the polarity modulation signal shown in Figure 5 and
used for controlling the phase of the demodulation signal has an AC frequency component which is two times
higher than the frequency of the modulation defined by the Tmd period (see Figure 17). A similar double
frequency component is present in the control signals in1 used in the main measurement mode (Figure 17) or
in the control signal in3 used in the breakthrough offset calibration mode (Figure 26). Unfortunately, this
means that the set of multiplexers used for the time division multiplexing of the required input signals in the
measurement circuits N and M, simultaneously acts as an unwanted AC generator providing frequency
components in the pass band of the amplification and filtering circuitry 83. Because of the differential nature of
the measurement circuits N and M, these unwanted signals are reduced to a certain extent. However, some
relatively simple changes to the measurement circuits N and M can help to remove the problem.

In particular, Figure 29 illustrates a modified measurement circuit 51’ in which the polarity
modulation signal has been removed from the demodulation switch 56 and moved to the front-end
multiplexors 55’-1 and 55’-2. At the same time, a new enable control signal (chopper shown in Figure 30) is
introduced to control the demodulation multiplexer 56 in order to disconnect the demodulation switch 56 from
the amplification and filtering circuit 83 for a short time at any rising edge of a master clock signal that is used
to generate the in1, in2, in3 and polarity control signals. During some of these short times when the
demodulation switch 56 is disconnected from the amplification and filtering circuit 83 switching events will
happen in the front end multiplexers 55 and 57, but any noise caused by the switching events will be blocked
from reaching the amplification and filtering circuit 83 because of the disconnection of the demodulating
switch 83 by the chopper control signal. However, there will be moments in time when no switching at the
front-end multiplexers 55’ or 57 is performed, nevertheless the regular chopper control signal still continues to
disconnect the demodulation switch 56 from the amplification and filtering circuit 83 at these rising edges of
the master clock signal. Therefore, at first sight, this chopper control signal seems to make the charge
injection worse — as the switching of the demodulation switch 56 by the chopper control signal will lead to
charge injection into the amplification and filtering circuit 83 at times when there is no such charge injection
due to the switching of the multiplexors 55’ and 57. Indeed, the total amount of charge injection associated
with the switching in the multiplexors utilized in the measurement circuit 51’ of this alternative circuit design is
actually increased by the introduction of the chopper control signal. However, the frequency spectrum of this
charge injection signal is now shifted towards higher frequencies. In particular, there will be a strong peak in
the Fourier spectrum of the self-noise of the demodulation switch 56 associated with the charge injection from
the chopper control signal at the master clock frequency; and the demodulation control signal ex_shifted will
also introduce a strong peak at the demodulation frequency. However both of these frequencies are located
far away from the high frequency corner of the bandpass filter 87 of the amplification and filtering circuit 83
and therefore are strongly suppressed in the AF.: signal output from the measuring circuit 51°.

Figures 30 and 31 show an example of some of the signals used in this alternative embodiment,
which utilizes the chopper control signal in order to stop unwanted AC generation from the multiplexors in the
pass band of the amplification and filtering circuit 83. As can be seen, the same set of control signals polarity,
in1, in2, and in3 are used to control all required switching of the excitation reference signal and of the signals
from the detection coils 4, 6 through the measurement circuit 55’. The effect of using a chopper control
signal is presented by the gaps in the timeline when no signals are connected to the amplification and filtering
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circuitry 83.

Automatic Gain control

The embodiments described above operate with a fixed gain in the amplification and filtering circuit
83. However, in some sensor designs, the target 5 is able to move away from the sensor coils 2, 4 and 6 in a
z-direction (out of the page in Figure 2) and the signal strength in the detection coils 4, 6 can change by about
an order of magnitude as a result. In an alternative embodiment, the gain of the amplification and filtering
circuit 83 is allowed to vary so that the sensor works in a stable manner with the input signals ranging from
large amplitude to small amplitude. The variable gain section allows the gain of the amplification and filtering
circuit 83 to be increased when there is a large air-gap between the target 5 and the sensor coils 2, 4 and 6.
The adjustment of the gain of such a system should be performed synchronously with the switching between
the first part and the second part of a detection cycle T_dc (shown in the Figure 23). The switching of the gain
should be made at the beginning of the first part for measurement circuit N or/and at the beginning of the
second part for the measurement circuit M. In this way, the measurement circuit will perform a full cycle of
ancillary measurements immediately after the change in the gain and therefore will be fully recalibrated by the
time that it is switched to the continuous measurement mode for updating the target position (¢) at each zero
crossing event ¢3 and ¢4.

The dynamic range of the change in the gain of the system is restricted by the requirement to
measure the reference excitation signal both with the highest gain settings and with the lowest gain settings.
Thus a dynamic range of about eight times for the variable gain of the system should be a reasonable
compromise. The decision algorithm for changing the gain of the amplification and filtering circuit 83 should
have some built-in hysteresis and is controlled by the measured peak-to-peak amplitude of the signal Ar
related to the measurements of the signals obtained from the fine detection coils 6.

Sixth Embodiment

In the above embodiments, two independent measurement circuits 51-1 and 51-2 - measurement
circuit N and measurement circuit M - were used in order to provide a measurement system that is capable of
performing self-calibration of each individual measurement circuit whilst also providing a relatively high update
rate of measurement outputs from the sensor inputs. A sixth embodiment will now be described that uses
three independent measurement circuits 51 and that increases the update rate of the measurement outputs
whilst also allowing for measurement circuit calibration. Figure 32 is a schematic block diagram illustrating the
main components of the position sensor 1 used in this sixth embodiment to sense the position of a target (not
shown). As can be seen from a comparison of Figures 1 and 32, the position sensor circuitry in this
embodiment has an additional sample switching circuitry block 15 that is used to assist the operation of the
ADC 13, which, in this embodiment, is a three channel, relatively slow (but inexpensive), delta-sigma ADC
commonly found in microcontrollers 9.

Measurement Circuits

Figure 33 illustrates the design of the measurement circuitry 25 used in this embodiment, which has
two measurement circuits 51-3 (also referred to as measurement circuit N1) and 51-4 (also referred to as
measurement circuit N2) that are dedicated to providing measurements from a respective one of the sensor
inputs; and one measurement circuit 51-5 (also referred to as measurement circuit M) that receives and
provides measurements from all the sensor inputs. More specifically, measurement circuit N1 is dedicated to
obtaining measurements of the fine sine sensor input received on sensor inputs 1+/1-; measurement circuit
N2 is dedicated to obtaining measurements of the fine cosine sensor input received on sensor inputs 2+/2-;
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and measurement circuit M obtains measurements from all of the sensor inputs 1+/1-, 2+/2, 3+/3-, 4+/4- and
5+/5-. The outputs from the three measurement circuits 51 are input to the sample switching circuitry 15 and
from there are converted into digital measurements by the ADC 13 for subsequent processing by the
measurement processing unit 19 (not shown in Figure 33).

As will be explained in more detail below, the measurement circuitry 25 is designed so that the
voltage VFS induced between sensor inputs 1+/1- can be measured by measurement circuit N1 and
measurement circuit M around the same point in time so that the microcontroller 9 can determine a difference
in the analogue gains between measurement circuit N1 and measurement circuit M.  Similarly, the
measurement circuitry 25 is designed so that the voltage VCinduced between the sensor inputs 2+/2- can be
measured by measurement circuit N2 and measurement circuit M around the same point in time so that the
microcontroller 9 can determine a difference in the analogue gains between measurement circuit N2 and
measurement circuit M. Together these differences can then be used to remove the effects of any differences
in gain between measurement circuit N1 and measurement circuit N2 and thus allow for the accurate

determination of the target position (using the ratiometric calculation ¢ “ = arctan( v yre )) using

measurements obtained from the two different measurement circuits N1 and N2.

As will become apparent from the explanation given below, since the measurement circuits N1 and
N2 do not switch between different sensor inputs, this sixth embodiment allows much more filtering of external
and internal noise compared to the first embodiment described above. In this regard, the sixth embodiment is
quite similar to the fifth embodiment in which the high frequency corner of the amplification and filtering
circuitry 83 is set at a relatively low value very close to the intermediate modulation frequency (equal to the
frequency of the polarity control signal). Similarly to the fifth embodiment, this sixth embodiment allows the
ratiometric calculation to be updated several times during each period of the polarity control signal. In the
specific example described below, the microcontroller 9 updates the ratiometric calculation of ¢ four times
during each period of the polarity control signal. This update rate is two times faster than the update rate
achieved in the fifth embodiment, but it has a different set of trade-offs. The actual resolution of the
measurements achieved in this embodiment is fully determined by the absolute resolution of the ADC 13. The
resolution of the measurements achieved in the fifth embodiment is fully determined by the ratio between the
update rate frequency and the clock frequency of the capture registers of the timer 105 in the microcontroller
9. Taking into account the typical performance of the currently available microcontrollers 9, at update rate
frequencies below 32 kHz, the fifth embodiment provides a better resolution than that provided by the sixth
embodiment. Also, as the fifth embodiment uses only two measurement circuits (compared to the three
measurement circuits of the sixth embodiment), it provides a significantly cheaper solution, which is more
appropriate for applications where the circuitry is integrated into a mixed signal ASIC. However, at very high
update rates, such as at a 250 kHz update rate, which are desirable for fast rotary sensors, the resolution of
the fifth embodiment drops substantially, whereas the resolution of the sixth embodiment does not change.

Figure 34 shows a preferred design of the measurement circuits N1 and N2 that is used in this
embodiment. As each of the measurement circuits N1 and N2 only receives the sensor signal from one of the
detection coils 4, there is no need for the multiplexing switches 55 used in the measurement circuits 25 of the
first embodiment (cf Figure 5) and the input signal is applied directly to the demodulating switch 56. Thus, in
measurement circuit N1, the fine sine signal from sensor inputs 1+/1- is applied to the input of the
demodulating switch 56-3 and in measurement circuit N2, the fine cosine signal from sensor inputs 2+2- is
applied to the input of the demodulating switch 56-4. As before, the demodulating switch 56 effectively
multiplies the input sensor signal with a demodulating control signal (demod_N1/demod_N2) which includes a
component (ex_shifted) that demodulates the sensor signal and a respective polarity control signal
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(polarity_N1/polarity_N2) that re-modulates the sensor signal onto an intermediate modulation frequency.
The signal output from each demodulation switch 56 is then input into a respective amplification and filtering
circuit 83 (83-3 in measurement circuit N1 and 83-4 in measurement circuit N2). The operation of the
demodulating switch 56 and the amplification and filtering circuit 83 in this embodiment is substantially the
same as in the first embodiment and will not be described further.

However, an additional conftrol signal (en_N1 for measurement circuit N1 and en_N2 for
measurement circuit N2) is provided by the microcontroller 9 for each measurement circuits N1 and N2, to
enable and disable the operation of the corresponding demodulating switch 56. The control signal en_N1 is
used, effectively, to disconnect the fine sine sensor signal on inputs 1+/1- from measurement circuit N1 in
order to allow the time division multiplexing of the fine sine sensor signal through measurement circuit M as
well. Similarly, control signal en_N2 is used, effectively, to disconnect the fine cosine sensor signal on inputs
2+2- from measurement circuit N2 in order to allow the time division multiplexing of the fine cosine sensor
signal through measurement circuit M as well.

Figure 35 shows the form of the measurement circuit M used in this embodiment. As can be seen by
comparing Figure 35 with Figure 5, measurement circuit M is substantially the same as the measurement
circuit used in the first embodiment, except that a control signal en_M is provided that is used, effectively, to
disconnect the sensor inputs from measurement circuit M. By making the en_M control signal the reverse of
en_N1 and en_N2, conflicts resulting from measurement circuit M trying to process the signal from the fine
sine or the fine cosine sensor inputs at the same time as measurement circuit N1/N2 can be avoided. The
remaining elements of measurement circuit M are substantially the same as in the first embodiment and so
will not be described in further detail.

Sample Switching Circuitry

Figure 36 shows a preferred design for the sample switching circuitry 15 which is used with the
relatively slow three channel delta-sigma ADC 13 which has three independent ADC channels shown as ADC
13-3, 13-4 and 13-5 in Figure 36. The signals (AF_out) from the three measurement circuits are stored onto a
respective one of two capacitors C1 and C2, depending on the position of the corresponding switch 151-3,
151-4 or 151-5. In this embodiment, during half the period of the polarity control signal, the signal AF_out is
stored onto capacitor C1 and then during the subsequent half period of the polarity control signal, the signal
AF_out is stored onto capacitor C2. The exact timing of the switching between the capacitors is controlled by
the control signals sample_swN1 for measurement circuit N1, sample_swN2 for measurement circuit N2 and
sample_swM for measurement circuit M. These control signals have the same period as the polarity control
signals but are phase shifted relative thereto so that switching between capacitors C1 and C2 happens near
the point in time when the corresponding amplified and filtered signal AF_out is at its maximum and minimum
values; and this timing depends on the phase shift introduced by the corresponding amplification and filtering
circuit 83 and is determined experimentally in advance. Some variation of the phase shift introduced by the
different measurement circuits 51 caused by the tolerance of the electronic components utilised in the
amplification and filtering circuit 83 will not matter as it will effectively change the relative gains of the
measurement circuits and the processing of the measurements by the measurement processing unit 19 (that
will be described below) is designed to remove the effects of gain variations between the measurement
circuits 51.

The control signals sample_swN1, sample_swN2 and sample_swM also control which capacitor
C1 or C2 is connected to the corresponding ADC channel 13-3, 13-4 or 13-5, via the switches 157-3, 157-4
and 157-5. The switches 151 and 157 and/or the connections from them to the capacitors C1 and C2 are
arranged so that when the signal AF_out is being stored onto capacitor C1, capacitor C2 is connected to the
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corresponding ADC channel 13-3, 13-4 and 13-5 and vice versa.

As shown in Figure 36, the ADC channels 13-3, 13-4 and 13-5 are triggered by the control signals
ADC_triggerN1, ADC_triggerN2 and ADC_triggerM respectively. In this embodiment, these control signals
have twice the frequency as the sample_sw control signals and are phase delayed relative to the
corresponding sample_sw control signal so that: i) after every time the corresponding switching circuit 151
switches from capacitor C1 to capacitor C2, the voltage level stored on capacitor C1 is converted into a digital
value and stored in memory 17 for processing by the measurement processing unit 19; and ii) after every time
the corresponding switching circuit 151 switches from capacitor C2 to capacitor C1, the voltage level stored
on capacitor C2 is converted into a digital value and stored in memory 17 for processing by the measurement
processing unit 19.

Timing Diagrams and Example Signals

Figure 37 is a timing diagram illustrating the control signals used to control measurement circuit N1
and an example signal AF-outN1 output from measurement circuit N1. In particular, Figure 37 shows the
control signals ex_shifted, polarity N1, demod_N1, en_N1, sample_swN1 and ADC_triggerN1. As can be
seen from Figure 37, the en_N1 control signal has a frequency that is four times that of the polarity N1
control signal and it is phase aligned with the polarity_N1 control signal so that the rising and falling edges of
the polarity_N1 control signal correspond with edges of the en_N1 control signal (although this is not
essential). Figure 37 also shows that the sample_swN1 control signal has the same frequency as the
polarity_N1 control signal, although it is phase shifted relative to the polarity_N1 control signal so that the
rising and falling edges of the sample_swN1 control signal happen at about the points in time when the
AF_outN1 signal is at a maximum or a minimum value. The ADC_triggerN1 control signal has twice the
frequency of the sample_swN1 control signal and its phase is set so that its rising edges occur just after the
rising and falling edges of the sample_swN1 control signal. In this way, if the ADC channel 13-3 is friggered
to make a conversion on each rising edge of the ADC_triggerN1 control signal, then the ADC channel 13-3
will output a sequence of digital values corresponding to the successive positive and negative peaks of the
AF_outN1 signal.

As can be seen from Figure 37, the AF_outN1 signal is less sinusoidal than before. This is because
of low frequency harmonics introduced by the en_N1 control signal. However, this does not matter as the
signal waveform is still cyclically varying with a period corresponding to that of the polarity_N1 control signal
(T_modulation) and the peaks in the AF_out signal will appear at the same times during each period of the
polarity_N1 control signal. As explained above, the peak amplitude of the AF_out signal varies approximately
sinusoidally with the target position. If the ADC 13 samples just before or just after the peak, it will not matter
as the error that is introduced will be reflected as a gain variation of the corresponding measurement circuit 51
and such gain variations are compensated by the measurement processing unit 19 as will be discussed
below.

Figure 38 shows the relative timings of the control signals used to control the other two measurement
circuits N2 and M. As shown in Figure 38, control signal en_N2 (used to control the enabling /disabling of
measurement circuit N2) has the same timing as the en_N1 control signal. In this way, measurement circuits
N1 and N2 are enabled and disabled together. Control signal en_M used to control the enabling and
disabling of measurement circuit M is the inverse of control signals en_N1/en_N2 so that when the signal
from the fine sine detection coil is being passed through measurement circuit M, measurement circuit N1 is
disabled and vice versa and so that when the signal from the fine cosine detection coil is being passed
through measurement circuit M, measurement circuit N2 is disabled and vice versa. As a result, the control
signals polarity_M, sample_swM, and ADC_triggerM are shifted by exactly half the period of the control
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signal en_N1 (or in other words an eighth of the period of the polarity_N1 control signal).

In order to optimise the overall system update rate and to facilitate subsequent processing by the
measurement processing unit 19, it is advantageous to shift the timeline of the control signals used to control
measurement circuit N2 in relation to the control signals used to control measurement circuit N1. In this
embodiment and as shown in Figure 38, the en_N2 control signal is the same as en_N1 signal, but the control
signals polarity N2, sample_swN2, and ADC_triggerN2 are shifted by one period of the en_N2 signal. In
this way, the positive and negative peaks of the AF_outN2 signal will occur a quarter of the polarity
modulation period away from the positive and negative peaks of the AF_outN1 signal. Arranging the control
signals in this way allows for four target position updates to be calculated every period of the polarity N1
control signal.

Figure 39 illustrates typical signals that may be output by the three measurement circuits 51 and
showing the relative timings of the positive and negative peaks. As a result of the choice of timings of the
control signals used in this embodiment, the timing of when the three ADC channels 13-3, 13-4 and 13-5
convert the values from the three measurement circuits (represented by the arrows in Figure 39) are spread
out over one modulation period; with two measurements of the fine sine sensor signal and two measurements
of the fine cosine sensor signal being obtained in one period of the polarity control signal. As will become
clear from the description below, each time a new fine sine or a new fine cosine measurement is obtained the
measurement processing unit 19 can update the target position information. Figure 39 also shows the timing
of when measurements are obtained from measurement circuit M, and each time a measurement of the fine
sine signal is obtained from measurement circuit M, the measurement processing unit 19 can update
calibration data that is used to calibrate the relative gains between measurement circuit N1 and measurement
circuit M. Similarly, each time a measurement of the fine cosine signal is obtained from measurement circuit
M, the measurement processing unit 19 can update calibration data that is used to calibrate the relative gains
between measurement circuit N2 and measurement circuit M.

Sensor Input Multiplexing

As discussed above, all the sensor inputs are multiplexed through measurement circuit M in a time
division manner and Figure 40 is a timing diagram illustrating the way in which this is achieved using the
control signals in1_M, in2_M and in3_M. Although not illustrated in Figure 40, each sensor signal is selected
for several periods (typically for at least four periods of the polarity M control signal to allow for transient
relaxation of the analogue signals in the measurement circuit M following the switching from one sensor input
to another). Normally, only the last three or four measurements from measurement circuit M (before it
switches to another sensor input) are used for calculating the midrail level and the amplitude of the sensor
signal.

As can be seen from Figure 40, a detection cycle has six detection intervals (corresponding to i=1 to
i=6) and during the detection interval corresponding to i=1, the signal from the fine sine coil (inputs 1+/1-) is
selected and passed through to the demodulating switch 56-5; during detection interval corresponding to i=2,
the signal from the fine cosine coil (inputs 2+/2-) is selected and passed through to the demodulating switch
56-5; during detection interval corresponding to i=3, the signal from the coarse sine coil (inputs 3+/3-) is
selected and passed through to the demodulating switch 56-5; during detection interval corresponding to i=4,
the signal from the coarse cosine coil (inputs 4+/4-) is selected and passed through to the demodulating
switch 56-5; and during detection intervals corresponding to i=5 and i=6, the reference signal (inputs 5+/5-) is
selected and passed through to the demodulating switch 56-5. The two separate measurements for the
reference signal (inputs 5+/5-) are performed with a different phase for the ex_shifted signal - ex_0 and
ex_90 signals - in order to calculate the exact value of the phase of the reference signal. As explained
previously with a reference to the Figure 14, this phase is used to tune the phase of the excitation clock
ex_clock. The multiplexing of the sensor signals through measurement circuit M is similar to the multiplexing
performed in the first embodiment and so a detailed description thereof will be omitted. Figure 40 also shows
that during this time, measurement circuit N1 is obtaining measurements of the fine sine sensor signal and
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measurement circuit N2 is obtaining measurements of the fine cosine sensor signal.

Measurement Processing
Peak Amplitude determination

Each time a new digital value is converted by one of the ADC channels 13-3, 13-4 or 13-5 and stored
in memory 17, the measurement processing unit 19 updates the peak amplitude of the corresponding AF_out
signal (and updates the mid-rail voltage from which that peak amplitude is calculated). The measurement
processing unit 19 does this using the last three measurements V., V.1, and V., obtained from that
measurement circuit 51, as follows:
Poirar =1/ 2¥ 1V, 1120, +V,,)] (284)
If desired, this value can be further averaged over time in order to reduce the noise in the calculated
value of the midrail voltage. The measurement processing unit 19 then determines the peak amplitude of the
corresponding AF_out signal as follows:

I}n = (_l)k * (Vn - I}midrail ) (285)

where V, is the latest measurement stored in memory 17 for that measurement circuit 51; and the value of the
constant k is cycled consecutively between 0 and 1 in order to take into account that ADC 13 is consecutively
sampling the maximum and minimum values of the signal AF_out signal.

Calibration of Measurement circuit N1 to Measurement Circuit M
As in the first embodiment, the measurement processing unit 19 determines the target position (¢F)
from the following:

o =arctan( V" /¥ ) (286)

where V™ is the latest amplitude measurement obtained from the fine sine sensor and where V<is the
latest amplitude measurement obtained from the fine cosine sensor. If the fine sine and fine cosine amplitude
values are those measured by measurement circuits N1 and N2, then the result would be subject to significant
noise because measurement circuit N1 will have a different gain to measurement circuit N2. Therefore, in this
embodiment, the measurement processing unit 19 uses the measurements obtained from measurement
circuit M to determine a respective gain correction (and in some cases offset correction) to be applied to the
measurements from measurement circuits N1 and N2. In effect, the measurement processing unit 19
determines a mapping for each of measurement circuit N1 and measurement circuit N2, that maps the
measurements made by these measurement circuits to a common measurement circuit (measurement circuit
M) — such that the mapped values are the values that measurement circuit M would have output had it made
the measurements. Of course, instead of mapping the measurements obtained from measurement circuits
N1 and N2 onto measurements that would have been made by measurement circuit M, mapping data could
be determined that map the measurements made by measurement circuit N1 to those made by measurement
circuit N2 or vice versa. However, mapping onto measurement circuit M is advantageous as it allows other
corrections to be made such as the above described breakthrough corrections. The way in which this
mapping is achieved will now be explained in more detail.

To determine the mapping between measurement circuit N1 and measurement circuit M, the
measurement processing unit 19 gathers and compares measurements made by these two measurement
circuits for the same input signal. As explained above, during the detection interval corresponding to i=1,
measurement circuit M is configured to obtain measurements from the fine sine inputs 1+/1-. These
measurements are time division multiplexed with the measurements obtained from measurement circuit N1
(because of the en_N1 and en_M control signals). As can be seen from Figure 39, during one period of the
polarity modulation signal, measurements from measurement circuit N1 are obtained at times t; and t4 and
measurements from measurement circuit M are obtained at times t and ts. If it is assumed that during the
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time between t, and t; the target position does not change or does so with constant speed, then the
measurement processing unit 19 can determine an approximation of what measurement circuit N1 would
have determined had it made a measurement at time t; from the following:

=y 2y (287)

where ™ is the measurement obtained from measurement circuit N1 at time t and V7 is the
measurement obtained from measurement circuit N1 at time to.
The pair of the measurements I}]\f‘f and I}Afs (corresponding to the measurement obtained from

measurement circuit M at time t;) is then written into a circular memory (forming part of memory 17). By
collecting and grouping (as a calibration set) the most recent such pairs of measurements, the measurement
processing unit 19 can find the best fit line that maps between the measurements obtained from the two
measurement circuits as follows:

Vi = K5V Oy (288)

For large values of I}Afs the value of Off > can be set to zero so that the mapping is defined just by

the value of K 1, . With this mapping equation, the measurement processing unit 19 can then convert any

new measurement of the fine sine signal obtained from measurement circuit N1 into a measurement obtained
from measurement circuit M — even though at that time, measurement circuit M is measuring another sensor
input. Further, in the next detection cycle, when measurement circuit M again measures the signal from the

fine sine sensor input, another pair of measurements I}]\f‘f and I}Afs is added to the calibration set (with the

oldest pair being discarded from the set); and the value of X ;> can be updated as follows:

KB =P8 0nY; op =o; (289)

where the sum is performed over all of the pairs of measurements in the calibration set. Typically up to 16 of
the most recent pairs of measurements I}]\f‘f and I}Afs are used in the calibration procedure in order to

achieve a trade-off between reduced noise in the value of K 1, and arequirement for a faster update of the

mapping data when the signal amplitudes are changing rapidly for a fast moving target 5.
When the amplitude of the measurements I}]\f‘f and I}Afs drops below a first threshold value Vi,

the measurement processing unit 19 keeps the value of K 5, constant and instead the calibration data set is

used to find the best fit for the offset value Off > using formula:
O =1/u*Y P k577 (290)

Where u - is the number of measurement pairs in the calibration data set. Once the amplitude of the
measured values of I}]\f‘f and I}Afs increases above a second threshold value Viy (which is greater than the

first threshold value), the value of K . is again updated via a best linear fit approach and the value of

Off I is again set equal to zero. In this way it is possible to reduce large dynamic errors for the calculated

value of K| for a calibration data set in which most pairs of measurements I}]\f‘f and I}Afs are close to
zero. A typical value for the first threshold Vi is 5% of the reference voltage applied to the ADC 13 and a
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typical value for the second threshold Vi is 8% of the reference voltage applied to the ADC 13.
For a fast moving target, rather than comparing the amplitudes with a threshold, the measurement

processing unit 19 may determine when to fix K., and start finding the best offset value (Off > ) by

continuing to update the value of the coefficient K %} until the following condition is met:

S ST <urp,,) (291)

as itis highly likely that even if the last measured value is below the first threshold Vi1, most previous values
in the calibration data set will be well above the first threshold Vi and so it is still better to update the value

of the coefficientX > . However, once all the measurements in the calibration set are below the first
threshold Vi, fixing K &> and finding the best offset value Off > becomes more appropriate.

Figure 41 is a plot illustrating the way in which the measured values of I}]\f‘f and I}Afs may vary
within different calibration sets 161 and 163. For the measurements 161, the measurement processing unit
19 will set the offset Off > to zero and will find the value of K 1 that best fits the pairs of measurements in
the calibration set 161. However, for the measurement pairs in calibration set 163, as the amplitude of the
measurements is below the first threshold Vi, the value of K . is fixed at its current value and the

measurement processing unit 19 determines the value of the offset Off > that best matches the calibration
set 163.

Calibration of Measurement circuit N1 to Measurement Circuit M

The calibration of the measurements made by measurement circuit N2 to measurement circuit M is
similar, but a small modification is required due to the relative timings of the measurements in the two
measurement channels. In particular, the measurements of the fine cosine signal from measurement circuit
N2 are obtained at times t» and ts and in measurement circuit M at time ts. Time ts is now closer to the latest
measurement from measurement circuit N2, and so an approximation of what measurement circuit N2 would
have determined had it made its measurement at time ts can be determined from the following:

. 3 1~
VE ==V +—1" 292

N2 4 n 4 n-1 ( )
where 7/ is the measurement obtained from measurement circuit N2 at time t and V' '<is the

measurement obtained from measurement circuit N2 at time t,.
As before, the measurement processing unit 19 gathers and groups (as a calibration set) the most

recent pairs of such measurements (I}]@C and I}Afc ), and then the measurement processing unit 19 finds
the best fit line that maps between the measurements obtained from the two measurement circuits as follows:

Vi = K 2V + Off 4 (293)

As before, the offset Off - may be set to zero if the amplitude of the measurements is greater than

the second threshold; and the gain term K . may be fixed if the measurement amplitude falls below the first
threshold.

Measurement Updates

As shown in Figure 39, during each period of the polarity control signals, measurement circuit N1 will
produce a new measurement of VS at times t, and t» and measurement circuit N2 will produce a new
measurement of VFC at times t, and ts. Each time that one of these measurements becomes available, the
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measurement processing unit can update the position of the target (¢f) firstly by mapping the new
measurement to measurement circuit M using the stored mapping data:

Veow = K ¥V +Off 7 (294)
if the new measurement is from measurement circuit N1; or if the new measurement is from measurement
circuit N2, using the stored mapping data:

VI = KAV Ol (295)

corr

and then determining the target position using the arctangent function:

corr corr

o’ = arctan(I}F > / yr ) (296)
This allows a position update to be obtained four times per period of the polarity control signal.

Dynamic Error Correction

The determined position of the target 5, while accurately reflecting the position for slow moving
targets, will have significant dynamic error for fast moving targets 5 due to the fact that the values V*s and VFC
are measured at different moments in time. In order to correct for this dynamic error, the measurement
processing unit 19 determines two separate rates of change of the value of @F — one derived from position
updates obtained when the measurement V" is obtained before the measurement of VFC:

APF12= @F n- 9 2 (297)

and the other derived from position updates when the measurement V¢ is obtained before the measurement
of VFs:

AQF 21= @F 11 - OF 3 (298)
These two values A@F12 and AgF 21 can be further averaged to obtain a speed parameter:

¢ = Ap, + Ao,

299
5 (299)

This speed parameter is not exactly equal to the speed of movement of the target 5, as it represents
the average rate of change of the calculated phase ¢F. However, as the calculated phase ¢F is substantially
linearly related to the position of the target 5 (see Figure 2), the rate of change of the measured phase will be
substantially proportional to the rate of change of the target position (=speed).

VS obtained before VFC

Therefore, for the situation in which the target position information is determined using measurement
VFS obtained from measurement circuit N1 before the measurement V™ obtained from measurement circuit
N2, the peak to peak voltage measurements determined by the measurement processing unit 19, using the
raw data obtained from the ADC 13, can be written as:

PP = d,sinle” —s/2] (300)

corr

VI = 4, cosp” (301)

corr

and from this it can be shown that the measurement processing unit 19 should apply the following
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compensation to @
Piomp =P +%(l+cos 20") (302)

As can be seen, the compensation that is applied to ¢F depends itself on the value of ¢ and thus
different compensations are performed depending on the position of the target 5 relative to the detection coils
4. This compensation can significantly reduce (by as much as fifty times) the dynamic error in the determined
position of the target 5 due to using measurements taken at consecutive times. A similar dynamic
compensation on the coarse position measurements can be made using the speed parameter reduced
according to the ratio of the number of periods in the coarse and fine scales.

VFC obtained before VFS

For the situation in which the target position information is determined using measurement V¢
obtained from measurement circuit N2 before the measurement VS obtained from measurement circuit N1,
the peak to peak voltage measurements determined by the measurement processing unit 19, using the raw
data obtained from the ADC 13, can be written as:

P = 4, coslp” —s/2] (303)

VS — 4, sin " (304)

and from this it can be shown that the measurement processing unit 19 should apply the following
compensation to @

Pomp =P +%(l—cos2<pF) (305)

Thus different compensations are performed depending on the order in which the signals from the
two fine detection coils are measured by the measurement circuits N1 and N2. This dynamic compensation
can be calculated arithmetically or, in order to speed-up the calculations, can be determined in advance and
stored in a look-up table. For instance, the compensation can be determined from:

of =" +5*K,p") o (306)
of =0 +5%K,(0") (307)

depending on which signal VS or VFC is measured first. The values of K12 and K21 are determined from the
look-up table using @F to determine the index to the table, for example as follows:

(308)

. 0" x1024
index = round | ——
2w

where the look-up table has a length of 1024 with coefficients K2 in one column and coefficients K1 in
another column. This look-up-table would be stored in the non-volatile memory of the microcontroller 9 as
part of the dynamic correction data 31. The values of K12 and K»1 for the different entries in the look-up-table
can be determined in advance from the following:

K, ()= %* {1 + cos(ém - ]ﬂ (309)

1024
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K21(j):%{1—cos[4ﬂ*jﬂ (310)

1024

Alternatively still, the coefficients K12 and K21 could be determined experimentally by finding the best
linear fit between raw results for ¢F and the actual position ¢ at different speeds of the target movement:

of, =0  +s*K,(0")  or (311)
of. =0 +5*K,(o") (312)

With the best linear fit being performed separately for a set of data with the value VS measured first (for K1),
and separately for a set of data with the value of VFC measured first (for K21).Once the appropriate values for
coefficients K12 and K1 are found, the coefficients are stored in the lookup table in the memory of the
microcontroller 9 and are used to correct the raw target position data (¢F) calculated by the measurement
processing unit 19.

The above dynamic adjustment for the phase measurement was carried out based on a reasonable
assumption that the phase measure ¢ was either constant or changing at a nearly constant rate of the
change. While this approach provides the best possible compensation for the dynamic error, instead it is
possible to adjust the dynamic error based on the less realistic approximation that the rate of the change in
the amplitude of the AF_outN1 and AF_outN2 signals is constant. In fact, the amplitude of the signals AF_out
signal is varying in accordance with a sinusoidal function of the position of the target and thus is changing in a
non-linear manner for a target moving at a constant speed — and so will provide a less accurate correction.
However, it can provide a reasonable correction without using look-up tables. Namely, if the target position
information is determined using measurement VFS obtained from measurement circuit N1 before
measurement VFCis obtained from measurement circuit N2, the last amplitude measurement VS, determined
by the measurement processing unit 19, using the raw data obtained from the ADC 13, can be corrected for
dynamic changes via:

Vi =V +1/2% W -V =3/2%7 —1/2*P (314)
and this new value can be used to calculate the target position information (@ =atan(VFSuyn cor/VFCeor)).
Alternatively, if the target position information is determined using measurement VFC obtained from
measurement circuit N2 before measurement VS is obtained from measurement circuit N1, the last amplitude
measurement VFC, obtained by the measurement processing unit 19, using the raw data obtained from the
ADC 13, can be corrected for dynamic changes via:

VIC —3/2%pC _1/2%p " (315)

dyn
and this new value can be used to calculate the answer ¢F=atan(VFSor/VFCoyn cor).

Breakthrough Removal

The calculations above did not include the removal of the above described unwanted breakthrough
offset caused by direct coupling from the excitation coil 2 to the detection coils 4 and 6, even without the
target 5. In a similar way to the way in which the breakthrough offset was removed in the first embodiment,
the breakthrough offset can be removed by modifying the calculations as follows:

VIS~ KIS wp B L O s —OF #p EX (316)

corr

VIO KISV O 0™ xp Y (317)

corr

o’ = arctan(I}FS /I}FC) (318)

corr corr
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where VE%y - is the latest amplitude measurement of the excitation reference voltage applied at input 5+/5- of
measurement circuit M. The coefficient OFS and OFC - are constants determined during a calibration mode in
which the signals from inputs 1+/1- and 2+/2- are measured by the measurement circuit M without the target 5
being present. The procedure for this calibration measurement was described previously in the first
embodiment and will not be described again.

The measurements obtained from measurement circuit M can also be used to control the phase of
the excitation signal in the manner described above with reference to Figures 13 and 14.

Gain Adjustment

In some sensor applications the distance between the sensor head 8 and the target 5 is not known in
advance and can vary substantially during the sensor operation. As a result, the amplitude of the signals from
the pair of fine scale detection coils 6-1 and 6-2 can vary by about one order of magnitude, resulting in an
apparent loss of position resolution due to the loss of the resolution when sampling much smaller signals at
the input of the ADC 13. This embodiment provides a straightforward algorithm for adjusting the gain of all
three independent measurement circuits 51 in order to achieve an optimum analogue signal digitisation. To
monitor the required changes for the gain setting, the measurement processing unit 19 determines the
combined amplitude in channels N1 and N2 via:

oy =0+ ) 319)

If V¥ falls below a first threshold Vi then the measurement processing unit 19 increases the gain in
all three measurement circuits N1, N2, and M by a similar amount. If VF is above a second threshold VFin
then the measurement processing unit 19 decreases the gain in all three measurement circuits by a similar
amount.

Initially the gain setting is changed only in measurement channel M. The coefficients of the current
linear mapping between measurement circuits N1 and M and between measurement circuits N2 and M are
saved by the measurement processing unit 19 and are used until the calibration data set has been fully
refreshed following the change of gain in measurement circuit M. Once a new calibration data set has been
determined (following the change of gain), a new linear mapping between measurement circuits N1 and M
and a new linear mapping between measurement circuits N2 and M are calculated and used for subsequent
measurement updates in the manner explained above.

As a next step, measurement circuit M is switched by the measurement processing unit 19 from a
scanning mode (in which the different sensor inputs are switched through measurement circuit M in the
manner described above and as shown in Figure 40) to a fixed measurement mode in which the sensor
signals from sensor input pair 1+/1- is passed through measurement circuit M. During this step, the sensor
measurements obtained from measurement circuit M are used by the measurement processing unit 19 as the
main sensor data for the fine sine measurements and therefore, measurement circuit N1 can be released from
sensor measurement and the measurement processing unit 19 can change the gain in measurement circuit
N1 and then re-determine the mapping data for measurement circuit N1. Namely, once the gain in
measurement circuit N1 has been changed and a new calibration set of pairs of nearly simultaneous
measurements from measurement circuits N1 and M has been collected, the measurement processing unit 19
can determine a new linear mapping between channels N1 and M. This new linear mapping reflects any
unequal changes of the gain in both channels N1 and M.

As a next step, the measurements from measurement circuit N1 are again used by the measurement
processing unit 19 as the source of the main fast update of the sensor output; and measurement channel M
remains in the fixed mode but now measuring the sensor signals from the fine cosine inputs 2+/2-; thus
freeing up measurement circuit N2 from performing the main sensor measurements for this sensor input.
The measurement processing unit 19 can then change the gain in measurement circuit N2. Once the gain in
measurement circuit N2 has been changed and a new calibration set of pairs of nearly simultaneous
measurements from measurement circuits N2 and M has been collected, the measurement processing unit 19
can determine a new linear mapping between channels N2 and M. This new linear mapping reflects any
unequal changes of the gain in both channels N2 and M.
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Finally, measurement channel M is returned to its main signal scanning mode in which the different
sensor inputs are time division multiplexed there through (as shown in Figure 40) and is used as discussed
above to continuously update both the linear mapping between the measurement circuits N1 and M and
between measurement circuits N2 and M, as well as providing data for excitation phase tuning, offset
removal, and coarse scale output.

Seventh Embodiment

In the sixth embodiment described above, a relatively inexpensive three channel, delta-sigma ADC
was used to convert the measurements from the three measurement circuits. This ADC was built in to the
microcontroller 9. In the seventh embodiment, instead of using a relatively slow three circuit sigma-delta ADC
13, a much faster single channel ADC 13 is used to convert the measurements from all three analogue
measurement circuits N1, N2 and M in a time multiplexed manner. Typically, such fast and high resolution
ADCs 13 are available as an external circuit rather than forming part of the microcontroller 9. One problem
with this arrangement, however, is that crosstalk can occur between successive conversions, due to finite
charge being accumulated at the input sample-and-hold capacitance of the ADC 13.

Figure 42 is a block diagram of exemplary sample switching circuitry 15 that is used in this
embodiment to overcome this problem. As can be seen from Figure 42, the signals AF_outN1 and AF_outN2
(output from measurement circuits N1 and N2 respectively) together with AF_outM (output from measurement
circuit M) and the midrail voltage, are input to a multiplexing switch 157-6. The output from the multiplexing
switch 157-6 is input to an optional programmable gain amplifier (PGA) 158 in order to match the amplitude of
the signals from the measurement circuits N1, N2, and M to the measurement range of the ADC 13. The
position of the multiplexing switch 157-6 is controlled by the sw_1 and sw_2 control signals; and the ADC 13
is triggered to perform a conversion by the ADC_trigger control signal.. The amplification and filtering
circuitry 83 is designed to have a low output resistance and as a result, the recharging of the input
capacitance of the multiplexing switch 157-6 is relatively fast and is fully finished before the sampling of the
analogue signals is triggered in the ADC controller 13.

Figure 43 is a timing diagram illustrating the timing of the various control signals used to control the
operation of the measurement circuitry 25 used in this embodiment. As shown in Figure 43, the enable
(en_N1, en_N2 and en_M) and the polarity control signals are the same as those used in the sixth
embodiment. The sw_1 and sw_2 control signals have a frequency that is twice that of the polarity control
signal. When sw_1 is low and sw_2 is low, the signal from measurement circuit N1 is passed through switch
157-6 to the ADC 13, when sw_1 is high and sw_2 is high, the signal from measurement circuit N2 is passed
through switch 157-6 to the ADC 13. When sw_1 is low and sw_2 is high, the signal from measurement
circuit M is passed through switch 157-6 to the ADC 13; and when sw_1 is high and sw_2 is low, the signal
from the midrail is passed through switch 157-6 to the ADC 13. The ADC is triggered on the rising edge of the
ADC_trigger control signal — which has a frequency eight times that of the polarity control signals. In this
way, one detection period of the polarity control signal is effectively divided into eight intervals. The phases of
the signals sw_1 and sw_2 are aligned so that the switching between signals AF_outN1, AF_out_N2, and
AF_outM is performed just after the corresponding AF_out signal has passed through either the maximum or
minimum value.

During the first interval (corresponding to i=1), the ADC 13 will convert the signal obtained from
measurement circuit M. During this interval, the AF_outM signal is close to its minimum value following the
switching of the polarity_M control signal from the high to the low value at the end of the interval k=1 — hence
the ““ sign in Figure 43. As can be seen from Figure 43, there is a delay between the intervals *i” and the
corresponding intervals “k”. This delay is caused by the delay introduced by the measurement circuit 51.
During the second interval (corresponding to i=2), the ADC 13 will convert the signal obtained from
measurement circuit N2. During this interval, the AF_outN2 signal is close to its minimum value following the
switching of the polarity N2 control signal from the high to the low value at the end of interval k=2 — hence
the “-“ sign in Figure 43. During the third interval (corresponding to i=3), the ADC 13 will convert the signal
obtained from the global midrail voltage level; this measurement can be used to calibrate the offset value
introduced by the PGA 158 and ADC 13 as explained in more detail below. The global midrail voltage is
nominally the voltage level midway between Vcc and ground. . During the fourth interval (corresponding to
i=4), the ADC 13 will convert the signal obtained from measurement circuit N1. During this interval, the
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AF_outN1 signal is close to its maximum value following the switching of the polarity_N1 control signal from
the low to high value at the end of interval k=4 - hence the “+* sign in Figure 43.  During the fifth interval
(corresponding to i=5), the ADC 13 will convert the signal obtained from measurement circuit M. During this
interval, the AF_outM signal is close to its maximum value following the switching of the polarity_M control
signal from the low to high value at the end of interval k=5 — hence the “+ sign in Figure 43. During the sixth
interval (corresponding to i=6), the ADC 13 will convert the signal obtained from measurement circuit N2.
During this interval, the AF_outN2 signal is close to its maximum value following the switching of the
polarity_N2 control signal from the low to the high value at the end of interval k=6 — hence the “+* sign in
Figure 43. During the seventh interval (corresponding to i=7), the ADC 13 will convert the signal obtained from
the midrail voltage level. Finally, during the eighth interval (corresponding to i=8), the ADC 13 will convert the
signal obtained from measurement circuit N1. During this interval, the AF_outN1 signal is close to its
minimum value following the switching of the polarity_N1 control signal from the high to the low value at the
end of interval k=8 — hence the “-“ sign in Figure 43.

The relative timings of the switching of the signals through to the ADC 13 is controlled so that the
AF_out signals are converted at their peak values (as shown in Figure 39). The measurements obtained
during intervals i=3 and i=7 correspond to the midrail voltage level and are used to measure the offset
introduced by the PGA 158 and ADC 13. The fast update of the new offset value introduced by the PGA 158
is specifically useful when switching the gain in the PGA 158 and can be used when updating the local value
of the midrail voltage in each measurement channel. Namely, during the normal mode of operation, the gain
of the PGA 158 is fixed and the value of the local midrail voltage Viidgrai™!, Vimiarai™2, and Vimigrai™ are calculated
according to the equation (284) discussed above. At the same time, the level of the global midrail voltage
Vmidrail 1S measured by the ADC 13 during intervals with i=3 and i=7. The difference of the local midrail values
and the global midrail value is calculated and is averaged as three independent values AViigai™N'= Vimidrai™! -
Viidrait, AVimidrai™?= Vimiarai"? = Vimigrait, AViarai™= Vmiarai™ - Vimicrail. At Some moment in time the measurement
processing unit 19 decides to adjust the gain of the PGA 158. In this embodiment, the new gain setting is
introduced just before selecting the midrail voltage measurement mode during intervals i=3 or i=7 and thus
the new value of the global midrail voltage Viiarit Will be updated immediately following the change of the gain
in the PGA 158. The new values of the local midrail values Viigai™!, Vimidrai™, and Viigrai™ can be updated
using equation (284) only after three new measurements have been made by the ADC 13 in each
measurement circuit. Thus, there is a period of time just after the gain of the PGA has been adjusted, in which
the calculation of the amplitude of the signals from each measurement circuit using equation (285) will be
carried out using the value of the local midrail voltages calculated just before the gain of the PGA 158 was
changed. Using such old values of the local midrail level will introduce a small but undesirable error into the
position calculations. To avoid such short term errors just after the gain adjustment, a new set of values
Vinidrait"'=Vinicraii+GaiNnew/Gainoid*AVmiarai', Vimidrai™?=Vmidrai+GaiNnew/ GaiNoid"AVrmidrai 2, and
Vrnidrai™=VidrairtGainnew/Gaingd*AVrmigai™ can be used in equation (285). Once enough measurements have
been collected, the local midrail voltage level in each measurement circuit can be calculated again using
equation (284). Such arrangement improves the accuracy of the sensor output during the dynamic
adjustment of the gain in the PGA 158. The mapping between measurement circuits N1 and M and the
mapping between measurement circuits N2 and M remain unaffected by the common mode change in the
linear gain of the measurement circuitry and thus it is possible to continue updating the coefficients of these
linear mappings without any extra modification during the dynamic adjustment of the gain in the PGA 158.

Of course, in this embodiment as we are measuring the global midrail voltage, equation (285) could
be adapted to calculate the amplitude in each measurement circuit using the measured global midrail voltage
instead of the local midrail voltage. However, whilst such processing would be more simple, it can lead to
minor position errors being introduced into the calculations because each measurement circuit 51 is likely to
introduce a small offset to the actual midrail voltage and if the global midrail voltage is used in equation (285)
then these small offsets will not be compensated.

The measurements obtained during intervals i=3 and i=7 are taken due to the periodic nature of the
control signals — which are easy to generate. Of course, if sample switching circuitry 15 does not include the
PGA 158 and if more complex control signals are used, then the measurements from these extra intervals
could be avoided.

As shown in the Figure 43, the ADC_trigger control signal triggers the ADC two times during each of
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these intervals. The first time the ADC 13 is triggered in order to recharge its internal sample-and-hold
capacitor, which typically can have internal capacitance of the order of tens of pF. When the ADC 13 is
triggered the second time, it performs a final analogue to digital conversion. With these digital measurements,
the measurement processing unit 19 can then determine the position of the target 5 and correct for gain and
breakthrough offsets in a similar manner to the sixth embodiment described above.

The possible crosstalk between measurement circuits N1, N2 and M is greatly reduced due to the
double sampling scheme which recharges the internal capacitance of the sample-and-hold circuitry off the
ADC 13 much more efficiently and thus allows cheaper and lower frequency operational amplifiers in the PGA
158.

With this seventh embodiment and by using currently available SAR (successive approximation) ADC
13 and microcontroller 9, it is practical to provide position updates at a rate of 500kHz with a resolution of 15-
bits for the fine scale position measurement. The fifth embodiment would require a capture/compare timer
operating at 8GHz to achieve a similar update rate and resolution. This is not yet practical with inexpensive
microcontrollers and thus the fitth embodiment currently provides benefits only for systems with lower update
rate requirements — such as with systems operating at an update rate below 100 kHz. However, as faster
microcontrollers become available, the fifth embodiment will be able to provide a cost effective solution for
higher update rate systems.

Proximity Sensor

All the embodiments described above have described position sensors that used sine and cosine
detection coils. The processing circuits and the processing techniques described above can also be used in
other types of position sensors — such as proximity sensors. For example, the above embodiments have
assumed that there is one set of main ratiometric measurements to be made — the determination of the fine
target position using the signals from the fine sine and the fine cosine detection coils 6 — which should be
measured with the fastest possible update rate in order to achieve the best technical specification for the
sensor. In addition to the processing of such main sensing signals, there are additional sets of ancillary
measurements which must be measured via the same measurement circuits but without the same
requirement of providing the fastest possible update rate for the ancillary measurements. Examples of such
ancillary measurements discussed above include the ratiometric coarse target position (determined using the
signals from the coarse sine detection coil and the coarse cosine detection coil), and the excitation reference
signal. However in some types of sensors the role of the main signal measurements and the ancillary signal
measurements dynamically changes with target movement. In such circumstances the measurement
processing unit 19 should be configured so that it can easily switch from locking to a first pair of signals as the
main measurement signals to locking to a second pair of measurement signals as the main measurement
signals.

One specific example of a sensor requiring such a capability is a proximity sensor organized as an
Inductive Factor 1 sensor. In such sensors, as is well known in the art, at least one detection coil is arranged
so that it is fully balanced with respect to the excitation coil - so that in the absence of the target 5, when the
excitation coil is energised, no signal is induced in the detection coil. The balance of the detection coil allows
improved sensitivity of the sensor as it provides only very small signals when the target 5 is located far away
from the sensing coils of the proximity sensor. When the target 5, typically in the form of a metallic plate,
moves in to the measurement range of the sensor, the balance of the detection coil with respect to the
excitation coil is perturbed and a non-zero signal is measured due to eddy currents induced in the metallic
target 5. The amplitude of the induced voltage is practically independent of the conductivity of the material of
the target and even its magnetic properties.

The typical form of the response for such a balanced detection coil is shown in the Figure 44a and is
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marked as voltage V1. As shown, the sensing voltage V1 has a broad tail extending for large separations
between the target 5 and the sensor coils. As the target 5 moves closer to the sensor coils (and the
separation between the target 5 and the sensor coils reduces), the signal level induced in the detection coil
increases to a peak value before it decays again towards zero. This decay with small separations (typically
less than 5mm) is due to the loss of mutual electromagnetic coupling between the excitation coil and the
detection coil due to the screening by the metallic target. The long tail section of this response represents a
challenge for extracting good sensitivity for the reading of such sensors for large separations between the
metallic target and the sensor coils.

The typical form of the response for a detection coil that is not balanced to the signal from the
excitation coil is also shown in the Figure 44a and is marked as voltage V2. As shown, at large separations,
the signal from this unbalanced coil becomes largely insensitive to the separation of the metallic target 5 from
the sensor coils, but as the target 5 approaches the unbalanced detection coil, the signal obtained becomes
sensitive to the presence of the target 5 at relatively short distances. As described in more detail below, it is
possible to engineer the detection coils so that a ratiometric measurement between voltages V1 and V2 can
become a monotonic function of the separation between the target 5 and the detection coils in spite of the
peaking of the voltage V1 at a distance of about Smm from the surface of the sensor.

Figure 45 illustrates the form of the sensor coils that may be used in such a proximity sensor, having
an excitation coil 202 (shown in Figure 45a), an unbalanced detection coil 204 (shown in Figure 45c) and a
balanced detection coil 206 (shown in Figure 45b). The coils are substantially planar coils and are typically
formed as conductive tracks on a printed circuit board. As shown in Figure 45a, the excitation coil 202 has
one or more concentric inner turns 211 and one or more concentric outer turns 213 that are connected in
series and wound in the same sense — as represented by the arrows. As shown in Figure 45b, the balanced
detection coil 206 has one or more concentric inner turns 215 and one or more concentric outer turns 217.
The inner turns 215 are connected in series and wound in the same sense as each other and the outer turns
217 are connected in series and wound in the same sense as each other. The inner turns 215 and the outer
turns are connected together in series so that the inner turns 215 are wound in the opposite sense to the
outer turns 217. As shown in Figure 45c, the unbalanced detection coil 204 simply comprises one or more
concentric turns 219 that are connected in series and wound in the same sense. The number of turns used
by each coil illustrated in Figure 45 is only given to illustrate that these coils will typically be multi-turn coils. In
practice, there may be more or fewer turns.

The inner and outer coils of the balanced detection coil 206 are arranged so that the magnetic flux
from a remote noise source will produce only a small signal in the detection coil 206. This can be achieved by
arranging the diameters and the number of turns between the inner turns 215 and the outer turns 217 so that
the square of the average diameter of the outer turns 217 multiplied by the number of outer turns 217 is
approximately equal to the square of the average diameter of the inner turns 215 multiplied by the number of
inner turns 215. For instance, if the balanced detection coil 206 has four outer turns and the inner diameter of
the outer turns is 57mm then to balance the detection coil 206, ten inner turns can be used with an inner
diameter of 36mm.

The balanced detection coil 206 is also made balanced with respect to the excitation coil 202 shown
in Figure 45a by adjusting the number of inner and outer turns of the excitation coil 202 and their positioning
relative to the inner and outer turns of the balanced detection coil 206. For instance, the excitation coil 202
may have four outer turns 213 and the outer diameter of the outer turns 213 is equal to 55mm (very close to
the inner diameter of the outer turns 217 of the balanced detection coil 201), and may have eleven inner turns
211 with the outer diameter of the inner turns 211 being 18mm. With this arrangement, the outer turns 213 of
the excitation coil 202 will have a very large mutual inductance with the outer turns 217 of the detection coil
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206, and about a two times smaller mutual inductance with the inner turns 215 of the detection coil 206. The
inner turns of the excitation coil 202 will behave in the opposite manner — having a large mutual inductance
with the inner turns 215 of the detection coil 206, and about a two times smaller mutual inductance with the
outer turns 217 of the detection coil 206. Therefore, because the inner turns 215 and the outer turns 217 of
the detection coil 206 are wound in the opposite sense, the mutual coupling between the different parts of the
excitation coil 202 with the different parts of the balanced detection coil 206 result in a near zero net magnetic
coupling between the two coils.

The mutual inductances between the detection coils 204 and 206 and the excitation coil 202 will be
changed in the presence of a conductive target 5, which will modify the electromagnetic field generated by the
excitation coil 202 due to eddy currents induced in the conductive material of the target 5. As a result, all
mutual inductances will start to reduce, however the mutual inductance between the outer turns 217 of the
detection coil 206 and the outer turns 213 of the excitation coil 202 will fall at a smaller rate than all other
mutual inductance terms (because they are very close together), thus leading to a significant imbalance
voltage in the balanced detection coil 206 when the target starts moving towards the sensor coils
(perpendicular to the plane of the paper illustrating the sensor coils). However at very short separations
between the conductive target 5 and the sensor coils, the imbalance voltage (V1) induced in the detection coil
206 will peak as shown in the Figure 44a and will start to decrease once the target 5 moves even closer to the
sensor surface. In the example above, the peak of the voltage V1 will be achieved when the separation
between the target 5 and the sensor surface is of the order of 3mm.

In the example design discussed above, the unbalanced detection coil 204 has eight conductor turns
and an outer diameter of approximately 10mm. The signal (V2) induced in this unbalanced detection coil is
caused mainly by the mutual inductance with the inner turns 211 of the excitation coil 202 and, as can be
seen from Figure 44a, it shows a strong dependence on the separation of the target 5 from the sensor coils in
a region close to the separation where the signal V1 reaches its maximum value. By measuring the value of
¢@=atan(V1/V2), the separation between the target 5 and the sensor coils can be found with good resolution,
even at lower separations, as the value of ¢ remains a reasonably good monotonic function in spite of the
non-monotonic behaviour of the V1 voltage value. Of course using an arctangent function is not essential,
any function of the ratio of the two voltages can be used to provide signals that vary in a monotonic manner
with the separation.

As discussed above, the measurement circuitry 25 and the measurement processing unit 19 are
designed to calculate such ratiometric functions from such detection coils. Therefore, the above circuitry can
also be used in the proximity sensor of this embodiment. In particular, if the two detection coils 204 and 206
are connected to inputs 1+/1- and 2+2- of the measurement circuitry 25 described in any of the above
embodiments, the measurement processing unit 19 will determine the following phase measure:

v
¢, = arctan [V—I} (320)

2

when it was determining the fine target position information in the above embodiments.

However, as can be seen from the phase plot shown in Figure 44b, the sensitivity to target separation
is significantly reduced for larger target separations (typically greater than 16 mm in the above example
design). To address this issue, the sensing electronics can also be arranged to measuring the value:
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10xV,
¢, = arctan 7 (321)

2

The simplest way to implement this is to providing a 1:10 resistive divider 220 at the output of the
unbalanced detection coil 204, by connecting the output of the divider 220 to the 4+/4- input of the
measurement circuitry 25 (which will therefore measure V2/10); and by applying the output from the balanced
detection coil 206 also to the 3+/3- input of the measurement circuitry 25. The connection of the two detection
coils 204 and 206 to these inputs of the measurement circuitry 25 is illustrated in Figure 45b and 33c. In this
way, when the measurement processing unit 19 would have measured the coarse position information, in this
embodiment, it will measure the above value of 1.

The way in which this second phase measure (1) varies with the separation between the target 5
and the detection coils 204, 206 is also illustrated in Figure 44b. As can be seen, this second phase measure
achieves a tenfold improvement in the sensor sensitivity at large separations (up to about 35 mm in this
example design), but fails to maintain good sensitivity at shorter separations — because the second phase
measure (1) saturates at a value of 90 degree. However, it is possible to combine the two phase measures
to provide a reasonably consistent sensitivity across a large range of target separations — using the first phase
measure (o) for smaller separations (in the example design less than about 14mm) and then using the
second phase measure (¢+) for larger separations (in the example design greater than about 16mm), both first
(o) and second (¢p1) phase measures should be used in the transition region (in the example design greater
than about 14mm and smaller than about 16mm).

The easiest way to configure the measurement circuitry 25 to perform the different measurements is
ilustrated in Figure 46, in which the above described measurement circuits N and M are fully dedicated to
either measuring the first phase value ¢q (using the signals from inputs 1+/1- and 2+/2-) or to measuring the
second phase value ¢ (using the signals from inputs 3+/3- and 4+/4-). In this example, measurement circuit N
is configured for measuring the first phase value (o) and measurement circuit M is configured for measuring
the second phase value (¢1). The amplification in each channel can be further controlled using dynamic Gain
adjustment in order to provide the best sensitivity for the simultaneous measurements of signals V1 and V2 in
the measurement circuit N; or signals V3 (=V1) and V4 (=V2/10) in measurement circuit M.

The amplitude of the signals measured from the balanced detection coil 206 can also be corrected for
any non-zero offset in the balanced detection coil that is observed when the target 5 is not present. The
values

ON=V1/V2 (322)
OM=V3/V4 (323)
can be measured and stored in the non-volatile memory of the microcontroller 9 during a calibration procedure
that is performed once the sensor has been installed, but with the metallic target 5 removed far away from the

surface of the proximity sensor. Subsequently, during the main operating mode, the values can be corrected
as follows:

@ " = arctan [% — 0" x A(separation )j (324)
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and
Corr V3 M .
¢, = arctan va O™ x A(separation ) (325)

where A(separation) is the value obtained from a look-up table using the parameter “separation” obtained
during the previous measurement update as an index in to the look-up table. The values in the look up table
for large values of the separation will be close to one, but they can be reduced for shorter separations. Such
dependence can be similar to the dependence of the value of V2 with the separation, as shown in Figure 44a.
The look-up table entries can be obtained by performing test calibrations performed for the same family of
proximity sensors, with various values of offset infroduced by metallic objects in the close vicinity of the sensor
coils.

Optionally, in systems where the target 5 can move quickly towards or away from the detection coils
202 and 206, the dynamic correction techniques described above can also be used in this embodiment in
order to compensate for movement between the times when the different measurements are obtained. The
resulting phase measures (¢o°°™ and ¢1¢°™) can then be applied to their own look-up table to convert each
phase value into a corresponding separation:

50 = B, los™) (326)

s, =B (o) (327)

The look-up tables Bg and B+ are determined from a calibration process of the sensor. The separation
values sp and s1 do not necessarily coincide and a further procedure can be used to calculate a final answer
(separation) using weighting functions wo and wy:

. _s0><w0(s0)+s1 xwl(sl)
separation = W, (So )+ W (Sl ) (328)

The form of the weighting functions wo and w; used in this embodiment are shown in the Figure 47
and they provide a gradual change of the determined separation at around separation ssw (in the example
design equal to 15mm) between the values of sy for small separations and the values of s for large
separations.

The value of separation calculated at this step is used to update the answer to the host interface 21
and also in the next calculation step to select the look-up table coefficient A(separation) used to assist with
the more accurate removal of the non-zero breakthrough offset in the measurement system.

Instead of making fully independent measurements according to Figure 46 a more complex switching
over between the two measurements can be achieved using the processing techniques discussed above in
the fifth embodiment arrangement. The main difference between this new embodiment and the fifth
embodiment is related to the requirement that the measurement circuitry 25 and the microcontroller 9
switches between the two modes of the measurement depending on the last determined separation value.
This is illustrated in Figure 48, which shows that the microcontroller 9 can choose which ratiometric
measurement (o or ¢+) should be used as the “main” measurement and which measurement can be used as
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an ancillary measurement. In particular, Figure 48 shows that at around the switch-over point ssy the decision
of which measurement is used as the main one is changed from one measurement to the other one. To avoid
unstable behavior, and as illustrated in Figure 48, optionally a small amount of hysteresis can be infroduced in
the decision making process.

Figure 49 is a timing diagram illustrating the way in which the processing techniques used in the fifth
embodiment can be used in this proximity sensor system to allow for the possibility to switch between the
determined phase measures @ and ¢ as the main measurement result. Figure 49 shows the timeline of the
control signals used for measuring the ¢o value as the main measurement for separations of the target 5
below ssw. In this mode of operation an extra time interval is provided during the measurement of the ancillary
data (in this illustration phase @1 determined from inputs 3+/3- and 4+/4-) during the time interval
corresponding to =10, in order to provide further calibration of the speed parameter measured for this
measurement channel alone. This allows for very accurate compensation for the value ¢1 due to movement of
the target 5. In this illustration, the measurement of the value @o is updated continuously at the fastest
possible update rate as explained in the fifth embodiment described above.

When channels 1+/1- and 2+/2- are measured via the measurement circuit N, the correction for the
non-zero offset in the balanced detection coil 206 in the absence of the target 5 is provided via:

1 v

— = tan 329

= tanfe”) (329)
Corr Vl N .

0, =arctan Tz 0, x A(sepamtlon ) (330)

s0=B,[0&) (331)

When channels 3+/3- and 4+/4- are measured via the measurement circuit M, the correction for the
non-zero offset in the balanced detection coil 206 in the absence of the target 5 is provided via:

V3

— =tanlz /2 - " 332

= tan(z/2-0") (332)
Corr V3 M .

¢, = arctan va 0" x A(separatlon ) (333)

s =B, (o) (334)

One issue with using the timing illustrated in Figure 49 is the slow update rate of the measurement of
separation s¢ (on inputs 3+3- and 4+/4-) when the measurement of sy (on inputs 1+1- and 2+2-) is
performed at the fastest possible update rate. To counter this, during the last time interval (time interval Atyo)
an extra measurement of s is obtained in measurement circuit N using the polarity- modulation signal — so
that there are two consecutive detection intervals (At and Aty) where the same polarity modulation signal is
used. This allows the measurement processing unit 19 to be able to determine a first speed measure of the
target 5 using the s values obtained in measurement circuit N from detection intervals Aty and Atyg. As the
measurement processing unit 19 is repeatedly measuring so in adjacent detection intervals using the polarity-
modulation signal, the measurement processing unit 19 also determines a second speed measure of the
target 5 using the measures of s obtained in measurement circuit M from detection intervals Aty and Atio. The
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two speed measures can then be used to synchronize the value of s; obtained in the measurement circuit N
and the values of s; obtained at the same detection interval in the measurement circuit M to a common time
point (such as the edge of the adjacent modulation period T_dc). A similar procedure for synchronizing signals
using dynamic corrections was described above in the fifth embodiment and will not be discussed in further
detail here.

Once the values of sy and s1 have been referenced to a common time point, the measurement
processing unit 19 determines the following correction value:

As =5, —5, (335)

which is optionally averaged over a number of detection cycles T_dc to reduce noise. Thereafter, for each
fast update of the sp value that the measurement processing unit 19 makes, it also calculates a ‘should-be’
value s+ as follows:

sT =5 + As 336
1 0

The measurement processing unit 19 then uses this value of s to calculate the final answer for the
separation:

So XWO(SO )+ S Xw, (Sleﬁ) 337
e e v e 0

Such a procedure allows the measurement processing unit 19 to calculate the separation with the highest possible
update rate corresponding to the update rate of calculating the value of s,. As the target 5 moves, the
microcontroller 9 will identify when the determined separation crosses the value of ss such that there is a
need to switch the main measurement mode from processing the signals from inputs 1&2 (¢o) to processing
the signals from inputs 3&4 (¢1) as the main measurement mode. This can be achieved just by inverting the
polarity of the control signals in2_N and in2_M at the edge of the detection cycle T_dc. Figure 50 is a timing
diagram illustrating the moment of the switch-over event and further illustrating the capability of the system to
continue measuring without any drop of the update rate - outputting the new separation value (s1) as the main
data at the highest update rate without losing the capability of applying accurate dynamic corrections to the
values of @1. In particular, when s; is the main measurement, the measurement processing unit 19
determines respective speed measures as before and then determines the correction value s¢*. Thereafter,
for each fast update of the s1 value that the measurement processing unit 19 makes, it also calculates a
‘should-be’ value s¢¢f as follows:

separation =

s =5, — As (338)

The measurement processing unit 19 then uses this value of s to calculate the final answer for the
separation:

5o X W, (s(‘jﬁ )+ 5, X W, (sl )
wo (s )+ w, (s, )

separation = (339)

This allows a smooth transition between the answers based on the sy and s; values without
introducing any micro oscillations at the switching-over points.

Alternatives and Modifications
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A detailed description has been given above of a number of position sensors and different processing
circuitry and processing techniques used to process the signals obtained from the detection coils. As those
skilled in the art will appreciate, many modifications can be made to the above embodiments without departing
from the scope of the invention and a number of these modifications will now be described.

In the above embodiment, a polarity control signal was applied to (multiplied with) the signal obtained
from the selected detection coil. In most embodiments, this polarity control signal was applied by the
demodulating switch 56. In an alternative embodiment, the polarity control signal may be applied to the
excitation signal before it is applied to the excitation conductor 5.

In the above embodiments, planar sensor coils were used with the target 5 moving in a parallel plane
above the sensor coils. This is not essential to the invention, the sensor coils can be three dimensional coils if
desired.

In the above embodiments, substantially planar sensor coils were used to form a linear sensor with
the target 5 moving along its length in a parallel plane above the sensor coils. This is not essential to the
invention, the sensor coils can extend along any path, including a circular path to form a rotary sensor with the
target 5 rotating in a parallel plane above the sensor coils.

In the main embodiments described above, all of the sensor inputs were connected to both
measurement circuits. This is not essential. Each measurement circuit may receive a respective subset of all
the sensor inputs, although in this case the subsets will typically overlap, with each measurement circuit
receiving at least the main sensor signals (such as the sensor signals from the fine detection coils in the
above embodiments).

In the proximity sensor described above, the arrangement of the sensor coils illustrated in Figure 45
is just one of the possible arrangements which achieves balance of the detection coil 206 to magnetic flux
from a remote noise sources (background magnetic flux or fields) and a near zero net magnetic coupling
between the detection coil 206 and the excitation coil 202. The balance to the magnetic flux from a remote
noise source is achieved in coil 206 by arranging the diameters and the number of turns between the inner
turns 215 and the outer turns 217 (which are wound in the opposite sense to each other) so that the magnetic
flux through the outer turns 217 is practically cancelled by the opposite magnetic flux in the inner turns 215.
The inner and outer turns of the detection coil 206 will have mutual inductances to the inner and outer turns of
the excitation coil 202. Overall there will be four terms describing the mutual inductance: i) the mutual
inductance (L51) between turns 215 and 211, ii) the mutual inductance (L53) between turns 215 and 213, iii)
the mutual inductance (L71) between turns 217 and 211, and iv) the mutual inductance (L73) between turns
217 and 213. The net magnetic coupling between the detection coil 206 and excitation coil 202 can therefore
be described by a sum of these four mutual inductance terms:

L62= L51+.53-L71-L73

where the mutual inductance terms L71 and L73 are included with a negative sign reflecting the opposite
sense of the winding of turns 217 and 215. The sign of the terms L51 and L71 can be adjusted in respect to
the sign of the terms L53 and L73 by changing the sense of the winding direction of the inner turns 211 with
respect to the outer turns 213 of the excitation coil 202. In the example of the Figure 45a the inner turns 211
are wound in the same sense as the outer turns 213, however in some embodiments the winding direction of
the outer turns 213 can be reversed, thus changing the net mutual inductance formula to:

L62= L51-L53-L71+.73
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The amplitudes of each mutual inductance term can be further adjusted by adjusting the number of inner and
outer turns of the excitation coil 202 and their exact positioning relative to the inner and outer turns of the
detection coil 206. This allows the net mutual inductance between the detection coil 206 and the excitation
coil 202 to be balanced (zero) without the presence of the metallic target.

In order to increase the sensitivity of the proximity sensor to the presence of the metallic target one of
the terms in the mutual inductance L62 should be made less sensitive to the presence of the metallic target
than the other terms. In this way, in the presence of the metallic target, the net mutual inductance L62 will
become unbalanced, which will result in the voltage V1 being induced in the detection coil 206. The one of the
four mutual inductance terms can be made less sensitive to the presence of the metallic target by locating the
corresponding two sets of turns to be physically close together. In the example shown in Figure 45b, the outer
turns 213 of the excitation coil 202 and the outer turns of the detection coil 217 are located very close to each
other (compared to the separation between the other sets of turns), thus making the mutual inductance L73
less sensitive to the presence of the metallic target compared to the remaining three mutual inductance terms:
L51, L3, and L71. For the specific sensor performance shown in Figure 45b, the diameter of the outer turns
213 of the excitation coil 202 was made slightly smaller than the diameter of the outer turns 217 of the
detection coil 206, however this is not essential and the diameter of the outer turns 213 can be made slightly
larger than the diameter of the outer turns 217. Alternatively the diameter of the inner turns 211 of the
excitation coil 202 can be made very similar to the diameter of the inner turns 215 of the detection coil 206. In
this case the diameters of the outer turns 213 and 217 should be made substantially dissimilar so that the
mutual inductance between the outer turns of the excitation coil 202 and the outer turns of the detection coil
206 is very sensitive to the presence of the metallic target.

In all the embodiments described above, the sensor coils were fixed and the target 5 moved relative
to the sensor coils. In alternative embodiments, the sensor coils may move as well as the target 5 or the
sensor coils may move alone and the target 5 may be fixed.

In the above sensor designs, the sensor coils were formed as conductor tracks on a printed circuit
board. As those skilled in the art will appreciate the sensor coils can be formed using any conductive
material, such as conductive inks which can be printed on an appropriate substrate or conductive wire wound
in the appropriate manner. Additionally, it is not essential for the, or each, excitation coil and the, or each,
detection coil to be mounted on the same member. For example, two separate printed circuit boards may be
provided, one carrying the excitation coil(s) and the other carrying the, or each, detection coil.

In many of the embodiments described above, the target 5 included a resonator that was energised
by driving the, or each, excitation coil and a signal was generated in the, or each, detection coil that varied
with the position of the target relative to the sensor board. As those skilled in the art will appreciate, the use
of such aresonator is not essential. Other electromagnetic devices may be used. For example, a short circuit
coil, a metallic screen or a piece of ferrite may be used.

The sensor systems described above used a target that was powered from an excitation coil on a
sensor PCB. The exact form of the excitation coil is not important, provided that it powers the target across
the measurement positions of interest. Alternatively, current may be directly driven into the target by the
processing electronics, for example by wires or slip rings. Alternatively still, the target 7 may be self-powered
and may directly generate a target magnetic field that is detected by the detection coils. In this case there
would be no need for an excitation coil nor the need for sensing any reference excitation signal nor any need
to determine breakthrough offsets.

In the above embodiments, the measurement processing unit determined peak to peak voltages of
the signals received from the measurement circuits. These peak to peak voltages were used to compensate
for direct breakthrough from the excitation coil to the detection coils. Of course, the measurement processing
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unit could determine peak voltages instead of peak to peak voltages for such breakthrough correction.
However, as ratios of the measured voltages are taken, the answer will be the same since the peak to peak
voltage is simply two times the peak voltage in both cases. Therefore, as long as the same measurement is
calculated for the different voltages, the result will be the same.

The main embodiments described above used fine detection coils 6-1 and 6-2 that had four repeats
per period of the coarse detection coils 4. A similar design approach may be applied to any number of
repeats. Similarly, the coarse detection coils 4-1 and 4-2 had one period over the measurement range of the
sensor. This is not essential as the coarse detection coils may also be multi-repeat coils, provided the coarse
coil repeat is different from the fine detection coil repeat, the microcontroller 9 can combine the measurements
from the fine detection coils and the coarse detection coils and determine an unambiguous position
measurement.

The main embodiments described above used inductive coupling between the target and the sensor
coils. As those skilled in the art will appreciate, the use of such inductive coupling is not essential for operation
of the processing electronics. The same measurement electronics described above can be used to process
the signals from any ratiometric type of sensor. Examples include, but are not limited to, capacitive ratiometric
sensors, optical ratiometric sensors, Hall effect ratiometric rotary sensors, GMR ratiometric rotary sensors,
etc.

The main embodiments described above used fine tuning of the phase of the excitation signal. As
those skilled in the art will appreciate, instead of tuning the phase of the excitation signal, the measurement
electronics can be arranged to fine tune the phase of the demodulation clock(s) instead. For example, in the
embodiment described above that used demodulation clocks ex_0 and ex_90, a new clock signal ex_quad
with a frequency four times higher than the excitation clock frequency would be generated, filtered, and
compared with a DAC level in the comparator 91 in the same manner as was described previously with the
reference to Figure 13. After passing through the first latch 95, the signal from the comparator 91 is reduced
in frequency by two and becomes a 50% duty cycle clock ex_double_0 at the Q output of the latch 95 and a
180 degree shifted signal ex_double_180 at the Q- output of the latch 95. By dividing the frequency of the
ex_double_0 signal via an additional latch and by dividing frequency of the ex_double_180 signal via an
additional latch, two further signals ex_0 and ex_90 are generated. The phases of both these signals (ex_0
and ex_90) are fine-tuned by the level of the analogue voltage from the DAC applied to the comparator 91.
However the phase difference between them is very close to 90 degrees and might deviate slightly from this
exact value only due to the difference in the parameters of the two extra latches used to generate them.

The main embodiments described above used an excitation signal clock ex_clock generated in the
excitation and control signal logic 11 block of the microcontroller 9. As those skilled in the art will appreciate, it
is not essential to generate the excitation clock in the microcontroller 9. For instance, the excitation clock can
be generated by separate asynchronous electronics and applied separately to the excitation channel of the
sensor. In this case an excitation reference TTL-compatible logic signal whose phase and frequency are
locked to the external excitation clock signal should be provided to the microcontroller 9 for synchronisation
purposes. A multiplying Phased-locked loop (PLL) can optionally be used to generate an ex_quad signal at
the frequency four times larger compared to the frequency of the reference excitation clock. Such a PLL will
have a digital divider by 4 utilised with a couple of latches for using the divided frequency signal in the
Feedback Path of a multiplying PLL. The ex_quad signal can then be used to generate two extra
demodulation clock signals ex_0 and ex_90 with fully adjustable phases as described in the previous
paragraph. All control signals can be derived from the ex_quad signal and synchronised to its edges. An
extra capture/compare timer 115 should be provided in order to provide calibration for the results of the
measurements achieved by the main high frequency asynchronous capture/compare timers 115-1 and 115-2.
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The new capture/compare timer 115-3 is reloaded by the rising edge of the period_ref clock and is stopped
by the falling edge of the period_ref clock. This allows the measurement processing unit to determine the
number of counts corresponding to half the period of the detection cycle Tmog, or to the phase 1. Thus the
results of the counts from the capture/compare timers 115-1 and 115-2 can be accurately recalculated into the
phases @1, ¢2, 93, or ¢4 in spite of the asynchronous nature of the high frequency clock used to control
these capture/compare timers 115.

The measurement algorithm of the fifth embodiment can also be implemented without the step of
sampling the amplitudes of the signals at the output of the amplification and filtering circuitry by the ADC. This
is the case when no dynamic adjustment of the gain of the amplification circuitry or no breakthrough correction
is required. The sampling of the signal AF_out with the ADC was used to interpret the set of phase
measurements recorded in the memory 17-1 by the capture/compare registers 115-1 and 115-2 as shown in
Figure 21. Instead of using an ADC, the output of the comparator 113 can be sampled at the moment in time
defined by the same ADC_trigger signal explained with a reference to the Figure 21 above. Zero value at the
output of the comparator 113 will correspond to the minimum in the AF_out signal (below the midrail voltage)
and the value close to the rail (logic value of 1) will correspond to the maximum in the AF_out signal (above
the midrail voltage). Thus the set of logic 0 and 1 values recorded at the output of the comparator 113 at the
moment in time determined by the ADC_trigger signal will allow to unambiguously interpret values recorded in
the memory 17-1 in order to sort-out separately values @1, 92, 93, and ¢4 related to the rising and falling zero
crossing events as had been explained to the embodiment with the reference to Figure 21. In yet another
embodiment the timer 105_1, shown in the Figure 21 and used for generating the ADC_trigger signal in the
fifth embodiment, can instead be used as an additional capture/compare timer configured so that it is reloaded
by the polarity_ref signal and is stopped by the rising edge of the output of the comparator 113. The output
from such capture/compare timer 105_1 should be stored in a separate memory 17_3 and used together with
the sequence recorded in the memory 17_1 by the capture/compare timers 115_1 and 115_2 in order to
identify records related to the rising edge of the output of the comparator 113. This way it will allow to sort-out
separately values 91, ¢2, 93, and ¢4 related to the rising and falling zero crossing events. A number of
position sensors and processing circuits for such position sensors have been described above. The
processing circuits include first and second measurement circuits that each process at least one common
sensor signal. Measurement processing circuitry is arranged to use the measurements from each
measurement circuit, typically in a time interleaved manner, so that whilst the measurement processing
circuitry is using the measurements from one measurement circuit, measurements obtained from the other
measurement circuit can be used to determine calibrations that can be used to calibrate subsequent
measurements obtained from that measurement circuit.

In the above embodiments, a common sensor input is connected to multiple measurement circuits.
The circuits were arranged so that at any given time the signal from that common sensor input only passed
through one of the measurement circuits. It is possible to pass the signal from the common sensor input
through multiple measurement circuits if a buffer amplifier is provided between the sensor input and the
measurement circuits. However, this is not preferred as it introduces additional cost to the circuitry.

The sixth embodiment described above used a relatively slow three-channel sigma-delta ADC.
Instead, it is possible to use a much lower resolution but much faster three channel SAR ADC embedded in
many modern microcontrollers. In this case multiple measurements (preferably as many as 64
measurements) could be made during half of the period of the ADC_trigger signal shown in the Figure 39. All
such measurements will correspond to the analogue voltage of the sample and hold capacitor - either C1 or
C2 shown in Figure 36. All multiple measurements will deviate slightly from each other by one or two counts
due to the small degree of internal random noise present during the ADC conversion. By averaging these
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measurements it is possible to obtain measurements having a resolution that is several bits higher than the
original resolution of the fast SAR ADC.

In the sixth embodiment described above, three measurement circuits were provided, with two
measurement circuits each receiving a different one of the sensor signals as input. In a modified version of
this embodiment, only two measurement circuits may be provided, with measurement circuit M being the
same as in the sixth embodiment and with new measurement circuit N receiving sensor signals from inputs
1+/1- and 2+/2-. In this case, measurement circuit N would time division multiplex the sensor signals received
from these two sensor inputs and the measurement processing unit would map these to measurement circuit
M for calibration/correction purposes. Such an embodiment would be similar to the first embodiment, except
measurement circuit N does not receive sensor signals from the coarse detection coils (from inputs 3+/3- and
4+/4-) or from the excitation reference inputs 5+/5-.

In the main embodiments described above, the phase of the excitation signal was continuously
adjusted. As those skilled in the art will appreciate, the capability of tuning (adjusting) the phase of the
excitation signal is important for resonant target sensors utilised in applications in which there is limited control
of the location of arbitrary metallic objects in close proximity to the sensor head. An example of such a sensor
is a typical linear sensor in which the sensing surface is open to the external environment. In contrast, a
typical rotary sensor is packaged in a metallic enclosure together with the target, and therefore is operating in
a much more controlled environment. The fine tuning of the phase of the excitation signal is therefore less
important with sensors operating in such a controlled environment and so the cost of the electronics can be
reduced by not implementing the above described active phase control of the excitation signal. Instead, the
measured value of the phase of the reference signal ¢~éf can be used during the removal of the breakthrough
signals using the formula:

Vo =V 0% xV™ xcos(¢p™’/ —¢$e,) (340)
VFCcorr :VFC _OFC XVEX Xcos(¢Ref _¢$et (341)

where VEX is the magnitude of the reference signal, Qorse™ and Qorse™ are phase angles between the
reference and breakthrough offset signals measured during the calibration stage, and coefficients O and OFC
are ratios between the magnitudes of the breakthrough offset signals and the reference signal measured
during the calibration stage. The above formulas 340 and 341 can be used for the correction of the
breakthrough offset in the sensor signals and would be used in place of previously discussed formulas 7, 8,
9, 10, 88, 89, 92, 93, 156, 157, 276, 277, 316, and 317.
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Claims:

1. Processing circuitry for use in processing sensor signals, the processing circuitry comprising:

a first measurement circuit configured to receive a plurality of sensor signals from a plurality of sensor
inputs and configured to pass the plurality of sensor signals through the first measurement circuit in a time
division manner in a sequence of time intervals to generate a first time division sequence of sensor
measurements in response thereto;

a second measurement circuit configured to receive at least one sensor signal and configured to
pass the at least one sensor signal through the second measurement circuit to generate sensor
measurements in response thereto; and

measurement processing circuitry configured to process the sensor measurements generated by the
first and second measurement circuits to determine and output sensor results;

wherein the first and second measurement circuits are both configured to receive a sensor signal
from at least one common sensor input and to output respective common sensor measurements in response
thereto; and

wherein the measurement processing circuitry is configured to use said common sensor
measurements to determine first mapping data that relates sensor measurements obtained from said second
measurement circuit to sensor measurements obtained from said first measurement circuit.

2. Processing circuitry according to claim 1, wherein the measurement processing circuitry is arranged
to determine a sensor result using at least one sensor measurement obtained from said second measurement
circuit and said first mapping data.

3. Processing circuitry according to claim 1 or 2, wherein said plurality of sensor inputs includes
auxiliary sensor inputs; and wherein calibration data for correcting sensor results obtained using sensor
measurements obtained from the second measurement circuit is determined using sensor measurements
obtained from the first measurement circuit when sensor signals from said auxiliary sensor inputs are passed
through the first measurement circuit.

4, Processing circuitry according to any of claims 1 to 3, further comprising a third measurement circuit
configured to receive at least one sensor signal and configured to pass the at least one sensor signal through
the third measurement circuit to generate sensor measurements in response thereto;

wherein the first and third measurement circuits are both configured to receive a sensor signal from
at least one common sensor input and to output respective common sensor measurements in response
thereto; and

wherein the measurement processing circuitry is configured to use common sensor measurements
obtained from the first and third measurement circuits to determine second mapping data that relates sensor
measurements obtained from said third measurement circuit to sensor measurements obtained from said first
measurement circuit.

5. Processing circuitry according to claim 4, wherein the measurement processing circuitry is arranged
to determine a sensor result using a sensor measurement obtained from said second measurement circuit, a
sensor measurement obtained from said third measurement circuit and said first and second mapping data.

6. Processing circuitry according to claim 4 or 5, wherein the measurement processing circuitry is
arranged i) to use the first mapping data to determine a first main sensor measurement using the common
sensor measurement obtained from the second measurement circuit; ii) to use the second mapping data to
determine a second main sensor measurement using the common sensor measurement obtained from the
third measurement circuit; iii) to perform a ratiometric calculation of the first main sensor measurement and
the second main sensor measurement to determine a ratiometric result; and iv) to determine and output a
sensor result using the ratiometric result.

7. Processing circuitry for use in processing sensor signals, the processing circuitry comprising:
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a first measurement circuit configured to receive a first plurality of sensor signals from a plurality of
sensor inputs and configured to pass the first plurality of sensor signals through the first measurement circuit
in a time division manner in a sequence of time intervals to generate a first time division sequence of sensor
measurements in response thereto;

a second measurement circuit configured to receive at least one sensor signal from a sensor input
and configured to pass the at least one sensor signal through the second measurement circuit to generate
sensor measurements in response thereto; and

measurement processing circuitry configured to process the sensor measurements generated by the
first and second measurement circuits to determine and output sensor results;

wherein the first and second measurement circuits are both configured to receive a sensor signal
from at least one common sensor input and to output respective common sensor measurements in response
thereto; and

wherein the measurement processing circuitry is configured to determine and output sensor results
using the common sensor measurements obtained from the first and second measurement circuits.

8. Processing circuitry according to claim 7, wherein the measurement processing circuitry is configured
to determine and output a sensor result using the common sensor measurement obtained from the first
measurement circuit and the common sensor measurement obtained from the second measurement circuit.

9. Processing circuitry according to claim 8, wherein the measurement processing circuitry is configured
to determine calibration data using the common sensor measurement from the first measurement circuit and
wherein the measurement processing unit is arranged to determine a sensor result using the common sensor
measurement from the second measurement circuit and the calibration data determined using the common
sensor measurement from the first measurement circuit.

10. Processing circuitry according to claim 8 or 9, wherein the measurement processing circuitry is
arranged to determine calibration data comprising mapping data that relates measurements made by the first
measurement circuit to measurements made by the second measurement circuit using the common sensor
measurements from the first and second measurement circuits.

1. Processing circuitry according to any of claims 8 to 10, wherein the measurement processing circuitry
is arranged to switch between determining sensor results using sensor measurements from the first
measurement circuit and sensor measurements obtained from the second measurement circuit and is
arranged to determine calibration data to smooth changes in the sensor results when performing said
switching using the common sensor measurement from the first measurement circuit and the common sensor
measurement from the second measurement circuit.

12. Processing circuitry according to any of claims 7 to 10, wherein each input sensor signal has a first
frequency and wherein said first and second measurement circuits are configured to receive and down
convert the sensor signals to a sensor signal having a second frequency that is lower than the first frequency
and the processing circuitry further comprising control circuitry for causing said common sensor signal to be
switched through said first and second measurement circuits in a time division multiplexed manner so that
said common sensor signal passes through said first and second measurement circuits at different times; and
wherein said control circuitry is arranged to cause said common sensor signal to be switched through said first
and second measurement circuits at a third frequency that is higher than said second frequency.

13. Processing circuitry according to any of claims 7 to 12, wherein said measurement processing
circuitry is configured to process said sensor measurements from said first measurement circuit to determine
calibration data for use in calibrating sensor results, and preferably, wherein the plurality of sensor inputs
includes main sensor inputs and auxiliary sensor inputs, wherein the first measurement circuit is configured to
receive auxiliary sensor signals from the auxiliary sensor inputs and to output auxiliary sensor measurements
and wherein said measurement processing circuitry is configured to process said auxiliary sensor
measurements to determine said calibration data for use in calibrating sensor results.
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14. Processing circuitry according to any of claims 7 to 13, wherein the plurality of sensor inputs includes
at least one main sensor input and at least one auxiliary sensor input, wherein the first measurement circuit is
configured to receive auxiliary sensor signals from the at least one auxiliary sensor input and to output
auxiliary sensor measurements.

15. Processing circuitry according to claim 14, wherein the measurement processing circuitry is arranged
to determine calibration data comprising mapping data that relates measurements made by the first
measurement circuit to measurements made by the second measurement circuit using the common sensor
measurements from the first and second measurement circuits and is arranged to determine a breakthrough
correction for a sensor result using at least one auxiliary sensor measurement and the determined mapping
data.

16. Processing circuitry according to any of claims 7 to 15, wherein said second measurement circuit is
configured to receive a plurality of sensor signals from a plurality of sensor inputs and is configured to pass
the plurality of sensor signals through the second measurement circuit in a time division manner in a
sequence of time intervals to generate a second time division sequence of sensor measurements.

17. Processing circuitry according to claim 16, wherein the plurality of sensor inputs includes at least one
main sensor input and at least one auxiliary sensor input, wherein the first measurement circuit is configured
to receive auxiliary sensor signals from the at least one auxiliary sensor input and to output auxiliary sensor
measurements, wherein the second measurement circuit is configured to receive auxiliary sensor signals from
the at least one auxiliary sensor input and to output auxiliary sensor measurements.

18. Processing circuitry according to claim 17, wherein the first and second measurement circuits are
configured: i) so that during time intervals when the first measurement circuit is passing the auxiliary sensor
signals there through, the second measurement circuit is passing sensor signals from the at least one main
sensor input there through; and ii) so that during time intervals when the second measurement circuit is
passing the auxiliary sensor signals there through, the first measurement circuit is passing the sensor signals
from the at least one main sensor input there through.

19. Processing circuitry according to claim 17 or 18, wherein the measurement processing circuitry is
configured to determine calibration data comprising a breakthrough correction for the first measurement circuit
using an auxiliary sensor measurement obtained from the first measurement circuit and to determine
calibration data comprising a breakthrough correction for the second measurement circuit using an auxiliary
sensor measurement obtained from the second measurement circuit and is configured to correct main sensor
measurements obtained from the first measurement circuit using the breakthrough correction for the first
measurement circuit and is configured to correct main sensor measurements obtained from the second
measurement circuit using the breakthrough correction for the second measurement circuit.

20. Processing circuitry according to claim 19, wherein said sensor signals are received from said sensor
inputs in response to the energising of a sensor target with an excitation signal, wherein said auxiliary sensor
measurements include a measurement of the excitation signal, wherein the breakthrough correction
determined for the first measurement circuit is determined using the measurement of the excitation signal
obtained from the first measurement circuit and wherein the breakthrough correction determined for the
second measurement circuit is determined using the measurement of the excitation signal obtained from the
second measurement circuit.

21. Processing circuitry according to any of claims 7 to 20, wherein the first and second measurement
circuits are configured to overlap the passing of the signals from the at least one common sensor input there
through, so that during some time intervals, both the first and second measurement circuits generate sensor
measurements of the sensor signals received from the at least one common sensor input.
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22. Processing circuitry according to any of claims 7 to 21, further comprising excitation circuitry for
generating an excitation signal for energising a target, wherein said sensor signals are received from said
sensor inputs in response to the energising of said target, wherein each measurement circuit includes
demodulating circuitry for multiplying the sensor signal passing through the measurement circuit with a
demodulation signal comprising a phase shifted version of the excitation signal and further comprising phase
shift circuitry for varying the phase of the excitation signal or the phase shifted version of the excitation signal
forming part of said demodulation signal.

23. Processing circuitry according to claim 22, wherein the plurality of sensor inputs includes an
auxiliary sensor input, wherein the phase shift circuitry is configured to vary said phase in dependence upon a
control signal from said measurement processing circuitry and wherein the measurement processing circuitry
is configured to determine said control signal using a sensor measurement obtained from the sensor signal
received at said auxiliary sensor input.

24, Processing circuitry according to any of claims 7 to 23, wherein each measurement circuit is
arranged to output a first main sensor measurement corresponding to a sensor signal received from a first
main sensor input and to output a second main sensor measurement corresponding to a sensor signal
received from a second main sensor input and wherein the measurement processing circulitry is configured: i)
to perform a ratiometric calculation of the first main sensor measurement and the second main sensor
measurement obtained from the first measurement circuit, to determine a first ratiometric result; i) to perform
a ratiometric calculation of the first main sensor measurement and the second main sensor measurement
obtained from the second measurement circuit, to determine a second ratiometric result; and iii) to determine
and output sensor results using the first and second ratiometric results.

25. Processing circuitry according to any of claims 7 to 24, further comprising a third measurement circuit
configured to receive at least one sensor signal from a sensor input and configured to pass the at least one
sensor signal through the third measurement circuit to generate sensor measurements in response thereto;
and wherein the first and third measurement circuits are configured to receive a sensor signal from at least
one common sensor input and to output respective common sensor measurements in response thereto.

20. Processing circuitry according to claim 25, wherein the measurement processing circuitry is arranged
to determine calibration data comprising first mapping data that relates measurements made by the second
measurement circuit to measurements made by the first measurement circuit using the common sensor
measurements from the first and second measurement circuits and second mapping data that relates
measurements made by the third measurement circuit to measurements made by the first measurement
circuit using the common sensor measurements from the first and third measurement circuits.

217. Processing circuitry according to claim 26, wherein the measurement processing circuitry is arranged
i) to use the first mapping data to determine a first main sensor measurement using the common sensor
measurement obtained from the second measurement circuit; ii) to use the second mapping data to determine
a second main sensor measurement using the common sensor measurement obtained from the third
measurement circuit; iii) to perform a ratiometric calculation of the first main sensor measurement and the
second main sensor measurement to determine a ratiometric result; and iv) to determine and output a sensor
result using the ratiometric result.

28. Processing circuitry according to any of claims 7 to 27, wherein said measurement processing
circuitry is arranged to determine a difference between sensor results obtained using sensor measurements
from the first measurement circuit and corresponding sensor results obtained using sensor measurements
from the second measurement circuit and is arranged to determine calibration data comprising a correction to
be applied to sensor measurements using said difference so that sensor results obtained using
measurements from said first and second measurement circuits in relation to the same sensor signals are
substantially the same.
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29. Processing circuitry according to claim 28, wherein said measurement processing circuitry is
configured to determine calibration data comprising a correction to be applied to the sensor measurements
obtained from one or both of the first and second measurement circuits using said difference.

30. Processing circuitry according to any of claims 7 to 29, wherein said measurement processing
circuitry is arranged to determine a speed measure relating to a rate of change of the sensor results and is
arranged to apply a compensation to the sensor results in dependence upon the speed measure.

31. Processing circuitry according to claim 30, wherein the compensation applied to a sensor result
depends on the value of the sensor result.

32. Processing circuitry according to claim 30 or 31, wherein the measurement processing circuitry is
configured to determine a sensor result using a first sensor measurement of a sensor signal obtained from a
first main sensor input during a first time interval and a second sensor measurement of a sensor signal
obtained from a second main sensor input during a second time interval, wherein the measurement
processing circuitry is arranged to apply a first compensation to the sensor result if the first time interval is
before the second time interval and is arranged to apply a second, different, compensation to the sensor
result if the second time interval is before the first time interval.

33. Processing circuitry according to any of claims 30 to 32, wherein the measurement processing
circuitry is arranged to determine an acceleration measure relating to the rate of change of the speed
measure and wherein said compensation measure also depends on said acceleration measure.

34. Processing circuitry according to any of claims 7 to 33, wherein the first and second measurement
circuits are configured, during an overlap period, to overlap the passing of sensor signals from the at least one
common sensor input there through, so that during some time intervals, both the first and second
measurement circuits generate sensor measurements of the sensor signals received from the at least one
common sensor input, wherein the measurement processing circuitry is arranged: i) to determine a first
sensor result using sensor measurements obtained from the first measurement circuit during said overlap
period; ii) to determine a second sensor result using sensor measurements obtained from the second
measurement circuit during said overlap period; iii) to determine a difference between the first and second
sensor results; and iv) to apply a compensation to subsequent sensor results using said difference to
compensate for dynamic errors caused by motion of a sensor target.

35. Processing circuitry according to claim 34, wherein the measurement processing circuitry is
configured to determine a sensor result using a first sensor measurement of a sensor signal obtained from a
first main sensor input during a first time interval by the first measurement circuit and a second sensor
measurement of a sensor signal obtained from a second main sensor input during a second time interval by
the first measurement circuit, wherein the measurement processing circuitry is arranged to apply a first
compensation using said difference to the sensor result if the first time interval is before the second time
interval, and is arranged to apply a second, different, compensation using said difference to the sensor result
if the second time interval is before the first time interval.

36. Processing circuitry according to any preceding claim, wherein each measurement circuit has an
auxiliary mode of operation and a main sensor mode of operation, wherein when the first measurement circuit
is configured to operate in the main sensor mode of operation, the second measurement circuit is configured
to operate in the auxiliary mode of operation and vice versa, wherein when operating in the main sensor mode
of operation, a measurement circuit is configured to pass the sensor signals obtained from at least one main
sensor input there through without passing sensor signals from auxiliary sensor inputs there through and
wherein when operating in the auxiliary mode of operation, a measurement circuit is configured to pass
signals obtained from the auxiliary sensor inputs and sensor signals obtained from the at least one main
sensor input there through in a time division manner.
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37. Processing circuitry according to claim 36, wherein the measurement processing circuitry is
configured to determine calibration data for a measurement circuit using sensor measurements of the sensor
signals obtained from the at least one main sensor input when the measurement circuit is operating in said
auxiliary mode of operation and is configured to apply the calibration data to sensor results obtained from the
measurement circuit when operating in said main sensor mode of operation.

38. Processing circuitry according to claim 37, wherein the calibration data determined for one
measurement circuit depends on a speed measure determined from sensor results obtained using sensor
measurements from the other measurement circuit.

39. Processing circuitry according to claim 38, wherein the calibration data determined for one
measurement circuit depends on an acceleration measure determined from sensor results obtained using
sensor measurements from the other measurement circuit.

40. Processing circuitry according to claim 38 or 39, wherein each measurement circuit introduces a
phase offset in the sensor results, which phase offset depends on motion of a sensor target and wherein the
determined calibration data for a measurement circuit is for cancelling the phase offset introduced into the
sensor results by the measurement circuit.

41. Processing circuitry according to any preceding claim, comprising first analogue to digital converter,
ADC, circuitry for converting sensor measurements obtained from the first measurement circuit to digital data
and second analogue to digital converter circuitry for converting sensor measurements obtained from the
second measurement circuit, wherein the measurement processing circuitry is configured to dynamically
adjust a timing of a conversion performed by the first ADC circuitry in dependence upon a speed measure
determined using sensor measurements obtained from the second measurement circuit.

42. Processing circuitry according to claim 41, wherein the measurement processing circuitry is
configured to dynamically adjust a timing of a conversion performed by the second ADC circuitry in
dependence upon a speed measure determined using sensor measurements obtained from the first
measurement circuit.

43. Processing circuitry according to any of claims 7 to 42, wherein at least one of the measurement
circuits is configured to multiplex a pair of sensor signals there through during each time interval to generate a
sensor measurement signal whose phase varies with the ratio of the pair of sensor signals.

44, Processing circuitry according to claim 43, wherein the measurement circuitry includes a zero
crossing detector for detecting zero crossings of the sensor measurement signal and further comprising an
analogue to digital converter, ADC, for obtaining an amplitude measure of an amplitude of the sensor
measurement signal between a pair of adjacent detected zero crossing events and wherein the measurement
processing circuitry is configured to use the amplitude measure to identify which of the pair of adjacent zero
crossing events is a rising zero crossing event and which is a falling zero crossing event.

45, Processing circuitry according to any of claims 7 to 44, wherein the measurement processing circuitry
is configured to report sensor results using the sensor measurements from the first measurement circuit
during a first part of a detection cycle and is configured to report sensor results using the sensor
measurements from the second measurement circuit in a second part of the detection cycle; and wherein the
measurement processing circuitry is configured to ignore or add sensor results when switching between
reporting using the sensor measurements obtained from the first measurement circuit and reporting using the
sensor measurements from the second measurement circuit.

46. Processing circuitry according to claim 45, wherein the measurement processing circuitry is
configured to ignore a first sensor result after switching to the sensor measurements obtained from the
second measurement circuit in the event that a first sensor result obtained from the second measurement
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circuit is obtained within a defined time period of a last reported sensor result obtained using the sensor
measurements of the first measurement circuit.

47. Processing circuitry according to claim 45, wherein the measurement processing circuitry is
configured to add a sensor result after switching to the sensor measurements obtained from the second
measurement circuit if a sensor result was determined using the sensor measurements from the second
measurement circuit within a defined time period before switching over to reporting sensor results using the
sensor measurements of the second measurement circuit.

48. Processing circuitry according to claim 47, wherein the measurement processing circuitry is operable
to add a sensor result by extrapolating a sensor result made using sensor measurements obtained from the
second measurement circuit in a previous time interval in accordance with a measure of a speed of motion of
a sensor target.

49, Processing circuitry according to any of claims 7 to 48, wherein the first measurement circuit
comprises a first multiplexor for multiplexing a sensor signal with a modulation control signal having a
fundamental frequency within a pass band of amplification and filtering circuitry forming part of the first
measurement circuit, wherein the switching of the first multiplexor injects unwanted charge injection into the
sensor signals at around said fundamental frequency, wherein an output from the first multiplexor is passed
through a second multiplexor of the first measurement circuit and a chopper signal, having a frequency that is
a multiple of said fundamental frequency, is used to enable and disable the second multiplexor in order to
inject additional charge into the sensor signals, and wherein transition points of said chopper signal are time
aligned with transition points of said modulation control signal so that the total charge injection into the sensor
signals is at the higher frequency of said chopper signal, which higher frequency is outside the pass band of
said amplification and filtering circuitry, whereby said charge injection is substantially attenuated in a sensor
measurement signal output from the first measurement circuit.

50. Processing circuitry according to claim 49, wherein said chopper signal and said modulation control
signal are generated from a common clock signal in order to time align the transition points of the chopper
signal and the transition points of the modulation control signal.

51. Processing circuitry according to claim 50, comprising control signal logic for generating said chopper
signal and said modulation control signal from a master clock signal.

52. Processing circuitry according to any of claims 7 to 51, wherein one of the first and second
measurement circuits provides sensor measurements for use in determining main sensor results and the
other one of the first and second measurement circuits provides auxiliary measurements and wherein the
roles of the first and second measurement circuits is reversed depending on a value of the sensor result.

53. Processing circuitry according to any of claims 7 to 52, wherein the measurement processing circuitry
is arranged to use the sensor measurements from the first measurement circuit to determine first sensor
results that vary with a sensor variable according to a first function and to use the sensor measurements from
the second measurement circuit to determine second sensor results that vary with the sensor variable
according to a second function that is different from the first function; and wherein the measurement
processing circuitry is configured to determine a value of the sensor variable using the first and second sensor
results.

54. Processing circuitry according to claim 53, wherein the measurement processing circuitry is operable
to use the first sensor results to determine the value of the sensor variable or to use the second sensor results
to determine the value of the sensor variable depending on the value of the sensor variable.

55. Processing circuitry according to claim 53 or 54, wherein the measurement processing circuitry is
operable to use the first sensor results to determine a first value of the sensor variable and to use the second
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sensor results to determine a second value of the sensor variable and is configured to combine the first and
second values in accordance with a weighting function and preferably wherein the weighting function depends
on the value of the sensor variable.

56. Processing circuitry according to any of claims 7 to 55, wherein the first and second measurement
circuits are configured to obtain sensor measurements of sensor signals from at least one main sensor input
more frequently than they obtain sensor measurements of sensor signals from auxiliary sensor inputs; and
wherein sensor inputs that are defined as being main sensor inputs and sensor inputs that are defined as
being auxiliary sensor inputs change in dependence upon sensor results determined by the measurement
processing circuitry.

57. Processing circuitry according to claim 56, wherein the measurement processing circuitry is operable
to use the sensor results to determine a value of a sensor variable and wherein when the sensor variable falls
within a first range of values the main sensor inputs correspond to a first set of the sensor inputs and the
auxiliary sensor inputs correspond to a second set of the sensor inputs and wherein when the sensor variable
falls within a second range of values the main sensor inputs correspond to the second set of the sensor inputs
and the auxiliary sensor inputs correspond to the first set of the sensor inputs.

58. Processing circuitry according to any of claims 7 to 57, wherein said first and second measurement
circuits each include a respective programmable gain amplifier and wherein the measurement processing
circuitry is configured to recalibrate each of the measurement circuits at different times following a change to
the gain of the respective programmable gain amplifiers.

59. Processing circuitry according to any of claims 7 to 57, wherein the first measurement circuit is
configured to receive a reference voltage level and to pass the reference voltage level through the first
measurement circuit to generate a reference measurement; and wherein the measurement processing
circuitry is arranged to determine recalibration data for the measurement circuits, following a change of gain
applied to a programmable gain amplifier forming part of the measurement circuits, using the reference
measurement.

60. Processing circuitry for use in processing sensor signals, the processing circuitry comprising:

a first measurement circuit configured to receive a plurality of sensor signals from a plurality of sensor
inputs and configured to pass the plurality of sensor signals through the first measurement circuit in a time
division manner in a sequence of time intervals to generate a first time division sequence of sensor
measurements in response thereto;

a second measurement circuit configured to receive a plurality of sensor signals from a plurality of
sensor inputs and configured to pass the plurality of sensor signals through the second measurement circuit
in a time division manner in a sequence of time intervals to generate a second time division sequence of
sensor measurements in response thereto; and

measurement processing circuitry configured to process the first and second time division sequences
of sensor measurements to determine and output sensor results;

wherein during first time periods, the measurement processing circuitry is arranged to determine
sensor results using sensor measurements from the first measurement circuit and during second time periods,
the measurement processing circuitry is arranged to determine sensor results using sensor measurements
from the second measurement circuit;

wherein during at least one first time period, the measurement processing circuitry is arranged to
determine calibration data for use in determining the sensor results using the sensor measurements
generated by the second measurement circuit.

61. Processing circuitry according to claim 60, wherein during at least one second time period the
measurement processing circuitry is arranged to determine calibration data for use in determining sensor
results using the sensor measurements generated by the first measurement circuit.
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62. Processing circuitry according to claim 60 or 61, wherein the first and second measurement circuits
are both configured to receive a sensor signal from at least one common sensor input and to output
respective common sensor measurements in response thereto.

63. Processing circuitry for use in processing sensor signals, the processing circuitry comprising:

a first measurement circuit configured to receive and down convert an input sensor signal having a
first frequency to a sensor signal having a second frequency that is lower than the first frequency and to
generate therefrom sensor measurements;

a second measurement circuit configured to receive and down convert an input sensor signal having
said first frequency to a sensor signal having said second frequency and to generate therefrom sensor
measurements;

wherein the first and second measurement circuits are both configured to receive a common sensor
signal from at least one common sensor input;

control circuitry for causing said common sensor signal to be switched through said first and second
measurement circuits in a time division multiplexed manner so that said common sensor signal passes
through said first and second measurement circuits at different times;

wherein said control circuitry is arranged to cause said common sensor signal to be switched through
said first and second measurement circuits at a third frequency that is higher than said second frequency; and

measurement processing circuitry configured to process the sensor measurements obtained from
said first and second measurement circuits to determine sensor results.

64. Processing circuitry according to claim 63, wherein said third frequency is an integer multiple of said
second frequency.

65. Processing circuitry according to claim 63 or 64, wherein said control circuitry is arranged to generate
a first control signal that enables and disables a switch in said first measurement circuit to control the
switching of said common sensor signal through said first measurement circuit and a second control signal
that enables and disables a switch in said second measurement circuit to control the switching of said
common sensor signal through said second measurement circuit.

66. Processing circuitry according to any of claims 63 to 65, wherein said first control signal is applied to
an enable/disable input of a modulating switch of said first measurement circuit that down converts the input
sensor signal having the first frequency to the sensor signal having the second frequency and wherein said
second control signal is applied to an enable/disable input of a modulating switch of said second
measurement circuit that down converts the input sensor signal having the first frequency to the sensor signal
having the second frequency.

67. Processing circuitry for use in processing sensor signals, the processing circuitry comprising:

a first measurement circuit configured to receive a plurality of sensor signals from a plurality of sensor
inputs, including at least one main sensor input and at least one auxiliary sensor input, and configured to pass
the plurality of sensor signals through the first measurement circuit in a time division manner in a sequence of
time intervals to generate a first time division sequence of sensor measurements in response thereto;

a second measurement circuit configured to receive a plurality of sensor signals from a plurality of
sensor inputs, including said at least one main sensor input and said at least one auxiliary sensor input, and
configured to pass the plurality of sensor signals through the second measurement circuit in a time division
manner in a sequence of time intervals to generate a second time division sequence of sensor measurements
in response thereto; and

measurement processing circuitry configured to process the first and second time division sequences
of sensor measurements to determine and output sensor results;

wherein each measurement circuit has an auxiliary mode of operation and a main sensor mode of
operation;

wherein when the first measurement circuit is configured to operate in the main sensor mode of
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operation, the second measurement circuit is configured to operate in the auxiliary mode of operation and
when the second measurement circuit is configured to operate in the main sensor mode of operation, the first
measurement circuit is configured to operate in the auxiliary mode of operation;

wherein when operating in the main sensor mode of operation, a measurement circuit is configured to
pass the sensor signals obtained from the at least one main sensor input there through and when operating in
the auxiliary mode of operation, a measurement circuit is configured to pass the signals obtained from the at
least one auxiliary sensor input there through; and

wherein said measurement processing unit is configured: i) to determine sensor results using sensor
measurements obtained from a measurement circuit when operating in said main sensor mode of operation;
i) to determine calibration data for a measurement circuit using sensor measurements obtained from the
measurement circuit when the measurement circuit is operating in said auxiliary mode of operation; and iii) to
use the calibration data for a measurement circuit when determining the sensor results using the sensor
measurements obtained from that measurement circuit when operating in said main sensor mode of
operation.

68. Processing circuitry for use in processing sensor signals, the processing circuitry comprising:

measurement circuitry configured to receive a first plurality of sensor signals from a first plurality of
sensor inputs, including a first main sensor input and a second main sensor input and configured to pass the
first plurality of sensor signals through the measurement circuitry in a time division manner in a sequence of
time intervals to generate at least one time division sequence of sensor measurements in response thereto;
and

measurement processing circuitry configured to process the sensor measurements generated by the
measurement circuitry to determine and output sensor results;

wherein the measurement processing circuitry is configured to determine a sensor result using a first
sensor measurement of a sensor signal obtained from said first main sensor input during a first time interval
and a second sensor measurement of a sensor signal obtained from said second main sensor input during a
second time interval, and is arranged to apply a first compensation when determining the sensor result if the
first ime interval is before the second time interval and is arranged to apply a second, different, compensation
when determining the sensor result if the second time interval is before the first time interval.

69. Processing circuitry according to claim 68, wherein the first and second compensations are provided
to compensate for movement of the target between the first and second intervals.

70. Processing circuitry according to claim 68 or 69, wherein the first compensation or the second
compensation is applied to the sensor result and depends on the sensor result to be corrected.

7. Processing circuitry according to any of claims 68 to 70, wherein said measurement circuitry
comprises first and second measurement circuits, each measurement circuit being arranged to receive at
least one sensor signal and to pass the at least one sensor signal there through to generate sensor
measurements in response thereto.

72. Processing circuitry according to claim 71, wherein the first and second measurement circuits are
both configured to receive a sensor signal from at least one common sensor input and to output respective
common sensor measurements in response thereto.

73. Processing circuitry according to claim 71 or 72, wherein at least one of said first and second
measurement circuits is arranged to receive a plurality of sensor signals from a plurality of sensor inputs.

74. A position sensor comprising:

a plurality of detection elements and a target, at least one of: i) the detection elements; and ii) the
target, being moveable relative to the other such that signals are generated in the detection elements that
depend on the relative position of the target and the detection elements; and

processing circuitry according to any of claims 1 to 73 for processing the signals from the detection
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elements and for determining and outputting position information relating to the relative position of the target
and the detection elements.

75. A position sensor according to claim 74, which is a linear or rotary position sensor.
76. A position sensor according to claim 74, which is a proximity sensor.

7. A position sensor according to any of claims 74 to 76, wherein the detection elements are one of:
inductive detection elements, capacitive detection elements or Hall Effect detection elements.

78. A proximity sensor comprising:

a sensor target; and

a sensor board carrying:

an excitation coil comprising a first set of one or more substantially planar conductor loops

and a second set of one or more substantially planar conductor loops, wherein the loops of the first

set are substantially concentric and are connected in series and wound in the same sense, wherein

the one or more conductor loops of the second set are connected in series and wound in the same

sense, the one or more conductor loops of the first set being grouped together between a first inner

diameter and a first outer diameter and the conductor loops of the second set being grouped together

between a second inner diameter and a second outer diameter and wherein the second outer

diameter is smaller than the first inner diameter; and

a first detection coil comprising a third set of one or more substantially planar conductor

loops and a fourth set of one or more substantially planar conductor loops, the conductor loops of the

first detection coil being substantially concentric with each other and with the conductor loops of the

excitation coil;

wherein the one or more conductor loops of the third set are connected in series and wound in the
same sense, wherein the one or more conductor loops of the fourth set are connected in series and wound in
the same sense, wherein the one or more conductor loops of the third set are connected in series and wound
in the opposite sense with the one or more conductor loops of the fourth set;

wherein the one or more conductor loops of the third set are grouped together between a third inner
diameter and a third outer diameter; wherein the one or more conductor loops of the fourth set are grouped
together between a fourth inner diameter and a fourth outer diameter, wherein the fourth outer diameter is
less than the third inner diameter;

wherein the number of conductor loops in, and the respective inner and outer diameters of, the third
and fourth sets of conductor loops are selected so that the first detection coil is substantially insensitive to
background electromagnetic signals;

wherein the number of conductor loops in, and the respective inner and outer diameters of, the first,
and second conductor loops are selected so that the detection coil is substantially balanced with respect to
the excitation cail;

wherein the target and the sensor board are relatively moveable, such that relative movement
between the sensor board and the target changes the balance between the excitation coil and the first
detection coil, such that in response to an excitation signal being applied to the excitation coil, a detection
signal is generated in the first detection coil that depends on the separation between the target and the sensor
board.

79. A proximity sensor according to claim 78, wherein the one or more conductor loops of the third set
are located in closer proximity to the one or more conductor loops of the first set than the proximity of the one
or more conductor loops of the fourth set to the one or more conductor loops of the first set.

80. A proximity sensor according to claim 78, wherein the one or more conductor loops of the fourth set
are located in closer proximity to the one or more conductor loops of the second set than the proximity of the
one or more conductor loops of the third set to the one of more conductor loops of the first set.
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81. A proximity sensor according to claim 78, wherein the one or more conductor loops of the third set
are located in closer proximity to the one or more conductor loops of the second set than the proximity of the
one or more conductor loops of the fourth set to the one of more conductor loops of the second set.

82. A sensor board for use in a position sensor, the sensor board carrying:

an excitation coil comprising a first set of one or more substantially planar conductor loops
and a second set of one or more substantially planar conductor loops, wherein the loops of the first
set are substantially concentric and are connected in series and wound in the same sense, wherein
the one or more conductor loops of the second set are concentric with the one or more loops of the
first set and are connected in series and wound in the same sense,

wherein the one or more conductor loops of the first set are grouped together between a first
inner diameter and a first outer diameter and the conductor loops of the second set are grouped
together between a second inner diameter and a second outer diameter and wherein the second
outer diameter is smaller than the first inner diameter; and

a first detection coil comprising a third set of one or more substantially planar conductor
loops and a fourth set of one or more substantially planar conductor loops, the conductor loops of the
first detection coil being substantially concentric with each other and with the conductor loops of the
excitation coil;

wherein the one or more conductor loops of the third set are connected in series and wound
in the same sense, wherein the one or more conductor loops of the fourth set are connected in series
and wound in the same sense, wherein the one or more conductor loops of the third set are
connected in series and wound in the opposite sense with the one or more conductor loops of the
fourth set;

wherein the one or more conductor loops of the third set are grouped together between a
third inner diameter and a third outer diameter; wherein the one or more conductor loops of the fourth
set are grouped together between a fourth inner diameter and a fourth outer diameter, wherein the
fourth outer diameter is less than the third inner diameter;

wherein the number of conductor loops in, and the respective inner and outer diameters of,
the third and fourth sets of conductor loops are selected so that the first detection coil is substantially
insensitive to background electromagnetic signals; and

wherein the number of conductor loops in, and the respective inner and outer diameters of,
the first, and second conductor loops are selected so that the detection coil is substantially balanced
with respect to the excitation coil.

83. A sensor board according to claim 82, wherein the one or more conductor loops of the third set are
located in closer proximity to the one or more conductor loops of the first set than the proximity of the one or
more conductor loops of the fourth set to the one or more conductor loops of the first set.

84. A sensor board according to claim 82, wherein the one or more conductor loops of the fourth set are
located in closer proximity to the one or more conductor loops of the second set than the proximity of the one
or more conductor loops of the third set to the one of more conductor loops of the first set.

85. A sensor board according to claim 82, wherein the one or more conductor loops of the third set are
located in closer proximity to the one or more conductor loops of the second set than the proximity of the one
or more conductor loops of the fourth set to the one of more conductor loops of the second set.

86. A proximity sensor according to any of claims 78 to 85 or a sensor board according to any of claims
80 to 83, further comprising a second detection coil carried by said sensor board, the second detection coil
comprising a fifth set of one or more substantially planar conductor loops that are connected in series with
each other; wherein the one or more conductor loops of the fifth set are grouped together between a fifth inner
diameter and a fifth outer diameter, wherein the fifth outer diameter is smaller than the second inner diameter.

87. Processing circuitry for use in a position sensor, the processing circuitry comprising:
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an input for receiving a sensor signal from a sensor input, the sensor signal being generated in
response an excitation signal being applied to an excitation element; wherein the excitation signal has an
excitation frequency and an excitation signal phase that can vary during use and wherein the sensor signal
has the excitation frequency and a sensor signal phase that depends on the excitation signal phase;

a demodulator for multiplying the sensor signal with a demodulating clock signal having said
excitation frequency and a demodulating clock signal phase, to generate a demodulated sensor signal;

control circuitry for processing the demodulated sensor signal to determine position information for a
sensor target; and

phase tracking circuitry for maintaining a desired phase relationship between the excitation phase
and the demodulating clock phase, the phase tracking circuitry comprising:

logic circuitry for generating a first square wave clock signal having a fundamental frequency
that is a multiple of the excitation frequency;

a filter circuit for filtering the square wave clock signal to produce a filtered signal having the
fundamental frequency;

a comparator circuit for comparing the filtered signal with a reference value to generate a
digital signal at the fundamental frequency, with a duty ratio of the digital signal depending on the
reference value; and

a frequency divider circuit for receiving the digital signal output from the comparator circuit
and for dividing the frequency of the digital signal to generate a square wave clock signal having the
excitation frequency and a phase that depends on the reference value; and
wherein the square wave clock signal generated by the frequency divider circuit is for use in

generating said excitation signal or the demodulating clock signal; and wherein the control circuitry is
configured to vary the reference value used by said comparator to adjust the phase of the square wave clock
signal generated by the frequency divider circuit to maintain the desired phase relationship between the
excitation signal phase and the demodulating clock signal phase.

88. Processing circuitry according to claim 87, wherein said square wave clock signal generated by the
frequency divider circuit is for use in generating said excitation signal by passing the square wave clock signal
through a filter circuit.

89. Processing circuitry according to claim 87, wherein said square wave clock signal generated by the
frequency divider circuit is for use in generating said demodulating clock signal.

90. Processing circuitry according to claim 89, wherein the frequency divider circuit is arranged to
generate first and second demodulating clock signals that are separated in phase by substantially 90 degrees
and wherein the demodulator is configured to multiply the sensor signal with the first and second
demodulating clock signals.

91. Processing circuitry according to any of claims 87 to 90, wherein the control circuitry is configured to
vary the reference value in dependence upon a sensor signal received from an auxiliary sensor input.

92. Processing circuitry for use in a position sensor, the processing circuitry comprising first and second
measurement circuits that each process at least one common sensor signal and provide corresponding
measurements; and measurement processing circuitry that is arranged to use the measurements from each
measurement circuit, in a time interleaved and cyclic manner, to determine sensor results so that whilst the
measurement processing circuitry is using the measurements from one measurement circuit to determine
sensor results, measurements obtained from the other measurement circuit are used to determine correction
data that is used to correct subsequent measurements obtained from that measurement circuit.

93. Processing circuitry according to claim 92, wherein said measurement processing circuitry is
arranged to repeatedly update the correction data for a measurement circuit each time the measurement
processing circuitry is using measurements from the other measurement circuit to determine sensor results.
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94, A position sensing method for sensing the position of a sensor target characterised by using the
processing circuitry of any of claims 1 to 73 or 87 to 93.

95. Processing circuitry for use in processing sensor signals received from a plurality of sensor inputs
including first and second main sensor inputs, the processing circuitry comprising:

a first measurement circuit configured to receive a first plurality of sensor signals from a first set of
the plurality of sensor inputs, including sensor signals from said first and second main sensor inputs, and
configured to process the first plurality of sensor signals in a time division manner in a sequence of time
intervals to generate a first time division sequence of sensor measurement signals in response thereto;

a second measurement circuit configured to receive a second plurality of sensor signals from a
second set of the plurality of sensor inputs, including sensor signals from said first and second main sensor
inputs, and configured to process the second plurality of sensor signals in a time division manner in said
sequence of time intervals to generate a second time division sequence of sensor measurement signals in
response thereto; and

measurement processing circuitry configured to process the first and second time division sequences
of sensor measurement signals to determine and output sensor results;

wherein the measurement processing circuitry is configured to process main sensor measurement
signals obtained from the first measurement circuit to determine a value of a ratiometric function of the sensor
signals received by said first measurement circuit from said first and second main sensor inputs and to
process the sensor measurement signals obtained from the second measurement circuit to determine a value
of a ratiometric function of the sensor signals received by said second measurement circuit from said first and
second main sensor inputs and to output sensor results using said ratiometric values.

96. Processing circuitry according to claim 1 or 95, wherein each measurement circuit is arranged to
generate a respective sensor measurement for first and second sensor signals received from first and second
main sensor inputs and wherein the measurement processing circuitry is configured to determine a value of a
first ratiometric function using the sensor measurements generated by the first measurement circuit and a
value of a second ratiometric function using the sensor measurements generated by the second
measurement circuit and to determine sensor results using the determined values.

97. Processing circuitry according to claim 1 or 95, wherein each measurement circuit is arranged to
generate a respective sensor measurement signal using first and second sensor signals received from first
and second main sensor inputs, which sensor measurement signal varies in dependence upon a ratio of the
first and second sensor signals and wherein the measurement processing circuitry is configured to process
the sensor measurement signals to determine values of said ratio and to determine sensor results using the
determined values.

98. Processing circuitry substantially as hereinbefore described with reference to or as shown in the
accompanying drawings.

99. A position sensor or a position sensing method substantially as hereinbefore described with
reference to or as shown in the accompanying drawings.



........... I...........................................:

9

WO 2015/022516 PCT/GB2014/052460
1/51
Fig. 1
3
f25
— Connector to —» Measurement
l\ sensor coils | | circuitry
23 v
A%
Excitation
circuitry
13
. ; Excitation and control \ X
11 signal logic » ADC
: 19 Il
: _1 TN
- _ Memory
<«——p| Hostinterface | I Measurement
- unit processing unit
29
31
Lo T 1Y s
: Dynamic Breakthrough
EI\/Iicrocon troller correction data| | calibration data




WO 2015/022516 PCT/GB2014/052460

2/51

>

Ratiometric out[put

Fig. 2b



PCT/GB2014/052460

3/51

WO 2015/022516

-}9y @
+oy ®
PN ° -S02 9
= ¢ ® s0o )
&
5 o o USO e
® = : —
o 2 ar— m
S 5 Py e SO 4 _
[ ® +S00 4 ®
+X9 S Rl S ereerorl
o— o US4 - Aynousio va\. Ve _
° ® .us 4 uole}oXx3 Ly 20/
S . 1 10108UU0D X
¢ YOOI X8



WO 2015/022516

PCT/GB2014/052460

4/51
13
e
AF_outN AF_outM
» ADC =
25\ Fig. 4
Measurement circuitry
1+@ 1= 1+
59-0 y
F_sin+ ﬂm‘o :-l; 630
1" ’ _I_’\ . 1'
59-1 i
F_sin- :j] 6“@ = o
2+ T=< ® 2+
59-2:? 61-5@ L 632
F _cos+ -
2-® | ® 2-
59'@ 61-3 g L. 633
F _cos- -
3+® ® 3+
il PN
E 59-@ 5 1_4’& —_ 634 %
S C_sin+ - =
S3e — e3P
-8 59'5j] 61—@3‘5I -8
S C_sin- = S
£ 4+® ] ® 4+ c
q’_J 59_6j 61-8@ IB3-6 g
7 C_cos+ = 7
8 4- @ I @ 4- 8
= 59-7ﬂ 6 1_@ 637 =
C_cos- -
T "Lj— =, |
Ref+ o1 =
5 @ ® 5-
65-2 “ i‘% .
Ref- .:I 619 =
\ 51-1 51-2 /



WO 2015/022516 PCT/GB2014/052460

5/51

in3
ex_shifted
en

| ~—55-1 polarity -

2+ O—t@ N A 100

Amplification
and filtering

-
. circuit
B

!
jimr

in1 in2

*
A 4 .
6 . AF out

2- o—o N

o—
3- o—to - B 5
.—

4 o—lo -

5- B
51
IR




PCT/GB2014/052460

WO 2015/022516

6/51

SRR SRR
SN A~ N
LSRR R P~

3010 N
SR SN

—
—_—— —
3 S Y "
) SN
EERENRR sy .
SR SIS
.

SRR L R R RN

SN A T NS
33 ; A
SRS O sy
SEEEE SNy

B . NS S
- . IR w .H_ ERNEEES

. RS SNEESS
. R Sy
. . R RN,

=
=
=

JEIRRERNRRRRARRRRRRERERE

“9/+9

"G/ +G

v/ +v

¢/ +€

-¢/+C

2

gul

cul

pul

_| powap

Aejod

9 "0l

_ payIys xo

=



PCT/GB2014/052460

WO 2015/022516
7/51
83
Fig.7a . 2.
: 85 87
A* . o
—»—— Differential Band - AF_out
B* : | amplification ﬂ?” pass —>
—P—— circuitry ler :
Fig. 7b
N\
\
\ yAI
E / \
: \
z \ |
s
! !
: f_polarity 2*f excitation
Fig. 7¢c B -
r
' \
\

Amplitude




PCT/GB2014/052460

WO 2015/022516

8/51

lteJpi

v

2\

av

I [ a e QU \V

_|I eul

Zul

Lul

_r

I_I__I_I_ _I_I_—l_l_ _I_I__I—l_ _I_I__I powiep

LU

jiji

Auejod

jij

I_I_I_II_I poyIUs Xo
g b



PCT/GB2014/052460

WO 2015/022516

9/51

A

A
Y.
A

Aousyen

cHhy : AR\

> <

v

suopenaeD

ﬁl 18660 Tv0

fedpil - N\ i----nenfn R AN e Y £ T

_.| Jebbu 0ay

o 4y

Aulejod

Lul




WO 2015/022516

circuit N

circuit M

A

=

Fig.

mode_ref

calc_trigger |_ |_| |_ |_

in1_N

in2_N

in3_N

1+/1- L

2+/2-
3+/3-
4+ | 4-
5+ /5-
in1_M

in2 M
in3_M
1+ /1-
2+/2-
3+/3-
4+ /4-

5+ / 5-

10

10/51

PCT/GB2014/052460

cc

REF

REF

.10



WO 2015/022516

Next mode
reference signal
received?

PCT/GB2014/052460

s$5-1

/

s3
set index i=1
Read ADC data related to

circuit N from memory

] ¢

s7-1

.

Process measurement data
according to index i

v

s5-2

/

Read ADC data related to
circuil M from memory

3

s7-2

~

Process measurement data
according to index i

Fig. 11

< i>97?

N

s11

/

increment index i=i+1

Next CALC trigger
signal received?




uonoallod

PCT/GB2014/052460

: X . : . : X : : . SIWBUAD
: : N : _ : K 10 81epdn
. — m T L oneod e

] _|_ _|_ suofe|nojen

4 [ s4 04 84 od | : : ] o4 H s- 0 | Wunoao

! ' . ' ; juswisinseaud

12/51

_._ . _._ = : : : ; uosod aul4

suopjejnojeD

N HNAID

o4  su | o4 | s4

J=t 9=l ¢ ogsl ¢ op=l ogRl tozal ot sl )=l

fouge .

WO 2015/022516



WO 2015/022516

13/51

(Ad1+Ad2)/4

Ad1

PCT/GB2014/052460

2*A_corr




PCT/GB2014/052460

WO 2015/022516

14/51

e S0

® 5009

® uis )

e SO0 4

o -US D ®

o US4

...._mﬂ_ (-
+oy @
o
- >~
c
=
m @
i °
]
S O
=0o &
@
@
@
mN\

e

® uis 4

10108UU0D

® 1500 ®

¢l "bi




WO 2015/022516 PCT/GB2014/052460

15/51

Fig. 14a

ex_clock c
DAC1 level ——::

ex_clock
DAC2 level

ex_clock t [_
DAC3 level — .1 . o

523

= 7 Fig. 14b

Phase
adjustment

increment or decrement DAC
value by one to adjust the
value of V¥ mean

Calculate
V¥ _mean=(V™,+V™\)/2

s27

V¥ mean
is outside the
boundaries?




PCT/GB2014/052460

WO 2015/022516

16/51

uono8II09
oiueuAp

~ jo arepdn
juswialnseal

uonyisod sui4

suonenolen

AN

IN2J10
o | WHMMA

Juswalnseaul

uonisod aul4

suonenojen

L=

. 9=l

N HN2ID

o=t . 6=t . 8=l . /=l

Gl ‘B4



WO 2015/022516 PCT/GB2014/052460

17/51
Fig. 16
3
/25
—p] Connector to » Measurement
ratiometric P
t
sensor —>{ ¢ty
\ 4
1 101
N\ 23y L
Digital
» Excitation Switching
circuitry circuitry
A
t ‘
IO D
v .
Excitation and control Phase .
signal logic —> ADCJ detectors| :
7 13y
1 21 Timers\ » Memory
f
105 l -
; _ Y l T 17
4:_, Ho_st interface le——»| Measurement |¢——- -
: unit processing unit | 19
29
Loyt /
: Dynamic Breakthrough
: . correction data| | offset calibration
. Microcontroller




PCT/GB2014/052460

WO 2015/022516

18/51

relpiw

(dp+19618) d+10)UIS, A
\

+_UOE|._|

. = = ‘ . ¢/ +C
00 FO Ol b0 kol 0000 o o o[ * o o
‘ G I I I ‘ L+
Lo 00 0 k-0 k-0 b -1 0 |- 0 00 OF _\m Ok

: .I_ by

+RAejod
AR AR AR AR AR AARARARAAAAR. *=* *

< >

/1 b



PCT/GB2014/052460

WO 2015/022516

19/51

lepiw

(9+1061€) ¢ - 10)UIS,°A

R i : : - - IN\I_..N
-1 k-0 -0 1-0 0 0 ofkJofL|of LJoft]o o
e B : L+l
k-1 0L-01t- 0 00O 10} L 0 00 0L 0L 01
Lul
[ ] || .
— -Aejod

-pow™ |

gl ‘b4



WO 2015/022516 PCT/GB2014/052460

20/51

- # / e

Y ..'~ .
-=- e ¢1 =21- d)nsmg d) ' target _a
A :
m | |
c -
o

rising

¢3 d) _target d)nsmg ..."-.,..

mbun: Fig. 192

: : —>
0 : 2 TE: (I)_target

Fig. 19b

- L
0 E 275: (l)__target

27 : .

n *y

[ [ ] ...

. u ‘e,
L] L]

. = L
L3
-

d)_target

phase (¢3 +¢rising)

phase ¢2, ¢4

; ﬂ:—(bfalling Tc_d)falling

—>
0 . 27[: (b_target

VY

b oo Fig. 19d

. / >
0 : ZTCt (I)_target

phase (¢4+¢falling- TE)



PCT/GB2014/052460

WO 2015/022516

21/51

oc b4

BPIW « o v sl s a g

.-.-..-m--H30|m<

Al [BUUBYD

0

0

FI

0 00 0]

¢/ +2

I [oUUBYO

0 00 Of

L+l

N jpuueyo

000 Of

¢+

N [uueyo

0 000

-

[P S S

0

0

_\I

0 00O

LI+l

A LUl

N LU

+_UOE||_|

+Alejod



WO 2015/022516 PCT/GB2014/052460
22/51
Fig. 21 1o -
.............................. -
AF outN capture/compare
- rising edge timer
1>
: capture/compare
NV M3_N [falling edge timer
- midrail
) e R
period_ref— polarity_sw
13 N 105_1N 1 v N
L - _ v [
ADC_triggerN _ shift ADCN| Measurement
™ ADC < Timer |4 processing unit
I T
17 2N \ 4
Memoryf >
Ampl .
105_2 shift CALC
v
periOd_ref_} Timer
+ CALGC_trigger




PCT/GB2014/052460

WO 2015/022516

23/51

leJpiw

(™ p+d+@)UIS, A

196617 DTvD

. < =
T OV s
+ NI¢ obps Buisu
= Nzd  ebpe bulej
.. /K.“ ............ R R I N0, AV
NOQVY WS -
. . . _ _ N48B6Ly Hay

“_II 181 pouad

N [uueys
</ +C

- N [suuey2

L+l

|_, N~ Lul

+Alejod

+UOE||_.



WO 2015/022516

circuit N

circuit M

24/51

' T_d C

PCT/GB2014/052460

Fig. 23

pol_ sw — : ) h )
mode_ref — ' R

pol_swN _| : ' : : : :
pol_swM . : ' - :
2 N e

in3 N 1 . A
in2_M S S R N S : S
e T e :

- : [] [} + - - - - - -
4 1+/1- & 2+4/2- ' T r
L. + [ - . L
3+/3-8& 4+/4-
+ | - T T
5+/5- : : : SR

main data |_ : )
A T 1717717171 : : : :
1+/1- & 2+/2- . 4 : . T . .
: S +] - .
3+4/3- & 4+/4- r T r r
: . + [ - .. )
5+/5-
V¥ main data : , , , :
: j==1 *+2 3 4 +5 "¢ 7 8:+:9 10 1112

AY o Aty . Al

Aty - Alg

>t

Aie

< - = > >
> First part ‘: _ Second part

P ». N

<




PCT/GB2014/052460

WO 2015/022516

25/51

. -pot 1 . -pow 1 . S9oUSIBLIP
: : : JuswiaInseall

J0 uoneIqIED

m : Ams |od
T_ _I. | “ “ WieBBLI DaV

__m.:u_c._..m ..... ..... ..... ..... ..... “.._\/_H:oln_<

_.|. JeBBuy OV

NINO 4y

__N._U_E.....m ..... ..... ...... .. ..... . .......... ”. .....

_|1_ . NioBBLy oaV

Nms ™ jod

ms”jod

18l apowl

2= 9=l : G=l

>
v . 3\

CAE



WO 2015/022516 PCT/GB2014/052460

26/51

Fig. 25

Breakthrough offset calibration mode

T dc

mode_ref

pol swN

NN e

in2_N

circuit N
-+
1
+
1

14/1- & 5+4/5-

2+/2- & 5+/5- :

3+/3- & 5[5 L - : '

4+/4- & 5+/5-—1 : : :
v . ' '
A

pol swM

in1_M —

in2 M

circuit M
-+
1
+
[}

5+4/5- & 1+/1-==—

5+/5- & 2+/2-

5+/5- & 3+/3-

5+/5- & 4+/4-

v
Aty . At A3 . Aty




PCT/GB2014/052460

WO 2015/022516

27151

AR gte Tk}

0 00O

1- 01 000 of

-G/ +S

N HNouIo

-G/ +S

. W Hnauo

00

- 0 b-0 b= 1- - I-

LI+l

» N Hn2IIo

o 00O

—‘I

0 -

0 00O

"L+l

W eul

N gul

+Aejod



PCT/GB2014/052460

WO 2015/022516

28/51

frespiu

\ 0+ dr1@)uIs A

06

-G/+G

Ajuejod

109|198 aseyd

_I )O|9 Jajsew

—  powap

—

——  PayIys xa

— (06 X9

_I 0 xo

12 B4



PCT/GB2014/052460

WO 2015/022516

29/51

N 120

06

06

~G/+G

N 3noxo
-1+

N 109|198 aseyd

N cul

Aejod

_I OO0 Jolsew

—

=1 [ N powsap

— PA}IYs X

— 06 X®

_I 0 X3

gz b4



WO 2015/022516

30/51

4+ o—to N

4- o—1@

ex_shifted

8
polarityT I 1T in2

in3'-—1en

56
N
—f

83

/

Amplification
and filtering
circuit

PCT/GB2014/052460

. AF_out

'93\L
@4 P
1- o—t@ - ;e“ B*
1
T .—3\_ chopper
2- o——--g\— < l
2 ._:\- polarity N [
T 57
3 o—to - +
5 B : /
3+ g—1t@ 5 @ .\I_
6 —p—d
4- o—o | 5t '—*['ﬁ
4+ 0—-0\ — 55-2 4 4P
en
polarity




PCT/GB2014/052460

WO 2015/022516

31/51

¢/ +C

L+l

pur

+RAejod

A _.-_ ..... cul

- ddoypo
—nl_ iE=]

OO J9)sew

L
[
[
-

_|_ _|_ _. payiys™xe



PCT/GB2014/052460

WO 2015/022516

32/51

-G/ +S

“Li+L

+Ae|jod

cul

m ddoyo
_“_ i

1|

L

L

3o Js)sew

_. payIys xo

1614



WO 2015/022516 PCT/GB2014/052460

33/51
Fig. 32
3
2
f 5
—# Connector to B Measurement
1 \ SENSOor COiS | gy Circuitry
23 v
1
Excitation 15
circuitry
Sample
? switching
circuitry

) j Excitation and control
111 signal logic B ADC
' 19 4
! \ ??h\‘
n Memory
Host interface | ». Measurement
unit processing unit |
-
31
Lo T 1y {
Dynamic Breakthrough

correction datal | calibration data

‘Microcontrolier

aaaaaaaaaaa {mlasnnmlassnlzassnlzassnlzassnlzassnlzassn!:

9




WO 2015/022516 PCT/GB2014/052460
34/51
15
AF_outN2 S 13
- sample
AF outN1 | switching f——" ADC
circuitry
A AF_outM
— 51-3
&
1+@ 1+
% E il P
5 < 59-0 L 630
0 = F_sin+ =
g =N I~ ® 1
© 59-1 63-1
- F_sin- j o1 /;g :é:
e | j] A T |
61-2 63-2
o % F cos+ =
o - -
8 ..::-5 2-@ I -9 2
o 2 Sl IR L 633
=0 F_cos- — o 3+
51-4 j ﬂ = =
4" 614 L% -
C_sin+ - 3
. 3_ [l
e O
99-5 61-5 63- SI -~
C_sin- - %
® 4+ c
§]61 6 L63-6 S
C_cos+ = 7
| ® 4- 8
> g7 637 =
C_ cos- =
| I ® 5+
> L 638
Ref+ @ 018 =
® 5-
65-2 L —|I-¢\
63-9
Ref- @ 0 = p
Measurement circuitry 51-5




WO 2015/022516 PCT/GB2014/052460

A* 83-3
o
-1 Amplification AF outh
and filtering )
- circuit
8*
- 51-3
Measurement "f
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Circuit N1
ax_shifted
piarityﬁNQ
100-4
demod N2
A* 83-4
o
~#- Amplification AF_outNz
and filtering e
- circuit
8*
- 514
e

Measurement |
circuit N2




WO 2015/022516 PCT/GB2014/052460

36/51

in3-M
ex_shifted
en

—~55-1 polarity M:

2+ 0—t8 N\ A 100-5-

Il

in1-M in2-M

in3-M
l en in3-M

1- O—t@ N

A* /83-5 .

Amplification

and filtering
circuit

!
o]
l

A 4

|

. AF_outM

2 I
3 o——-g\- B
4 o—-z\-

v - B i
we ™,  ors

in1-M in2-M

- o—te N
2 -0 -.\ A
1

9



PCT/GB2014/052460

WO 2015/022516

37/51

JO[|0JJUOD0IDIN

. Q_mo_._o.
Buiyoyums sjdwesg

oav
g¢l S a

W4eB6Lyoav

o . ynouoBupeyy .

1 | no gy . Pue uojeoyduly .

: e

Alowej |—e— 0aVv
S el S a

Ll

.

L ZN1eBbuy oay |

= o }IN2UI0 Buuayy ”

e Nzg:olln_< .* pue uonesydwy .

N

NOM
@ ®
C L2 .
A A
§-151 S-1S1
INms ajdwes
7L
o
< LA ==
/L{—t 2 A
A A
1Sl -1l
- ZNms sjdwes
NOH
& 9
4 = [4

oav
e-¢l \ ,_,

ANIEIE/EN e Ta) A

6

{L
/
-IO

UN2J1D Bulsyi

1" | | Nmno gy . Pue uopesydwy .

€-1Gl

A

Y . [] [] L] L] L] L] L] L] -
] N

LNMS s|dwes

o¢ ‘b1



PCT/GB2014/052460

WO 2015/022516

38/51

[BJPIL = = o = f = = =@ & = = = =\s 2im = = & - -

<

. uopenpow | .

LNINO ™ 4Y

_ —LNJ8BBL DAV

[

i

5

UL

TIr

]

ipik

L

L

uoneNpow |

>

_‘ LNMs s|dwes

IN U@

LN powsep

LN Ajuejod

payiys™ xe

«

/€ b1



PCT/GB2014/052460

WO 2015/022516

39/51

uonejnpowr |

_ n1ebb1y Davy

ZN18bBuy oav

LNJ86B6BuT 0ay

Ams odwes

ZNMms ajduses

[NMS ojdwes

_. W Awejod

ZN Arejod

LN Aejod

—— N U

ZN us

IN U@

A

uonenpow |

>

g¢ "bi-



PCT/GB2014/052460

WO 2015/022516

40/51

leJpiw

lleJpiw

llespiw

uonenpow |

I_ _ : : : ) _ N1e66uyDQY

ZN186BLy DAY

LNJ9BBI DAy

WINo 4y

ZNINO™ 4y

......................... LNINO 4y

.............. B D ST PIIPERYY ATITTITTTT TITTT TS PPPPITPT- O IS

N.ﬁ mw mw v.ﬁ m.y Nw ﬁ.# o m m . m_ m



PCT/GB2014/052460

WO 2015/022516

41/51

Fig. 40

-G/+G

/4

n €/ +E

~¢/+C

-/ +l

_||I N gul

_ W eul

WLl

¢/ +C

-/ +1

_|Iu_m:|muoE

v
A

v

circuit M

circuits N1 & N2



WO 2015/022516 PCT/GB2014/052460

42/51

/“(N1 FS *VN1FS+ offN1 FS

-163

Fig. 41



PCT/GB2014/052460

WO 2015/022516

43/51

< ' o H_:o:omccm:_c”
Ainoao . N0 4y * Pue uonesdwy .
Buiyoyms sjdwes T ™l

. 7 MS | MS

Kiowapy e pitu-
. [leJpiw . ZNINO 4y - e e s e s e,
w7 . . . N2 Buuayy .
14 . _ * pue uoneoyjdwy .
- N\ L e
I/m u g3
gL N

1866 dav 951 r < .4 1noJo Buuayy .
~ D . LNINO gy * Pue uopeoydwy .
9-/G1 . e U
. £-€8

A AIE



PCT/GB2014/052460

WO 2015/022516

44151

A

uopenpow |

g=t /=1 9=l  G=l  H=I €=

leJpi

W

ZN

IN

_ Z Ms

L”Ms

W~ Auejod

ZN Ajejod

LN Apsejod

— N ue

ZN ua

LN U8

g - s 9o S v e 2= L=y

uonenpow | v M.V @_H_



WO 2015/022516 PCT/GB2014/052460

45/51

Fig.44a

V1
B "4
e
V2
separation
Fig.44b
/2 -
8
S
=

separation



WO 2015/022516 PCT/GB2014/052460

46/51

Fig.45b
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