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(57) Abstract: A chopped Hall effect sensor topology includes a switched Hall plate, an amplifier responsive to an output of the
switched Hall plate and a filter stage responsive to the output of the amplifier and including an anti-aliasing filter and a selective
filter that is tuned to the modulation frequency. The switched Hall plate includes a Hall element and a Hall plate modulation circuit
that modulates the Hall offset signal component or the magnetic signal component. In embodiments in which the Hall offset signal
component is modulated by the switched Hall plate, the amplifier, if chopped, includes an even number of additional modulation
circuits. In embodiments in which the magnetic signal component is modulated by the switched Hall plate, the amplifier contains
an odd number of modulation circuits. The described topology provides a low noise, fast response time Hall effect sensor.
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CHOPPED HALL EFFECT SENSOR

FIELD OF THE INVENTION
This invention relates generally to Hall effect sensors and, more particularly, to a

chopped Hall effect sensor having fast response time and reduced noise.

BACKGROUND OF THE INVENTION

Hall effect sensors are used in a wide variety of applications including industrial
and consumer applications. As one example, Hall effect sensors are widely used in the
automotive industry for mechanical position sensing, such as gear tooth sensors used in

brake systems. Such applications require accuracy.

Hall effect elements or plates experience imbalances due to resistance gradients,
geometrical asymmetries and piezoresistive effects which can introduce an offset voltage.
The magnitude and polarity of the offset voltage are a function of stresses in the
semiconductor from which the element is formed, which stresses vary with mechanical
pressure and temperature. Various techniques have been used to address and cancel the

Hall offset voltage, including chopper stabilization techniques.

One type of chopped Hall effect sensor includes a switched Hall plate, a chopped
amplifier, and a low pass filter. The switched Hall plate, sometimes referred to
alternatively as a spinning Hall plate, includes a Hall element having (typically) four
contacts and a modulation switch circuit to periodically connect the supply voltage and
the amplifier input to one pair of contacts or the other. Quadrature phases of operation
are defined by complementary clock signals. Use of such a switched Hall plate provides
a way to discriminate the Hall offset voltage (referred to herein as the Hall offset signal
component) from the magnetically induced signal (referred to herein as the magnetic
signal component). In one such circuit, the switched Hall plate modulates the magnetic
signal component and the offset signal component remains substantially invariant. The
chopped amplifier demodulates the magnetic signal component and modulates the offset
signal component which is then attenuated by the low pass filter to provide the sensor
output signal. While this technique is effective to remove the Hall offset voltage, the
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resulting ripple on the sensor output signal and the sensor response time must be balanced
since, the more filtering applied, the lower the resulting ripple, but also the slower the

sensor response time.

Some more recent Hall effect sensor applications additionally require faster
response times to input magnetic field steps. As one example, Hall effect sensors used in
current sensing applications must respond quickly to step changes in the magnetic field,
for exampie in order to rapidly detect fault conditions, such as short circuits in

automobile batteries.

One chopped Hall effect sensor that improves upon the above-described sensor in
terms of response time is described in U.S. Patent No. 5,621,319 entitled “Chopped Hall
Sensor with Synchronously Chopped Sample and Hold Circuit” which issued on April
15, 1997 to Allegro Microsystems, Inc. of Worcester, MA, the Assignee of the subject
invention. The described sensor includes a switched Hall plate and an amplifier, with the
switched Hall plate arranged to modulate the magnetic signal component and maintain
the offset signal component substantially invariant. Here, the modulated magnetic signal
component is demodulated by sample and hold techniques. According to this technique,
signal demodulation is performed by tracking and holding during both clock phases and
then inverting the modulated signal during the second phase. In this way, this circuit
entirely eliminates ripple on the sensor output signal and thus, provides a faster step
response time by avoiding ripple filtering; however, these benefits are achieved at the
cost of a degraded signal to noise ratio. This is because the sampling and holding
operation can produce noise fold back (i.e., aliasing) since the baseband noise is

undersampled.

SUMMARY OF THE INVENTION

A Hall effect sensor according to the invention includes a Hall element, a Hall
plate modulation circuit, an amplifier, and a filter including a selective filter tuned to the
modulation frequency. The Hall plate modulation circuit is responsive to the output

signal of the Hall element and operates to modulate the magnetic signal component or the
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offset signal component of the Hall output signal. The amplifier is responsive to the
modulation circuit output signal and provides an amplifier output signal to the filter. The

filter includes an anti-aliasing filter coupled between the amplifier and the selective filter.

With this arrangement, the Hall effect sensor is provided with fast response time
through the use of the selective filter that removes the offset signal component with its
associated ripple, thereby eliminating the significant low pass filtering requirements of
some conventional chopped Hall effect sensors. A high signal to noise ratio is achieved
with the use of the anti-aliasing filter that removes frequency components below a
predetermined frequency, so that the selective filter meets the Nyquist criterion for noise

signals, thereby reducing baseband noise by preventing aliasing.

In embodiments in which the offset signal component is modulated by the
modulation circuit, an even number of additional modulation circuits are provided
between the output of the Hall plate modulation circuit and the input to the filter. In this
way, the offset signal component is modulated when it reaches the selective filter for
removal. Alternatively, in embodiments in which the magnetic signal component is
modulated, the amplifier includes an odd number of additional modulation circuits
between the output of the Hall plate modulation circuit and the input to the filter, again
ensuring that the offset signal component is modulated when it reaches the selective filter

for removal.

Embodiments of the invention may include one or more of the following features.
The amplifier may be a closed or open loop amplifier. In closed loop embodiments, the
loop may be closed at the input to the anti-aliasing filter, at the output of the anti-aliasing
filter, or at the output of the selective filter. Also, in embodiments in which the amplifier
loop is closed at the output of the anti-aliasing filter, the anti-aliasing filter may serve an

additional loop compensation purpose. The filter may include a smoothing filter.

In embodiments in which the offset signal component is modulated by the

modulation circuit, the amplifier may or may not be chopped. However, in embodiments
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in which the magnetic signal component is modulated by the modulation circuit, the
amplifier must be chopped. In embodiments in which the amplifier is chopped and the

amplifier is a closed loop amplifier, the feedback network may or may not be chopped.

One illustrative selective filter includes a plurality of sample and hold circuits
arranged in pairs, with each sample and hold circuit having an input coupled to the output
of the anti-aliasing filter and an output. The filter further includes an averaging circuit
having a plurality of inputs, each coupled to the output of a respective sample and hold
circuit, and an output at which the selective filter output signal is provided. Each of the
sample and hold circuits samples the input signal at the modulation frequency and at a
phase separated from the phase of the other sample and hold circuit of the same pair by
180 degrees and at a phase arbitrarily separated from the phase at which the other pairs of

sample and hold circuits operate.

In one particular embodiment, the anti-aliasing filter includes a first sample and
hold circuit having an input coupled to the output of the anti-aliasing filter, a second
sample and hold circuit having an input coupled to the output of the anti-aliasing filter,
and an averaging circuit having inputs coupled to the outputs of the first and second
sample and hold circuits. The first sample and hold circuit samples the input signal at
times t=t0+N-TSF and the second sample and hold circuit samples the input signal at
times t=t0+(N+1)-TSF, wherein t0 is an arbitrary time, N is an integer and TSF is 1/

(2-fCLK), where fcik is the modulation frequency.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of the invention, as well as the invention itself may be
more fully understood from the following detailed description of the drawings, in which:

Figure | is a block diagram of a chopped Hall effect sensor according to the
invention; '

Figure 2 shows a conventional switched Hall plate for use in the sensor of Figure

| to modulate the Hall offset signal component;
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Figure 2A shows clock signals for switched Hall plate of Figure 2;

Figure 2B shows an illustrative modulated Hall offset signal component provided
by the switched Hall plate of Figure 2;

Figure 2C shows an illustrative magnetic signal component provided by the
switched Hall plate of Figure 2;

Figure 3 shows a conventional switched Hall plate for use in the sensor of Figure
| to moduliate the magnetic signal component;

Figure 3A shows clock signals for the switched Hall plate of Figure 3;

Figure 3B shows an illustrative Hall offset signal component provided by the
switched Hall plate of Figure 3;

Figure 3C shows an illustrative modulated magnetic signal component provided -
by the switched Hall plate of Figure 3;

Figure 4 is a block diagram of one embodiment ot the chopped Hall effect sensor
of the invention in which the switched Hall plate modulates the Hall offset signal
component;

Figure 4A shows an illustrative Hall output signal with the Hall offset signal
component modulated as provided at the output of the switched Hall plate of Figure 4 and
also shows the magnetic signal component of the Hall output signal;

Figure 4B shows the signal provided at the input to the gain stage of Figure 4
having the offset signal component demodulated and the magnetic signal component
modulated and also shows the demodulated offset signal component;

Figure 4C shows the signal provided at the input to the filter stage ot Figure 4
having the offset signal component modulated and the magnetic signal component
demodulated and also shows the demodulated magnetic signal component;

[0030] Figure 4D shows the filtered signal provided at the output of the anti-aliasing
filter of Figure 4 and the demodulated magnetic signal component;

Figure 4E shows the signal provided at the output of the selective filter of Figure

Figure 5 is a block diagram of an alternative chopped Hall effect sensor according

to the invention in which the switched Hall plate modulates the magnetic signal

component;
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Figure SA shows an illustrative Hall output signal with the magnetic signal
component modulated as provided at the output of the switched Hall plate of Figure 5 and
also shows the ofTset signal component of the Hall output signal;

Figure 5B shows the signal provided at the input to the filter stage of Figure 5
having the oﬁ'setAsignal component modulated and the magnetic signal component
demodulated and also shows the demodulated magnetic signal component;

Figure 5C shows the signal provided at the output of the anti-aliasing filter of
Figure 5 and the demodulated magnetic signal component;

Figure 5D shows the signal provided at the output of the selective filter of Figure
5;

Figure 6 shows an illustrative feedback network embodiment for the amplifiers of
Figures |, 4, and 5;

Figure 7 shows an illustrative embodiment for the selective filter of Figures 1, 4,
and 5; and

Figure 7A shows the transfer function of the selective filter of Figure 7;

Figure 7B shows the signals of Figure 4D with notations to illustrate operatidn of
the selective filter of Figure 7,

Figure 8 is a block diagram of a further alternative chopped Hall effect sensor
according to the invention in which the switched Hall plate modulates the Hall offset
signal component;

Figure 9 shows an illustrative waveform representing a magnetic step disturbance;

Figure 9A shows illustrative output signals of the low pass filter of the inventive
chopped Hall effect sensor in response to the step disturbance of Figure 9, one where a
Hall offset voltage exists and one with no Hall offset voltage; and

Figure 9B shows the response of the selective filter of the inventive chopped Hall

effect sensor to the input step disturbance of Figure 9.

DETAILED DESCRIPTION OF THE INVENTION
Referring to Figure 1, a chopped Hall effect sensor 10 includes a switched Hall
plate 14 providing a switched Hall output signal 16, an amplifier stage 24 having an input

responsive to the switched Hall output signal 16 and an output at which is provided an
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amplifier output signal 26, and a filter stage 34 having an input responsive to the
amplifier output signal 26 and an output at which is provided a sensor output signal 36.

The filter stage 34 includes an anti-aliasing filter 38 and a selective filter 40, as shown.

With this arrangement, the Hall effect sensor 10 is provided with low noise and
fast response time. Fast response time is achieved with the use of the selective filter 40
that removes the offset signal component with its associated ripple, thereby eliminating
the significant low pass filtering requirements of some conventional chopped Hall effect
sensors. A high signal to noise ratio is achieved with the use of the anti-aliasing filter 38
to remove frequency components below a predetermined frequency, so that the selective
filter 40 meets the Nyquist criterion for noise signals, thereby reducing resulting
baseband noise by preventing aliasing. In the illustrative embodiment, the anti-aliasing
filter 38 removes frequency components below the sensor clock frequency and the
selective filter 40 samples at twice the clock frequency. In a preferred embodiment, the
anti-aliasing filter is a low pass filter. Notably the filter requirements of the anti-aliasing
filter are relaxed as compared to conventional chopped Hall sensors in which the low
pass filter is the mechanism for removing the offset signal component with its associated
ripple. In one illustrative embodiment, the anti-aliasing filter 38 is a first order low pass

filter.

The switched Hall plate 14 includes a Hall element or plate 18 having an output at
which is provided a Hall output signal 20 that varies in accordance with a sensed
magnetic field and a Hall plate modulation switch circuit, or simply a Hall piate
modulation circuit 22 having an input responsive to the Hall output signal and an output
at which is provided the switched Hall output signal (also referred to herein as the
modulation circuit output signal) 16. The switched Hall output signal 16 is coupled to an
input of the amplifier stage 24, as shown. The Hall output signal 20 and switched Hali
output signal 16 include a magnetic signal component Vi and a Hall offset signal

component Vop.
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As will be described, the modulation circuit 22 may be controlled to modulate the
Hall offset signal component V,, or the magnetic signal component Vy; at a modulation
frequency, referred to alternatively herein as the clock frequency fcLk. An illustrative,
conventional modulation circuit that modulates the Hall offset signal component Vo, is
shown and described in connection with Figures 2-2C and an illustrative, conventional
modulation circuit that modulates the magnetic signal component Vy is shown and

described in connection with Figures 3-3C.

In embodiments in which the Hall plate modulation circuit 22 modulates the Hall
offset signal component V,,, the Hall effect sensor 10 includes an even number of
modulation circuits between the output of the Hall plate modulation circuit 22 and the
input of the filter stage 34 in order to enable the selective filter 40 to remove the
modulated offset signal component. One illustrative Hall effect sensor of this type is
shown in Figure 4. With this arrangement, the even number of modulation circuits in the
amplifier stage operate to, one or more times, demodulate and again modulate the offset
signal component to ensure that the offset signal component is modulated when it reaches
the filter stage and thus, can be removed by the selective filter 40 in order to recover the
magnetic signal component. In fact in such embodiments, the amplifier stage 24 may not
be a chopped amplifier and thus, may not perform any signal modulation, thereby
resulting in zero modulation circuits between the output of the Hall plate modulation

circuit 22 and the input to the filter stage 34.

In embodiments in which the Hall plate modulation circuit 22 modulates the
magnetic signal component Vy, the Hall effect sensor 10 includes an odd number of
modulation circuits between the output of the Hall plate modulation circuit 22 and the
input of the filter stage 34 in order to enable the selective filter 40 to remove the offset
signal component. One illustrative Hall effect sensor of this type is shown in Figure 5.
With this arrangement, the odd number of modulation circuits in the amplifier stage
ensures that the offset signal component is modulated when it reaches the filter stage and
thus, can be removed by the selective filter 40 in order to recover the magnetic signal

component. As will become apparent, at least one amplifier 30a — 30n comprising the
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amplifier stage 24 is a chopped amplifier in embodiments in which the modulation circuit
22 modulates the magnetic signal component since otherwise, the offset signal
component would not be up-converted for removal by the selective fiiter (and optionally
more than one amplifier 30a - 30n is chopped, as long as an odd number of chopper

stages are used).

The amplifier stage 24 may include one or more amplifiers 30a —30n. Each
amplifier 30a — 30n has a gain stage 32a — 32n and may or may not be chopped. If
chopped, the amplifier includes at least one modulation circuit, as may be provided by a
pair of cross-coupled switches 46a - 46n and may additionally include a second
modulation circuit, as may be provided by a pair of cross-coupled switches 42a — 42n, as
shown in dotted lines for amplifier 30a and in solid lines for amplifier 30n. Each of the
amplifiers 30a — 30n, like the Hall element 18, has an associated offset voltage, here
shown by respective voltage sources 48a —48n at the input to the respective gain stage
32a - 32n. The modulation circuits 42a — 42n and 46a — 46n operate to modulate or |
demodulate the processed signal and may be implemented, for example with MOSFET
switches. In the illustrated embodiment, the modulation circuits 42a — 42n and 46a — 46n
operate at the clock frequency fcik. It will be appreciated however that the amplifier
stage 24 may be chopped at a different frequency than the clock frequency used by the

Hall plate modulation circuit 22.

The particular choice of number of amplifiers 30a — 30n comprising the amplifier
stage 24 is based generally on the desired overall gain for the amplifier 24. Itis desirable
that the amplifier gain be large enough so that any offset associated with any non-
chopped circuitry that follows the filter stage 34 is significantly less than the Hall and
amplifier offsets, thereby minimizing the contribution of such “back-end” offset. Once
an overall gain is selected, how much gain is provided by any given amplifier 30a —30n
requires consideration of various factors such as bandwidth and response time. For
example, in closed loop configurations, the higher the gain for a particular stage, the
lower the bandwidth; however, the lower the bandwidth, the slower the sensor response

time. It will be appreciated that in embodiments containing more than one amplifier 30a

9
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— 30n, each amplifier need not be identical in terms of topology and specifications. For
example, the gain of the different amplifiers 30a — 30n may vary. Also the topologies

may vary. For example, the amplifiers 30a — 30n may be closed or open loop amplifiers.

Whether one or more of the amplifiers 30a — 30n includes one or two modulation
circuits 42a — 42n, 46a — 46n is based on whether the Hall plate modulation circuit 22
modulates the Hall offset signal component V,, or the magnetic signal component Vy,
since as mentioned above, in the former case, an even number of modulation circuits is
required between the output of the Hall plate modulation circuit 22 and the input of the
filter stage 34 in order to cancel the offset signal component and in the latter case, an odd
number of modulation circuits is required between the output of the Hall plate
modulation circuit and the input of the filter stage in order to cancel the offset signal

component.

As mentioned above, the anti-aliasing filter 38 removes frequency components as
necessary to ensure that the selective filter 40 meets the Nyquist criterion for noise
signals. In the illustrative embodiment, in which the selective filter 40 samples at a
frequency of 2fc k., the filter 38 has a cutoff frequency on the order of 0.35fcLk. As will
be appreciated by those of ordinary skill in the art, various filter designs are possible for
the low pass filter and the particular cutoff frequency of the filter 38 is a function of the

sampling frequency of the selective filter 40 and the desired sensor response time.

The selective filter 40 is tuned to a frequency at which incoming signals are
eliminated and also attenuates other frequency components above a given bandwidth. In
particular, the selective filter 40 is tuned to a frequency selected to ensure removal of the
offset signal component with its associated ripple. Thus, the selective filter is tuned to
the clock frequency fcLk at which the offset signal component is modulated when it

reaches the selective filter.

In the illustrative embodiment, the seiective filter 40 is a sampled data filter in the

form of a sinc filter having a frequency domain transfer function shaped like a sinc

10
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function (see Figure 7A) and a time domain transfer function shaped like a rectangular
function. The selective filter 40 is a discrete time filter in the sense that its zeros in the
frequency domain are at exactly the harmonics related to one-half of the sample
frequency. In one preferred embodiment, the selective filter samples at a frequency equal
to twice the sensor clock frequency fc k. Thus, in this embodiment, the zeros are located
at N(fse/2) or NfcLk, where N is any integer. Thus, the filter 40 removes all the signal
components at the clock frequency fCL;K and its harmonics and attenuates the other
frequency components above a given bandwidth. [n this way, the selective filter
eliminates the undesired output ripple, whose amplitude is proportional to the DC input
offset signal component. Thus, the resulting sensor output signal 36 includes only the
magnetic signa! component, since the selective filter entirely eliminates the otfset signal
component with its associated ripple. The extent of attenuation at frequencies other than
harmonics of the clock frequency is a function of the number of samples of the input
signal taken within one clock period, with greater attenuation achieved by taking more
samples. It will be appreciated by those of ordinary skill in the art that the particular
selection of the sample frequency requires a tradeoff between greater signal attenuation
as is achieved by averaging a larger number of samples (as will provide a higher overall
sampling frequency) versus area efficiency achieved by using the minimum number of

samples (as will provide a lower overall sampling frequency).

it will be appreciated by those of ordinary skill in the art that while the illustrative
selective filter 40 is a sample based sinc filter, alternative filter designs are possible while
still achieving the benefits of the illustrative selective filter; namely, of eliminating the
offset signal component with its associated ripple. In a preferred embodiment, the
selective filter 40 is an averaging filter and may take the form of a continuous time filter,
discrete time filter, an analog filter, or a digital filter. As one example, a continuous time

comb filter may be used.

The filter stage 34 may include an optional smoothing filter 44 to further attenuate
high frequency content (not located at the clock harmonics) in addition to the attenuation

already supplied by the selective filter 40. Additionally, since this smoothing filter 44 is
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only intended for high frequency attenuation (secondary side lobes of the selective filter
transfer function), its cutoff frequency does not need to be small. For example, in the
illustrative embodiment, the smoothing filter has a cutoff frequency of at least fci k. Thus,

the smoothing filter 44 does not introduce any significant delay to the sensor.

Referring also to Figure 2, a conventional switched Hall plate 50 of the type that
modulates the Hall offset signal component is shown to include a Hall element or plate
52 and a Hall plate modulation switch circuit 54. The Hall element 52 includes four
equally spaced contacts 52a, 52b, 52c, and 52d, each coupled to a first terminal of a
respective switch 56a, 56b, 56¢c, and 56d, as shown. A second terminal of switches 56b
and 56¢ are coupled to provide the positive node of the switched Hall output signal 16,
here labeled Vo+, and the second terminal of switches 56a and 56d are coupled to

provide the negative node of the switched Hall output signal 16, here labeled Vo-.

Additional switches 60a, 60b, 60c, and 60d are arranged to selectively couple the
Hall contacts 52a, 52b, 52¢, 52d to the supply voltage Vs and ground. More particularly,
switches 56b, 56d, 60a, and 60c are controlled by a clock signal CLK and switches 56a,
56c, 60b, and 60d are controlled by a complementary clock signat CLK/, as shown. The
clock signals CLK and CLK/ have two states, a ®q- state and a Dgg- state, as shown in

Figure 2A.

In operation, during phase ®¢-, current flows from terminal 52a to 52c and the
switched Hall output signal Vo is equal to Vi + Vo, where V., is the Hall plate offset
voltage or Hall offset signal component and Vy is the magnetic signal component.
During phase ®gg-, current flows from terminal 52b to 52d and the switched Hall output
signal Vo is equal to Vi - V;,,,. Thus, the modulation switch circuit 54 modulates the Hall
offset signal component V,, as shown in Figure 2B for zero Gauss. The magnetic signal

component Vy remains substantially invariant, as shown in Figure 2C.

Referring also to Figure 3, an alternative conventional switched Hall plate 70 of the type

that modulates the magnetic signal component is shown to include a Hall element 72 and

12
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a Hall plate modulation switch circuit 74. The Hall element 72 is identical to element 52
of Figure 2 and includes four contacts 72a, 72b, 72¢, and 72d, each coupled to a first
terminal of a respective switch 76a, 76b, 76¢c, and 76d. A second terminal of switches
76a and 76b are coupled to provide the positive node of the switched Hall output signal,
here labeled Vo+, and the second terminal of switches 56c and 56d are coupled to
provide the negative node of the switched Hall output signal, here labeled Vo-. Thus, a
comparison of Figures 2 and 3 reveals that the output contacts of the Hall element are

interchanged during the ®gy- phase.

Additional switches 80a, 80b, 80c, and 80d are arranged to selectively couple the
Hall contacts 72a, 72b, 72¢, and 72d to the supply voltage Vs and ground. Switches 76b,
76d, 80a, and 80c are controlled by clock signal CLK and switches 76a, 76¢, 80b, and
80d are controlled by complementary clock signal CLK/, as shown. Clock signals CLK
and CLK/ are identical to like signals in Figure 2 and thus have two states ®y- and ®gp-, as

shown.

In operation, during phase ®¢-, current flows from terminal 72a to 72c and the
switched Hall output signal Vo is equal to Vi3 + V. During phase ®gp-, current flows
from terminal 72b to 72d and the switched Hall output signal Vo is equal to =Vyu+ V.
Thus, the modulation switch circuit 54 modulates the magnetic signal component to
provide a modulated magnetic signal component Vp, as shown in Figure 3C for zero
Gauss. The Hall offset signal component V,, remains substantially invariant as is shown

in Figure 3B.

It is noteworthy that in the switched Hall plate 50 of Figure 2, the Hall otfset
voltage can be represented as a voltage source 58 between the Hall element 52 and the
Hall plate modulation switch circuit 54. Thus, the Hall offset voltage 58 is added to the
amplitier offset voltage 48a for example (Figure 1) after being modulated by the Hall
plate modulation circuit 54 (Figure 2) and demodulated by the modulation circuit 42a (if
the same clock frequency fcik is used for the Hall element and the amplifier). in contrast,

in the switched Hall plate 70 of Figure 3, the Hall offset voltage appears at the output of



WO 2008/048379 PCT/US2007/014667

the switched Hall plate, as shown by voltage source 78. Thus, the Hall offset voltége 78
is indistinguishable from the amplifier offset voltage 48a for example in embodiments not
including optional modulation circuit 42a (Figure 1). Thus, in both cases, the Hall offset
voltage and the amplifier offset voltage will be simultaneously processed and cancelled

by the sensor 10 of the present invention.

Referring to Figure 4, a chopped Hall effect sensor 100 according to the invention
includes a switched Hall plate 50 of the type shown in Figure 2 that provides a switched
Hall output signal 114 comprising a modulated Hall offset signal component Vo, and a
substantially invariant magnetic signal component Vu, as shown in Figure 4A. Also
shown in dotted lines in Figure 4A is the substantially invariant magnetic signal
component of the signal 114. The sensor 100 further includes a chopped amplifier 110
having an input coupled to the output of the switched Hall plate 50 and an output at
which an amplified signal 116 is provided. A filter stage 120, like filter stage 34 of
Figure 1, has an input coupled to the output of the amplifier stage 110 and an output at
which the sensor output signal 118 is provided. The filter stage 120 is shown without the

optional smoothing filter (labeled 44 in Figure 1).

The amplifier 110 is a closed loop amplifier having a feedback network 124, as
shown. One illustrative embodiment of the feedback network 124 is shown and
described in connection with Figure 6. Use of a closed loop amplifier is desirable due to
the resulting high linearity and gain stability over frequency, temperature, process and
power supply levels. Furthermore, because the magnetic signal component Vi (Figure
4A)is at basebzind, the tighter bandwidth required of the closed loop amplifier 1 10 does
not adversely impact recovery of the magnetic signal component. An additional
advantage to the closed loop amplifier 110 in the embodiment of Figure 4 is the ability to
provide a higher gain amplifier while maintaining the same gain bandwidth product,
therefore reducing the closed loop bandwidth as much as might be necessary to achieve

stability.
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Depending on the type of feedback network used, significant area savings may be
achieved in the filter stage 34. For example, if a Miller compensation scheme is used,
where the “reflected” capacitance sets the cutoff frequency, and the bandwidth is able to
be set to achieve both loop stability and to allow the selective filter 150 to meet the
Nyquist criteria, then the low pass filter 144 can perform the functionality of both the
Miller stage and the anti-aliasing filter. Alternatively, if the bandwidth cannot be set to
meet both the stability and anti-aliasing requirements, regardless of whether the
compensation scheme includes a Miller stage, then a separate anti-aliasing filter must be

provided and the feedback loop can be closed before the anti-aliasing filter.

The switched Hall output signal |14 is coupled to an input of a summing node
126 and the feedback network 124 is also coupled to an input of the summing node 126,
as shown. The summing node 126, like others described herein, may be a current or a
voltage summing node. The output of the summing node 126 is coupled to a first
modulation circuit, here shown in the form of a pair of cross-coupled switches 130 that
modulate the incoming signal at the clock frequency fci k. The output signal 132 of
modulation circuit 130 thus contains a modulated magnetic signal component and a
demodulated offset signal component, as shown in Figure 4B. Also shown in dotted lines
in Figure 4B is the demodulated offset signal component 132a. Note that the offset signal
component of the signal 132 includes the Hall offset signal component V, (as
represented by voltage source 58 in Figure 2) and the amplifier offset signal component

Voa (as represented by voltage source 134 in Figure 4).

In order to obtain a fast sensor step response time, the clock frequency fcix 1s
selected such that the clock period is in the order of one-half (or less) of the desired step

response time (SRT). In one illustrative embodiment in which the desired step response

time is on the order of 2.0us, the clock frequency is on the order of IMHz.

Gain stage 138 provides an amplified signal to a further modulation circuit, here
shown in the form of a pair of cross-coupled switches 140, as shown. The gain stage 138

must have a bandwidth farge enough to pass the modulated magnetic signal component.
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In one illustrative embodiment, the gain stage bandwidth is at least five times the clock
frequency fcik. Thus, the tighter bandwidth required to implement the amplifier 110 ina
closed loop form must be balanced with the minimum bandwidth necessary to pass the
desired magnetic signal component. Since the modulated magnetic signal component
does not go through the filter 144 or the Miller feedback stage 124, the closed loop
bandwidth does not atfect the modulated signal bandwidth. Only the amplifier’s section
through which the modulated magnetic signal component passes needs to have enough

bandwidth to pass the desired magnetic signal component.

Modulation circuit 140 operates at the clock frequency fcik to provide the
amplified signal 116 containing a demodulated magnetic signal component and a
modulated offset signal component, as shown in Figure 4C. Also shown in dotted lines
in Figure 4C is the demodulated magnetic signal component 116a. Note again that the
offset being modulated by the modulation circuit 140 includes the Hall offset and the

amplifier offset which are added at the output of the first modulation circuit 130.

The amplified signal 116 is coupled to the filter stage 120 and more particularly,
to the anti-aliasing, low pass filter 144, as shown. Recall that the purpose of the filter 144
is to perform an anti-aliasing function by removing frequency components that would
fold-back to the baseband. In the illustrative embodiment, the selective filter 150
samples at a frequency equal to twice the clock frequency fcix. Thus, in order to perform
its anti-aliasing function, the cutoff frequency of the filter 144 must be limited to a

maximum of the clock frequency fcx and in one illustrative embodiment is on the order

of 0.35fc k-

The low pass filter 144 provides the filtered signal 148 of Figure 4D that includes
a partially attenuated modulated offset signal component and a demodulated magnetic
signal component. Thus, the signal 148 contains successive alternating polarity
exponential responses which is the chopped amplifier’s residual ripple. The degree of
attenuation of the ripple depends directly on the cutoff frequency of the filter 144. Also

shown in dotted lines in Figure 4D is the demodulated magnetic signal component 148a.
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In order to obtain a fast response time, the time constant t of the filter 144 must
be such that the rise time does not exceed one-half of the desired step response time
(SRT). Assuming that the rise time equals about 2.2t (as is typical for first order
systems), and that the clock period is one-half the desired response time, then the cutoff
frequency of the filter 144 is selected to be on the order of 0.35fc k. More particularly,
Tewk = 1/2*SRT = 1/2*(2*rise time) = 2.21. Since foyorr= 1/(2¥1*1), we get
1/(2*t*(Terk/2.2) or fanorr= 0.35fcik. With such a cutoff frequency, the filter 144 will
not totally attenuate the ripple since the ripple contains harmonics of fcLk. However, the

selective filter 150 does completely eliminate the ripple as will become apparent.

The selective filter 150 is a discrete time filter having zeros located at N(fs¢/2),
where N is any integer and fsr is the sampling frequency. In one illustrative embodiment
shown and described below in conjunction with Figure 7, the selective filter 150 is a time
domain averaging filter with which the input signal 148 is averaged at the rate fc.x and
the sampling frequency fsr is selected to be equal to two times the clock frequency feix.
The resulting sensor output signal 118 is shown in Figure 4E to include only the magnetic
signal component (identical to magnetic signal component 148a as provided at the output
of the filter 144), since the selective filter entirely eliminates the offset signal component

148 with its associated ripple.

As is apparent from consideration of Figure 4, this embodiment contains an even
number of modulation circuits between the output of the Hall plate modulation circuit 50
that modulates the Hall offset signal component and the input to the filter stage [20.
Specifically, the modulation circuit output signal 114 is processed by two modulation
circuits 130 and 140, before reaching the low pass filter 144. Modulation circuit 130
demodulates the offset signal component to baseband and modulation circuit 140 then up-
converts the offset signal component so that the selective filter 150 can remove the offset

and its associated ripple to thereby recover the desired magnetic signal component.
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Referring to Figure 5, an alternative Hall effect sensor 200 according to the
present invention includes a switched Hall plate 70 of the type shown in Figure 3 that
provides a switched Hall plate output signal 214 comprising a substantially invariant Hall
offset signal component V,,, and a modulated magnetic signal component Vg, as shown
in Figure 5A. Also shown in dotted lines in Figure 5A is the substantially invariant Hall
offset signal component V,,. The sensor 200 further includes a chopped amplifier 210
having an input coupled to the output of the switched Hall plate 70 and an output at
which an amplified signal 216 is provided. A filter stage 220 has an input coupled to the
output of the amplifier stage 210 and an output at which the sensor output signal 218 is

provided. Here again, the optional smoothing filter is not shown.

As in the embodiment of Figure 4, the amplifier 210 is a closed loop amplifier
having a feedback network 224, as shown. The illustrative feedback network shown in
Figure 6 is suitable to provide the feedback network 224 in the embodiment of Figure 5.
It will be appreciated by those of ordinary skill in the art, that the same advantages
described above in connection with the closed loop amplifier 110 of Figure 4 are realized

in the sensor of Figure 5 (e.g., high linearity, gain stability, higher gain and area savings).

As with the embodiment of Figure 4, since the magnetic signal component at the
input to gain stage 238 is modulated, the tighter bandwidth required to implement the
amplifier 210 in a closed loop form must be balanced with the minimum bandwidth
necessary to pass the desired magnetic signal component. Since the modulated magnetic
signal component does not go through the filter 244 or the Miller feedback stage 224, the
closed loop bandwidth does not affect the modulated signal bandwidth. Only the
amplifier section through which the modulated magnetic signal component passes needs

to have enough bandwidth to pass the desired magnetic signal component.

A summing node 226 has inputs coupled to the feedback network 224 and an
output coupled to a first modulation circuit, shown here in the form of a pair of cross-

coupled switches 230 that modulate the incoming signal at the clock frequency fek. The
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output signal of modulation circuit 230 is coupled to an input of the gain stage 238. The
switched Hall output signal 214 is also coupled to the input of the gain stage 238, as
shown. Thus, in this embodiment, the switched Hall output signal 214 is not processed
by the modulation circuit 230. Also shown at the input to the gain stage 238 is a voltage

source 234 representing the amplifier offset signal component V,.

Gain stage 238 provides an amplified signal to a further modulation circuit, here
in the form of a pair of cross-coupled switches 240, as shown. As noted, the gain stage
238 must have a bandwidth large enough to pass the magnetic signal component that has
been modulated by the switched Hall plate 70. In one illustrative embodiment, the gain

stage bandwidth is at least five times the clock frequency fcik.

Modulation circuit 240 operates at the clock frequency fcLk to provide the
amplified signal 216 having a demodulated magnetic signal component and a modulated
offset signal component, as shown in Figure 5B. Also shown in dotted lines in Figure 5B
is the demodulated magnetic signal component 216a. Note again that the offset being
modulated by the second |ﬁ0dulation circuit 240 includes the Hall offset signal
component Vg, (as represented by voltage source 78 in Figure 3) and the amplifier offset
signal component V4, (as represented by voltage source 234 in Figure 5), which offsets

are added at the input to the gain stage 238.

For reasons described above in connection with Figure 4, the cutoff frequency of
the filter 244 is selected to be on the order of 0.35fc k. With such a cutoff frequency, the
filter 244 will not totally attenuate the ripple caused by the offset signal component since
the ripple contains harmonics of fc k. However, the selective filter 250 does completely
eliminate the ripple. The output signal 248 of the low pass filter 244 is shown in Figure
5C. Also shown in dotted lines in Figure 5C, is the demodulated magnetic signal

component 248a of the signal 248.

Here, the sampling frequency fsr of the selective filter 250 is selected to be equal

to two times the clock frequency fcik, resulting in the filter zeros being located at fcik
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and its harmonics. Thus, since the selective filter 250 removes frequency components at
feLx and its harmonics, the undesired output ripple, that has an amplitude proportional to
the DC offset signal component, and thus the offset signal component itself is eliminated.
The resulting sensor output signal 218 is shown in Figure 5D to include only the
magnetic signal component (identical to magnetic signal component 248a as provided at
the output of the filter 244), since the selective filter entirely eliminates the offset signal

component.

As in the embodiment of Figure 4, the selective filter 250 is a time domain
averaging filter with which the input signal 248 is averaged at the rate fcik. An
illustrative embodiment for the selective filter 250 is described and shown in connection

with Figure 7.

As is apparent from consideration of Figure 5, this embodiment contains an odd
number of modulation circuits between the output of the Hall plate modulation circuit 70
that modulates the magnetic signal component and the input to the filter stage 220.
Specifically, the modulation circuit output signal 214 is processed by one modulation
circuit 240, before reaching the low pass filter 244. Modulation circuit 240 up-converts
the offset signal component so that the selective filter 250 can remove the offset and its

associated ripple to thereby recover the desired magnetic signal component.

The modulation circuit 230 is shown in dotted lines to illustrate that its position
may be varied. More particularly, the modulation circuit 230 may be positioned as
shown in Figure 5, between the summing node 226 and the gain stage 238. Alternatively,
the modulation circuit 230 may be provided as part of the feedback network 224. In
either position, the modulation circuit 230 modulates the feedback signal prior to its
being added to the modulated magnetic signal component at the input to the gain stage

238.

Referring to Figure 6, a portion of a Hall effect sensor 300 similar to Hall effect

sensor 200 of Figure 4 is shown to include an illustrative feedback network 310 ot the
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type suitable to provide the feedback network 124 of Figure 4 or the feedback network
224 of Figure 5. The sensor portion 300 includes an amplifier 312, similar to amplifier
210 of Figure 4 and thus, including a summing node 314, a first modulation circuit, here
shown in the form of a pair of cross-coupled switches 318, a gain stage 320, and a second
modulation circuit, here shown in the form of a pair of cross-coupled switches 324, all
arranged and operable as described in connection with similar respective elements 126,
130, 138, and 140 of Figure 4. The sensor portion 300 further includes an anti-aliasing
low pass filter 328 arranged and operable as described in connection with similar filter

144 of Figure 4.

The feedback network 310, like the feedback network 124 of Figure 4, has an
input coupled to the output of the filter 328 and provides a feedback signal to an input of
summing node 314. In some embodiments, it is desirable to provide the feedback
network 310 with the capability of adjusting the gain of the amplifier 312. This feature is
particularly advantageous in applications which provide sensitivity/gain trimming, for
example in applications where airgaps need to be calibrated and adjusted to a certain
range. To this end, preferably, the feedback network 310 includes an active amplifier,
such as a transconductance amplifier whose output current can be adjusted to a desired
level. As one example, the feedback network 310 may include a Gilbert cell which is a
current multiplier that can be used to adjust the gain of the feedback amplifier 334 and
thus, the overall closed loop gain. It will be appreciated by those of ordinary skill in the
art that other feedback networks can be used to provide gain adjustment capabilities for
the feedback amplifier, such as by changing a resistor, a voltage or a current, thereby

allowing the overall gain of the Hall effect sensor to be adjusted or programmed.

More particularly, the feedback network 310 includes a first modulation circuit,
shown here in the form of a pair of cross-coupled switches 330 having an input coupled
to the output of filter 328 and an output coupled to a feedback gain stage 334. The output
of the gain stage 334 is coupled to an input of a further modulation circuit, also shown
here in the form of a pair of cross-coupled switches 338, which switches provide at an

output the feedback signal for coupling to the summing node 314, as shown. The
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modulation circuits 330, 338 modulate the respective input signal at the clock frequency

fork.

Given the active elements of the Gilbert cell network 310, it may be desirable to
eliminate the offset contribution from this network. To this end, the feedback amplifier
334 may be chopped, as provided in the embodiment of Figure 6 with modulation circuits
330 and 338. With this arrangement, the modulated offset coming from the feedback
amplifier 334 goes around the loop and also through the filter 328, so that this offset is
treated in the same way as both the offset signal component from the Hall plate and the

offset signal component from the forward amplifier 320.

It will be appreciated by those of ordinary skill in the art that the feedback
network 310 of Figure 6 is one of various ways to implement the feedback network. As

one example, a resistive feedback network could be used.

Referring to Figure 7, an illustrative selective filter 400 of the type suitable for
use as the selective filter 40 of Figure |, the selective filter 150 of Figure 4, or the
selective filter 250 of Figure 5 includes a first sample and hold circuit 404 and a second
sample and hold circuit 408, each having an input responsive to an anti-alias filtered
signal, like signal 148 of Figure 4 or signal 248 of Figure 5. Each sample and hold circuit
404, 408 has an output coupled to an averaging network 410, as shown. The output

signal 412 of the averaging network 400 provides the output of the selective filter 400.

Referring also to Figure 7A, in the frequency domain, the transfer function 420 of
the filter 400 is shaped like a sinc function, while in the time domain is shaped like a
rectangular function. The filter 400 removes frequency components at N(fsr/2), where N
is any integer and fgr is the sampling frequency and attenuates higher frequency
components. In the illustrative embodiment in which the sampling frequency fs is equal
to twice the clock frequency fcik, the filter removes components at fcuk and its

harmonics.
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It is important to note that the selective filter 400 provides a negligible attenuation
from DC up to approximately fsr/8, with the attenuation increasing gradually trom that
frequency up to fse/2. Ideally, at a frequency of fs¢/2, the attenuation is infinite (i.e., zero
in the frequency domain), as shown in Figure 7A. However, this does not pose a
constraint on the system, assuming that the bandwidth for the magnetic signal component
being processed is much smaller than fsr. While an input step signal, which might
represent a fault condition in, for example, a battery current sensor application, would not
have such a bandwidth much smaller than fs, this too is not problematic since, in this
scenario, the system is not focused on providing an exact replica of the input waveform
but rather is focused on reacting fast enough in order to eventually trigger a comparator

controlling the battery supply connections.

Referring also to Figure 7B signals 148 and 148a of Figure 4D are shown with
notations to illustrate operation of the selective filter 400. In operation, the first sample
and hold circuit 404 samples the input signal in response to a sample clock signal 406
having a frequency equal to the modulation frequency fcix and a phase @, whereas the
second sample and hold circuit 408 samples the input signal in response to a sample
clock signal 412 at the same frequency fcLk, but at a phase ® + 8, where 8 is equal to
180°. Described another way, the first sample and hold circuit 404 samples the input
signal at times t=t0+N*Tgp=t0+(N/2)*Tc1k; whereas the second sample and hold circuit
408 samples the input signal at times t=t0+(N=+1)*Tsp=t0+((N+1)/2)*TcLk, where t0 is an
arbitrary time and N is an integer. Short pulses are used to perform the sampling
operation. The duration of the pulses is set large enough to allow the signal to reach its
final value before holding, as is a function of the RC time constant associated with the
resistance of the sample and hold switches and the capacitance of the capacitor. In one

illustrative embodiment, the pulse width is on the order of 200ns.

For simplicity of illustration, the sample and hold circuit 404 is shown in Figure
7B to sample the input signal at the peaks of the signal 148 and the sample and hold
circuit 408 samples the input signal at the valleys of the signal. Since the peaks of the

input signal 148 correspond to transitions of the modulation clock signal, in the illustrated
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example, the sample clock signals coincide with transitions of the modulaﬁon clock
signal. However, it will be appreciated that the phase shift between the sample clock
signals and the modulation clock signal can be arbitrary. In fact, it may be desirable to
sample the input signal closer to the zero crossing of the ripple in order to avoid large

signal excursions.

This synchronized sampling of the input signal at twice the ripple frequency
allows averaging the ripple signal, thereby completely removing it. Furthermore, the
ripple average value is obtained after just one modulation clock period 1/fcLk and thus,

this is the only delay the selective filter introduces.

According to the selective filter operation described thus far, in which the input
signal is averaged at the modulation frequency rate of fc .k, several samples are
accumulated, averaged, and then discarded in order to accumulate and average new
samples to provide the next averaged signal value. This type of filter operation may be
referred to as an “accumulation and dump” operation and may be described in the context
of the illustrative circuit as the selective filter output signal comprising a plurality of
signal averages, with each signal average being based on samples of the anti-aliasing

filter output signal taken within a single modulation clock cycle.

It will be appreciated by those of ordinary skill in the art however that,
alternatively, a running average may be used in which N samples are stored and averaged
to provide a first averaged signal value and when a new sample is taken (i.c., sample
N+1), the oldest previously stored sample (i.e., sample 1) is dropped and a new averaging
is performed based on the previously stored samples (i.e., samples 2, 3, ... N) and the
new sample (i.e., sample N+1). In this case, the input signal is averaged at the sampling
rate fsr. In the context of the illustrative circuit, this type of running average operation
may be described as the selective filter output signal comprising a plurality of signal
averages, with each signal average being based on a plurality of samples of the anti-
aliasing filter output signal used to provide a previous signal average and a new sample

of the anti-aliasing tilter output signal.
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Advantageously, the selective filter 400 has the property of tracking any change
on the clock frequency, for example as may be due to temperature or process variations.
This is because the sampling frequency fs is selected to be twice the clock signal
frequency feik and is in tact generated from the clock signal. With this arrangement,
precise synchronization of the filter 400 to the ripple frequency feuk is achieved, thereby

ensuring accurate cancellation of the offset ripple.

As noted above in connection with Figure I, in addition to removing all the signal
components at the clock frequency fcuk and its harmonics, the filter also attenuates the
other frequency components above a given bandwidth. The extent of attenuation at
frequencies other than harmonics of the clock frequency is a function of the number of
samples of the input signal taken within one clock period, with greater attenuation in the
filter sidelobes being achieved by taking more samples. The particular selection of the
sample frequency requires a tradeoff between greater signal attenuation as is achieved
with by taking more samples (i.e., a higher overall sampling frequency) versus area
efficiency achieved by taking fewer samples (i.e, a lower overall sampling frequency). It
will be appreciated by those of ordinary skill in the art that the illustrative embodiment in
which the sample frequency fsr is twice the clock frequency fcik represents the minimum

sample frequency possible to achieve the selective filter averaging operation.

More generally, the selective filter may be designed to take N pairs of samples of
the input signal during each clock cycle, again where 1 is the minimum value of N.
Samples are taken in pairs (i.e., an even number of samples are taken during each clock
cycle) in order to average out the ripple during each clock cycle, which ripple is
symmetrical around the magnetic signal component. With this arrangement, the sampling
frequency fsr is a multiple of the modulation frequency fcik. For proper selective filter
operation, the clock signals controlling a given pair of samples are separated in phase by
180 degrees and the clock signals controlling different pairs of samples are arbitrarily

separated in phase.
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Thus, the more general filter may be described as including a plurality of sample
and hold circuits arranged in pairs, each having an input coupled to the output of the anti-
aliasing filter and an output. Specifically, the filter includes N pairs of sample and hold
circuits, or 2N sample and hold circuits. The filter further includes an averaging circuit
having a plurality of inputs, each coupled to the output of a respective sample and hold
circuit, and an output at which the selective filter output signal is provided. Each of the
2N sample and hold circuits samples the low-pass filtered signal at the modulation
frequency fcik (so that the signal is sampled during each clock cycle at a multiple of the
modulation frequency) and at a phase separated from the phase of the other sample and
hold circuit of the same pair by 180 degrees and a phase arbitrarily separated from the

phase of the other sample and hold circuit pairs.

Referring to Figure 8, a further alternative chopped Hall effect sensor 500
according to the invention includes switched Hall plate 50 of the type described in Figure
3 that modulates the offset signal compaonent. The sensor 500 further includes a chopped
amplifier 510 having an input coupled to the output of the switched Hall plate 50 and an
output at which an amplified signal 516 is provided. A filter stage 520 has an input
coupled to the output of the amplifier stage 510 and an output at which the sensor output

signal 518 is provided. Again, the optional smoothing filter is not shown.

The amplifier 510 is substantially identical to the amplifier 110 of Figure 4 and
thus includes a summing node 526, a tirst modulation circuit, shown here in the form of a
pair of cross-coupled switches 530, a gain stage 538, and a second modulation circuit,
also shown here in the form of a pair of cross-coupled switches 540, all arranged and
operable in the same manner as like respective components 126, 130, 138, and 140 in
Figure 4. The filter stage 520 is substantially identical to the filter stage 120 of Figure 4
and thus, includes an anti-aliasing filter 544 and a selective filter 550 (which may be of
the type shown in Figure 7), arranged and operable in the same manner as like respective

components 144 and 150 in Figure 4.
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As in the embodiment of Figure 4, the amplifier 510 is a closed loop amplifier
having a feedback network 524, as shown. The illustrative teedback network 310 shown

in Figure 6 is suitable for use to provide the feedback network 524 in the embodiment of

Figure 8.

The sensor 500 of Figure 8 differs from the sensor 100 of Figure 4 in that, in
Figure 8, the amplifier loop is closed around the selective filter 550. Thus, the feedback
network 524 has an input coupled to the output of the selective filter 550 and an output

coupled to the summing node 526, as shown.

This arrangement is advantageous in embodiments in which the poles associated
with the amplifier loop are located so as to prevent the zeros introduced by the selective
filter 550 from adversely impacting the loop stability. In other words, with the selective
filter 550 positioned within the amplifier loop as shown in Figure 8, the zeros introduced
by the selective filter (as will be located at harmonics of the sample frequency) will
contribute to the loop stability. Again, depending on the location of the poles, this might
not be problematic. And positioning the selective filter 550 within the amplifier loop
provides the benefit of minimizing the impact of the any offset associated with the
selective filter on the overall system offset. This is because, with the selective filter
positioned as shown in Figure 8, its offset contribution is divided by the open loop gain,
which is typically on the order of 60 to 100dB, thereby making its contribution to the
overall system offset performance negligible. By contrast, in the embodiments of Figures
4 and 5, in which the respective selective filter is located outside of the amplifier loop,
any offset associated with the selective filter may impact the overall offset performance,

particularly, if the chopped amplifier gain is not large by comparison.

Referring to Figure 9, a waveform 900 representing an illustrative magnetic step
disturbance is shown. Figure 9A shows an illustrative step response of the anti-aliasing
filter of the inventive Hall effect sensor, for example of filter 38 of Figure |, filter 144 of
Figure 4, filter 244 of Figure 5 and filter 544 of Figure 8, for a sensor having an amplifier

bandwidth on the order of 250K Hz in response to the input step disturbance of Figure 9.
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In particular, the output of the anti-aliasing filter is shown in Figure 9A both for the case
where a Hall offset voltage exists (as labeled 904) and for the case where there is no Hall
offset voltage (as labeled 908). And Figure 9B shows an illustrative step response 910 of
the selective filter of the inventive chopped Hall effect sensor, for example of filter 40 of
Figure 1, filter 150 of Figure 4, filter 250 of Figure 5, and filter 550 of Figure 8 in
response to the input step disturbance of Figure 9. As can be seen in Figure 9, the

selective filter introduces a delay of only one clock cycle.

In summary, the above-described Hall effect sensors 10 of Fi guré 1, 100 of Figure
4,200 of Figure 5, and 500 of Figure 8 provide an effective circuit topology to remove
undesirable Hall and amplifier offset signal components and provide the recovered
magnetic signal component without ripple, without fold-back noise and with a fast
response time. The selective filter averages the ripple, thereby completely removing it,
without introducing significant delay (just 1/fcik). The anti-aliasing low pass filter
prevents noise fold-back, and a fast step response time is achieved by proper design
considerations including selection of the clock signal frequency fcik and the anti-aliasing

filter cutoff frequency.

All references cited herein are hereby incorporated herein by reference in their

entirety.

Having described preferred embodiments of the invention, it will now become
apparent to one of ordinary skill in the art that other embodiments incorporating their

concepts may be used.

For example, while the Hall effect sensor embodiments described herein have the
Hall plate modulation circuit operating at the same modulation frequency as the signal
modulation performed by the amplifier stage, it will be appreciated by those of ordinary
skill in the art that, in certain instances, it may be desirable to modulate the Hall offset
signal component at one frequency and the amplifier offset at a different frequency. In

this case, the modulation frequencies must be far enough separated and the selective filter
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must be tuned to both frequencies in order to properly demodulate the signals and keep

them separated.

It will also be appreciated by those of ordinary skill in the art that Hall effect
sensors according to the invention may include more than one (i.e., N) Hall plates for
providing respective current or voltage output signals in various arithmetic combinations
of the sensed magnetic field. In this case, N modulation circuits are provided, each
processing the output signal of a respective Hall plate and providing an output signal for
coupling to a summing node for further processing as described above in connection with

the various embodiments ot the inventton.

It is felt therefore that these embodiments should not be limited to disclosed
embodiments, but rather should be limited only by the spirit and scope of the appended

claims.

What is claimed is:
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CLAIMS
1. A Hall effect sensor comprising:

a Hall element having an output at which is provided a Hall output signal that
varies in response to a magnetic field, the Hall output signal comprising a magnetic
signal component and an offset signal component;

a Hall plate modulation circuit having an input responsive to the Hall output
signal and having an output at which is provided a modulation circuit output signal,
wherein the Hall plate modulation circuit is operable to modulate one of the magnetic
signal component or the offset signal component at a modulation frequency feik;

an amplifier having an input responsive to the Hall plate modulation circuit output
signal and an output at which is provided an amplifier output signal; and

a filter having an input responsive to the amplifier output signal and an output at
which is provided a sensor output signal, wherein the filter comprises an anti-aliasing

filter and a selective filter tuned at the modulation frequency.
2. The Hall effect sensor of claim | wherein the amplifier is a chopped amplifier.

3. The Hall effect sensor of claim 2 wherein the amplifier is chopped at the

modulation frequency.

4. The Hall effect sensor of claim 2 wherein the amplifier is chopped at a different

frequency than the modulation frequency.
5. The Hall effect sensor of claim 1 wherein the amplifier is a closed loop amplifier.

6. The Hall effect sensor of claim 5 wherein the amplifier comprises a feedback

network that is adjustable to adjust the gain of the amplifier.

7. The Hall effect sensor of claim | wherein the Hall plate modulation circuit is
operative to modulate the offset signal component and wherein the Hall effect sensor

comprises an even number of modulation circuits between the output of the Hall plate
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modulation circuit and the input of the filter.

8. The Hall effect sensor of claim 7 wherein the amplifier comprises:

a summing node having a first input coupled to the output of the Hall plate
modulation circuit, a second, feedback input, and an output;

a first modulation circuit having an input coupled to the output of the summing

node and an output;

a gain stage having an input coupled to the output of the first modulation circuit

and an output;

a second modulation circuit having an input coupled to the output of the gain

stage and an output; and

a feedback network having an input coupled to the filter and an output coupled to

the second input of the summing node.

9. The Hall effect sensor of claim 8 wherein the input of the feedback network is

coupled to an input of the anti-aliasing filter.

10. The Hall effect sensor of claim 8 wherein the input of the feedback network is

coupled to an output of the anti-aliasing filter.

1. The Hall effect sensor of claim 8 wherein the input of the feedback network is

coupled to an output of the selective filter.
12. The Hall effect sensor of claim 8 wherein the feedback network is chopped.

13. The Hall effect sensor of claim | wherein the Hall plate modulation circuit is
operative to modulate the magnetic signal component and wherein the Hall effect sensor
comprises an odd number of modulation circuits between the output of the Hall plate

modulation circuit and the input of the filter.

14, The Hall effect sensor of claim |3 wherein the amplifier comprises:
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a summing node having an tmput and an output;

a first modulation circuit having an input coupled to the output of the summing
node and an output;

a gain stage having an input coupled to the output of the Hall plate modulation
circuit and to the output of the first modulation circuit and an output;

a second modulation circuit having an input coupled to the output of the gain
stage and an output coupled to the filter; and

a feedback network having an input coupled to the filter and an output coupled to

the input of the summing node.

15. The Hall effect sensor of claim 14 wherein the input of the feedback network is

coupled to an input of the anti-aliasing filter.

16. The Hall etfect sensor of claim 14 wherein the input of the feedback network is

coupled to an output of the anti-aliasing filter.

17. The Hall effect sensor of claim 14 wherein the input of the feedback network is

coupled to an output of the selective filter.

18. The Hall effect sensor of claim 13 wherein the amplifier comprises:

a summing node having an input and an output;

a gain stage having an input coupled to the output of the Hall plate modulation
circuit and to the output of the summing node and an output;

a first modulation circuit having an input coupled to the output of the gain stage
and an output coupled to the filter; and

a feedback network having an input coupled to the filter and an output coupled to

the input of the summing node, wherein the feedback network is chopped.

19. The Hall effect sensor of claim 18 wherein the input of the feedback network is

coupled to an input of the anti-aliasing filter.
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20. The Hall effect sensor of claim 18 wherein the input of the feedback network is

coupled to an output of the anti-aliasing filter.

21. The Hall effect sensor of claim I8 wherein the input of the feedback network is

coupled to an output of the selective filter.

22. The Hall effect sensor of claim | wherein the anti-aliasing filter has an input
responsive to the amplifier output signal and an output at which a low-pass filtered signal
is provided and wherein the selective filter has an input coupled to the output of the anti-
aliasing filter and an output at which a selective filter output signal is provided and
wherein the selective filter comprises:

a plurality of sample and hold circuits arranged in pairs, each sample and hold
circuit having an input coupled to the output of the anti-aliasing filter and an output; and

an averaging circuit having a plurality of inputs each coupled to the output of a
respective one of the sample and hold circuits and an output at which the selective filter
output signal is provided, wherein each of the sample and hold circuits samples the low-
pass filtered signal at the modulation frequency and at a phase separated from the phase
of the other sample and hold circuit of the same pair by 180 degrees and at a phase

arbitrarily separated from the phase of the sample and hold circuits of the other pairs.

23. The Hall effect sensor of claim 22 wherein the selective filter output signal
comprises a plurality of signal averages, each signal average being based on samples of
the anti-aliasing filter output signal taken within a single cycle of a modulation clock

signal having the modulation frequency.

24. The Hall effect sensor of claim 22 wherein the selective filter output signal
comprises a plurality of signal averages, each signal average being based on a plurality of
samples of the anti-aliasing filter output signal used to provide a previous signal average

and a new sample of the anti-aliasing filter output signal.

25. The Hall effect sensor of claim | wherein the anti-aliasing filter has an input

a1
0
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responsive to the amplifier output signal and an output at which a low-pass filtered signal
is provided and wherein the selective filter has an input coupled to the output of the anti-
aliasing filter and an output at which a selective filter output signal is provided and
wherein the selective filter comprises:

a first sample and hold circuit having an input coupled to the output of the anti-
aliasing filter and an output;

a second sample and hold circuit having an input coupled to the output of the anti-
aliasing filter and an output; and

an averaging circuit having inputs coupled to the outputs of the first and second
sample and hold circuits and an output at which the selective filter output signal is
provided, wherein the first sample and hold circuit samples the low-pass filtered signal at
times t=t0+N-Tsr and wherein the second sample and hold circuit samples the low-pass
filtered signal at times t=t0+(N+1) - Tsp, wherein t0 is an arbitrary time, N is an integer

and Tsr is 1/ (2-fcLk), where feik is the modulation frequency.

26. The Hall effect sensor of claim | wherein the filter further comprises a smoothing
filter.
27. The Hall effect sensor of claim 1 further comprising;:

a plurality of Hall elements, each having an output at which is provided a Hall
output signal that varies in response to a magnetic field;

a plurality of modulation circuits, each having an input responsive to the Hall
output signal from a respective one of the plurality of Hall elements and an output at
which is provided a modulation circuit output signal; and

an element responsive to each of the modulation circuit output signals for
providing the modulation circuit output signal to the amplifier as a mathematical

combination of the plurality of modulation output signals.
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