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CHOPPER-STABILIZED ANALOG-TO-DIGITAL CONVERTER

TECHNICAL FIELD

This disclosure relates to analog-to-digital converters (ADCs) and, more

particularly, ADCs for low noise applications.
BACKGROUND

Sigma delta analog-to-digital converters (ADCs) are used in circuits to
accurately convert a variety of test and measurement signals to digital values. Often,
sigma delta ADCs are used in very low frequency applications that require high
resolution. For example, a sigma delta ADC may be incorporated in a biopotential
sensing circuit, i.e., a circuit configured to measure physiological signals, such as
electrocardiogram (ECQ), electromyogram (EMQG), electroencephalogram (EEG),
pressure, tissue impedance, and motion signals.

Measuring intrinsic and evoked biopotentials requires amplifying authentic
signals on the order of microvolts while rejecting large polarization potentials and
environmental noise on the order of volts. In addition to these external disturbances,
sigma delta ADCs fabricated with sub-micron processes have the additional burden of
rejecting random telegraph signal (RTS) noise, also referred to as popcorn noise. RTS
noise can produce random offsets that, some applications, may be large enough to be
erroncously classified as sense events. Hence, RTS noise in an ADC can undermine the
accuracy of a sensing device.

SUMMARY

This disclosure describes a chopper-stabilized sigma-delta analog-to-digital
converter (ADC). The ADC may be configured to provide accurate output at low
frequency with very low power. The ADC incorporates a mixer amplifier to
substantially reduce or eliminate noise and offset from an output signal produced by the
mixer amplifier. Dynamic limitations, i.e., glitching that result from chopper
stabilization at low power are substantially eliminated or reduced through a combination
of chopping at low impedance nodes within the mixer amplifier and feedback. The
signal path of the ADC operates as a continuous time system, and may provide minimal
aliasing of noise or external signals entering the signal pathway at the chop frequency or

its harmonics. In this manner, the chopper-stabilized ADC can be used in a low power
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system, such as an implantable medical device (IMD), to provide a stable, low-noise
output signal.

In one embodiment, the disclosure provides a chopper-stabilized analog-to-
digital converter (ADC) comprising a first modulator and a mixer amplifier. The first
modulator modulates an amplitude of an analog input signal at a clock frequency to
produce a modulated signal. The mixer amplifier amplifies the modulated signal to
produce an amplified signal and demodulates the amplified signal at the clock frequency
to produce an output signal. The ADC further comprises circuitry that converts the
output signal into a digital value that approximates the analog input signal, circuitry that
converts the digital value into reconstructed analog output signal, a second modulator
that modulates an amplitude of the reconstructed analog output signal at the clock
frequency, and a feedback path that applies the modulated output signal as a feedback
signal to the modulated input signal.

In another embodiment, the disclosure provides a physiological sensing device
comprising a physiological sensor that generates an input signal indicative of a
physiological condition, and a chopper-stabilized analog-to-digital converter (ADC).
The chopper-stabilized ADC further comprises a first modulator that modulates an
amplitude of the input signal at a clock frequency to produce a modulated signal, a
mixer amplifier that amplifies the modulated signal to produce an amplified signal and
demodulates the amplified signal at the clock frequency to produce an output signal,
circuitry that converts the output signal into a digital value that approximates the analog
input signal, circuitry that converts the digital value into reconstructed analog output
signal, a second modulator that modulates an amplitude of the reconstructed analog
output signal at the clock frequency, and a feedback path that applies the modulated
output signal as a feedback signal to the modulated input signal.

In an additional embodiment, the disclosure provides a chopper-stabilized
analog-to-digital (ADC) converter comprising means for modulating an amplitude of an
analog input signal at a clock frequency to produce a modulated signal, means for
amplifying the modulated signal to produce an amplified signal and demodulating the
amplified signal at the clock frequency to produce an output signal, means for
converting the output signal into a digital value that approximates the analog input
signal, means for converting the digital value into a reconstructed analog output signal,
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means for modulating an amplitude of the reconstructed analog output signal at the
clock frequency, and means for applying the modulated output signal as a feedback
signal to the modulated input signal.

In a further embodiment, the disclosure provides a method comprising
modulating an amplitude of an analog input signal at a clock frequency to produce a
modulated signal, amplifying the modulated signal in a mixer amplifier to produce an
amplified signal, demodulating the amplified signal in the mixer amplifier at the clock
frequency to produce an output signal, converting the output signal into a digital value
that approximates the analog input signal, converting the digital value into a
reconstructed analog output signal, modulating an amplitude of the reconstructed analog
output signal at the clock frequency, and applying the modulated output signal as a
feedback signal to the modulated input signal via a first feedback path.

The details of one or more example embodiments are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the techniques will be apparent from the description and drawings, and

from the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram illustrating a chopper stabilized analog-to-digital
converter (ADC) that incorporates a mixer amplifier.

FIG. 2A is a diagram illustrating an example signal flow path of the chopper-
stabilized ADC of FIG. 1.

FIG. 2B is a diagram illustrating another example signal flow path of the
chopper-stabilized ADC of FIG. 1.

FIG. 3A is a circuit diagram illustrating an example mixer amplifier suitable for
use in the chopper-stabilized ADC of FIG. 1.

FIG. 3B is a circuit diagram illustrating another example mixer amplifier suitable
for use in the chopper-stabilized ADC of FIG. 1.

FIG. 4 is a block diagram illustrating an example embodiment of the chopper-
stabilized ADC of FIG. 1 in greater detail.

FIG. 5A is a circuit diagram illustrating an example embodiment of the chopper-

stabilized ADC of FIG. 1.
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FIG. 5B is a circuit diagram illustrating another example embodiment of the
chopper-stabilized ADC of FIG. 1.

FIG. 6 is a flow diagram illustrating a method utilized by an ADC to convert a
low frequency analog input signal into a digital signal.

FIG. 7 is a block diagram of an implantable medical device (IMD) including an

ADC in accordance with an embodiment of this disclosure.

DETAILED DESCRIPTION

This disclosure describes a chopper-stabilized sigma-delta analog-to-digital
converter (ADC). The ADC may be configured to provide accurate output at low
frequency with relatively low power. The ADC includes a mixer amplifier to
substantially eliminate noise and offset from an output signal produced by the mixer
amplifier. Dynamic limitations, i.e., glitching that result from chopper stabilization at
low power are substantially eliminated or reduced through a combination of chopping at
low impedance nodes within the mixer amplifier and feedback. The signal path of the
ADC operates as a continuous time system, which may provide minimal aliasing of
noise or external signals entering the signal pathway at the chop frequency or its
harmonics. In this manner, the chopper-stabilized ADC can be used in a low power
system, such as an implantable medical device (IMD), to provide a stable, low-noise
output signal.

The chopper-stabilized ADC may be incorporated in a biopotential sensing
circuit, i.e., a circuit configured to measure physiological signals, such as
electrocardiogram (ECG), electromyogram (EMG), electroencephalogram (EEG),
pressure, impedance, motion signals, and other signals. However, the ADC may be
useful not only in biomedical measurement applications, but also in general purpose test
and measurement applications and, more particularly, general purpose test and
measurement applications that operate at low frequency with relatively low power.

In general, a chopper-stabilized ADC, as described in this disclosure, may be
configured for low power applications. An IMD, for example, may be characterized by
finite power resources that are required to last several months or years. Accordingly, to
promote device longevity, sensing and therapy circuits are generally designed to
consume relatively small levels of power. As an example, operation of a sensor circuit
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incorporating an ADC, as described in this disclosure, may require a supply current of
less than 2.0 microamps, and more preferably less than 1.0 microamps. In some
embodiments, such a sensor circuit may consume supply current in a range of
approximately 100 nanoamps to 1.0 microamps. Such a sensing circuit may generally
be referred to as a micropower sensing circuit. Although medical devices are described
for purposes of illustration, a micropower sensing circuit may be used in a variety of
medical and non-medical test and measurement applications. In each case, the
micropower sensing circuit may be required to draw low power, yet provide precise and
accurate measurement.

According to various embodiments of this disclosure, a chopper-stabilized ADC
may include a front end, a first chopper, an amplifier, a second chopper, an integrator in
the form of a baseband amplifier with high gain and compensation, analog-to-digital
converter (ADC) circuitry, and a feedback path that includes a digital-to-analog
converter (DAC). The amplifier, second chopper, and integrator may be referred to
collectively as a mixer amplifier. The signal path of the ADC operates as a continuous
time system, reducing aliasing of noise or other undesirable signals entering the signal
pathway at the chop frequency or its harmonics. The front end generates an input signal
in the baseband, i.e., the frequency band of interest for purposes of the test or
measurement application. The baseband also may be referred to as the measurement
band. The feedback path provides negative feedback that minimizes the error between
the low frequency analog input signal and the output of the ADC circuitry.

Amplification of the input signal can introduce DC offset and low frequency
noise, such as random telegraph signal (RTS) noise, 1/f noise, and offset due to
amplifier imperfection or other factors. RTS noise is also referred to as popcorn noise.
To reduce DC offset and low frequency noise, a first chopper stage in the front end
modulates the input signal at a chopper frequency prior to application of the input signal
to the mixer amplifier. After the input signal is amplified, the second chopper within the
mixer amplifier demodulates the input signal at the chopper frequency to produce an
amplified output signal in the baseband. This process confines the noise and offset
generated by the amplifier to the chopper frequency band, thereby preventing it from
entering the measurement band. As a result, the output of the mixer amplifier is a

stable, low noise signal.
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The ADC circuitry generates a digital bit stream value based on the output of the
mixer amplifier. The DAC produces a reconstructed representation of the analog input
signal using the digital value and applies the reconstructed representation to the input
signal. In this way, the output of the DAC is applied to the analog input signal to keep
the signal change at the input to the mixer amplifier small. As a result, the ADC can
track changes in the low frequency analog input signal and output an accurate
approximation of the input signal while operating at very low power.

The mixer amplifier may have a modified folded cascode amplifier architecture
in which the signal is chopped at low impedance nodes to provide fast modulation
dynamics. The mixer amplifier substantially removes the noise and offset at the
chopper frequency from the demodulated signal, and thereby passes a low noise signal
to the measurement band. When the mixer amplifier is operating at low power,
however, the bandwidth of the amplifier can be limited. Limited bandwidth can result
in glitching, i.e., ripple or spikes, in the output signal.

An ADC as described in this disclosure may provide a negative feedback to keep
the signal change at the input to the mixer amplifier relatively small. The negative
feedback loop may eliminate or reduce glitching resulting from the limited bandwidth of
the mixer amplifier. As a result, the ADC is configured to achieve a stable, low noise
output while drawing relatively low current from a power source.

Various example embodiments are presented. According to one example
embodiment, which is useful when the ADC senses a difference in voltage across its
inputs, the front end may include a continuous time switched capacitor network. In an
ADC using a differential architecture, for example, the switched capacitor network
includes a differential set of switched input capacitors that toggle between input
voltages at a chop frequency. By chopping the switched input capacitors, the input
differential signal is up-modulated to a chopper frequency, yielding a modulated signal
at the differential input of the mixer amplifier. In another example embodiment, ADC
may use a single-ended architecture instead of a differential architecture.

An ADC utilizing the chopper stabilization techniques described herein may be
useful when incorporated as part of a biopotential sensing circuit for
electroencephalography (EEG) and physiological signal monitoring applications such as
posture and activity monitoring with accelerometers, catheter monitoring with pressure
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sensors, other pressure-related physiological monitoring, monitoring of heart sounds,
monitoring of brain signals, and other physiological monitoring applications that would
benefit from micro power systems for precision sensor measurements.

Physiological signals are generally found at low frequencies, e.g., less than or
equal to approximately 100 Hz and, in many cases, less than or equal to approximately 2
Hz, or even less than or equal to approximately 1 Hz. Measurement and analysis of
physiological signals can be used to diagnose chronic or acute disease states and other
medical conditions. Example physiological signals include EEG signals, ECG signals,
EMG signals, pressure, impedance, and motion signals, as previously described. Such
signals may be used to detect or measure cardiac ischemia, pulmonary edema, breathing,
activity, posture, pressure, brain activity, gastrointestinal activity, and the like.

IMDs including biopotential sensing circuits that incorporate an ADC are used to
measure such physiological signals. However, measuring intrinsic and evoked
biopotentials may require amplifying authentic signals on the order of microvolts while
rejecting large polarization potentials and environmental noise on the order of volts. In
addition to these external disturbances, RTS or popcorn noise, as well as 1/f noise and
offset can enter the signal path. This can lead to oversensing phenomena that might
result in withholding needed therapy or providing therapy when it is not needed. In
particular, offset or other spurious signals may cause erroneous detection of sense
events. Sense events may be used as the basis to deliver or withhold therapy such as
cardiac stimulation, neurostimulation, drug dosage or the like. Accordingly, accurate
detection is important in many therapeutic or diagnostic applications.

In addition, biopotential sensing circuits may be required to operate with low
noise and low power. Low power consumption may be especially important in IMDs
designed for several years of services, and particularly those medical devices configured
to sense physiological signals and deliver therapies. Examples of therapeutic medical
devices designed fro chronic implantation are implantable cardiac pacemakers,
implantable cardioverter-defibrillators, implantable electrical stimulators, such as
neurostimulators, muscle stimulators or other tissue stimulators, implantable drug
delivery devices, and other devices.

It is important that an ADC in a biopotential sensing circuit provide low noise
performance so that noise does not result in reduced sensitivity or wrong or misleading

7
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diagnostic information. It is also important that the ADC operate with low power in
order to conserve limited battery resources and thereby promote operational longevity of
the implantable medical device. A chopper-stabilized ADC, as described in various
embodiments of this disclosure, may be configured to provide an accurate output at low
frequency with low power. As will be described, a chopper-stabilized ADC can be
configured to apply chopping at low impedance nodes and apply feedback to reduce
ripple resulting from low bandwidth of the amplifier.

FIG. 1 is a block diagram illustrating a chopper-stabilized ADC 10 that is
configured to provide stable, i.e., low noise, output at low frequency with relatively low
power. ADC 10 uses chopping at the inputs to a mixer amplifier 14 to substantially
reduce or eliminate random telegraph signal (RTS) noise, 1/f noise, and offset from an
output produced by the amplifier (output 15 in FIG. 1). RTS noise is also referred to as
popcorn noise. Dynamic limitations, i.e., glitching, that result from chopper
stabilization at low power may be substantially reduced or eliminated through a
combination of chopping at low impedance nodes within mixer amplifier 14 and
feedback via a digital-to-analog converter (DAC)-based feedback path 16.

The signal path of ADC 10 operates as an oversampled data system, providing
minimal aliasing of noise or external signals entering the signal pathway at the chop
frequency or its harmonics. As a result, ADC 10 can provide a low noise output that
accurately represents low frequency continuous time analog input signals while
operating under the constraints of a micro power system, e.g., drawing a supply current
of less than or equal to approximately 2.0 microamps, and more preferably less than or
equal to approximately 1.0 microamps, and requiring a supply voltage of less than or
equal to approximately 2.0 volts, and more preferably less than or equal to
approximately 1.5 volts.. Example low frequency signals include physiological signals
and other signals having a frequency of less than approximately 100 Hz, and preferably
less than or equal to approximately 2.0 Hz, and more preferably less than or equal to
approximately 1.0 Hz.

As shown in FIG. 1, ADC 10 includes front end 12, mixer amplifier 14, analog-
to-digital converter (ADC) circuitry 18, and DAC-based feedback path 16. In general,
ADC 10 is configured to convert low frequency analog input signal 2 into a digital
signal 19. Analog input signal 2 may be obtained from any of a variety of sensors, such
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as an accelerometer, an electrode sensor interface, a pressure sensor, or the like. DAC-
based feedback path 16 converts digital signal 19 into a reconstructed representation 21
of input signal 2, and forms a negative feedback path that applies signal 21 as a
feedback signal to input signal 2 to produce signal 13. Because signal 21 is a
reconstructed representation of analog input signal 2, signal 13 represents the difference
between analog input signal 2 and reconstructed signal 21. Typically, signal 13 is small
because analog input signal 2 does not experience large signal changes. Consequently,
ADC 10 can track changes in analog input signal 2 to produce digital signal 19 as an
accurate approximation of input signal 2.

In the example of FIG. 1, front end 12 may provide a switched or static
capacitive interface to mixer amplifier 14, e.g., for measurement of a low frequency
voltage amplitude of input signal 2. Front end 12 chops analog input signal 2 to
produce a modulated (chopped) input signal that carries a low frequency signal of
interest on a carrier (chopper) frequency and couples the signal to mixer amplifier 14.
In one embodiment, front end 12 may operate using a differential architecture to
produce a differential modulated input signal. Alternatively, front end 12 may produce
a single-ended modulated input signal. In FIG. 1, front end 12 couples modulated signal
13 to the inputs of mixer amplifier 14. As will be described in detail, the output of front
end 12 is combined with the output of DAC-based feedback path 16, i.c., signal 21, to
produce modulated signal 13. In this way, front end 12 shifts a low frequency signal
that is subject to introduction of low frequency noise by mixer amplifier 14 to a carrier
frequency at which the mixer amplifier 14 does not introduce substantial noise into the
signal.

The low frequency signal of interest may have, for example, a frequency within
a range of 0 to approximately 100 Hz, preferably less than or equal to approximately 2.0
Hz, and more preferably less than or equal to approximately 1.0 Hz. In some
embodiments, the carrier (chopper) frequency may be within a frequency range of
approximately 4 kHz to 200 kHz. Front end 12 modulates the low frequency signal
prior to introduction to mixer amplifier 14 so that the original baseband (low frequency)
signal components are not corrupted by noise components introduced by mixer amplifier

14 at low frequency.
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Noise generally enters the signal path of ADC 10 through mixer amplifier 14.
However, mixer amplifier 14 should not introduce noise to the modulated signal at the
carrier frequency. Rather, the noise components are typically present at low frequency
and may include popcorn (RTS) noise and 1/f (flicker) noise. In addition, noise in the
form of DC offset cannot be introduced at the carrier frequency. Mixer amplifier 14
amplifies the up-modulated input signal, i.e., signal 13, which is a combination of the
low frequency analog input signal from front-end 12 and feedback signal 21. Again,
signal 13 is up-modulated to the chopper (carrier) frequency to protect the signal of
interest from noise and offset that occurs in the low frequency range.

Mixer amplifier 14 demodulates the modulated and amplified input signal from
the carrier frequency to the baseband of interest while upmodulating the mixer amp 1/f
noise and offset out of the measurement band. Thus, the original low frequency signal
components are demodulated back to baseband, while the low frequency noise and
offset components of the mixer amplifier 14 are modulated up to the higher frequency
band, e.g., 4 kHz to 200 kHz. Mixer amplifier 14 passes only the baseband signals, i.e.,
signals with frequency components of approximately 100 Hz or less, as output and
substantially reduces or eliminates the noise components located at the carrier
frequency. Thus, the output of mixer amplifier, i.e., signal 15, contains the low
frequency signal components of interest, but reduces or eliminates the low frequency
noise and offset. In addition, mixer amplifier 14 provides a gain amplifier that amplifies
modulated input signal 13. In this way, mixer amplifier 14 generates analog signal 15 as
a low noise output while operating at low power.

ADC 10 and, more particularly, mixer amplifier 14 operates under the
constraints of a micro power system and therefore has limited bandwidth. The limited
bandwidth of mixer amplifier 14 can cause glitching or ripple in the passband of output
signal 15. As will be described, mixer amplifier 14 may have a modified folded cascode
architecture that provides switching, e.g., via CMOS switches, at low impedance nodes.
Switching at low impedance nodes enables chopping at higher frequencies where the
only limitation would be the charge injection residual offset.

DAC-based feedback path 16 is coupled between the output of mixer amp 14
and front end 12 to reduce ripple or glitching. Feedback path 16 substantially eliminates
glitching in output signal 15 by driving the net input signal to mixer amplifier 14 toward

10
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zero. This can be achieved because DAC-based feedback path 16 generates signal 21 as
a reconstructed representation of analog input signal 2 using the output of ADC circuitry
18. When signal 21 is a good (accurate) approximation, the difference or error between
signal 21 and signal 2 is small. In this way, feedback path 16 keeps the signal change at
the input of mixer amplifier 14 relatively small in steady state. As a result, mixer
amplifier 14 outputs signal 15 as a stable, low noise signal while operating at low
power.

ADC circuitry 18 processes low noise signal 15 to generate digital signal 19. The
accuracy with which digital signal 19 represents analog input signal 2 is dependent on
the quality of signal 15, i.e., the amount of noise in signal 15. Since noise, offset, and
glitching are substantially eliminated or at least significantly reduced, digital signal 19
exhibits an increased accuracy in approximating analog input signal. Consequently,
digital signal 19 provides a more accurate representation of low frequency analog input
signal 2, and may thereby reduce oversensing that could result in withholding needed
therapy or providing therapy when it is not needed.

ADC 10 may be useful in many different applications. This disclosure presents
various example embodiments of ADC 10. However, these example embodiments
should not be considered limiting of the ADC 10 as broadly embodied and described in
this disclosure. Rather, it should be understood that the example embodiments
described in this disclosure are a subset of many different example embodiments within
the scope of this disclosure.

In some embodiments, a device such as an IMD may include multiple ADCs 10.
For example, multiple ADCs 10 may be used to provide multiple sensing channels. The
multiple sensing channels may sense the same type of physiological information, e.g., at
different positions or angles, or via different sensors. In addition, multiple sensing
channels may sense different types of physiological information, such as impedance,
ECG, EEG, EMG, pressure, motion, and the like.

According to one example embodiment, front end 12 of ADC 10 may comprise a
continuous time switched capacitor network that uses a differential configuration. The
switched capacitor network includes a differential set of switched input capacitors that
toggle between input voltages at the positive and negative terminals of ADC 10 and a
differential set of switched input capacitors that modulate the output of DAC-based

11
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feedback path 16, i.e., signal 21. By toggling the switched input capacitors at the
chopper frequency, input signal 2 and signal 21 are chopped. In this manner, these
signals are up-modulated to the carrier frequency and combined, yielding modulated
signal 13 at the differential input of mixer amplifier 14. In other example embodiments,
however, front end 12 of ADC 10 may use a single-ended configuration instead of a
differential configuration. In this example, ADC 10 may be implemented in a
biopotential sensing circuit for measuring physiological voltage signals such as ECG,
EEG, EMG, pressure, motion, posture, or the like. Accordingly, the inputs to front end
12 may be electrodes, or outputs from any of a variety of accelerometers, pressure
sensors, strain gauge sensors, or the like.

ADC 10 can provide one or more advantages in a variety of embodiments. For
example, as previously described, ADC 10 can provide accurate output at low frequency
with low power. This is a result of the basic architecture of ADC 10. As another
advantage, in example embodiments that implement feedback capacitors, on-chip, poly-
poly capacitors may be used to implement the feedback capacitors in ADC 10. Poly-
poly capacitors enable fast switching dynamics and can be formed on-chip with other
amplifier components. A poly-poly capacitor may be formed on chip with other devices
by combining two polysilicon electrodes and an intervening silicon dioxide dielectric.
The gain of the ADC can be set by the ratio of the feedback capacitors to the input
capacitors and centered around a selected reference voltage. In other example
embodiments, the DAC of the negative feedback path may control the feedback ratio
internally without the use of feedback capacitors. These advantages are merely
exemplary and should be considered a subset of potential advantages provided by ADC
10. Additional advantages are discussed in this disclosure or may occur to those skilled
in the art upon consideration of this disclosure. Moreover, such advantages may not
coexist in every embodiment.

FIG. 2A is a block diagram illustrating a signal path flow of an exemplary ADC
10A. Generally, the signal path flow in FIG. 2 begins with modulated signal 13 being
applied to mixer amplifier 14. As previously described, mixer amplifier 14 produces
signal 15 as a stable, low noise signal. ADC circuitry 18 converts low noise analog
signal 15 into digital signal 19. Digital signal 19 may be a value whose average value
approximates analog input signal 2. Feedback path 16 includes DAC 20 which converts
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digital signal 19 into analog signal 21 and applies analog signal 21 as negative feedback.
This keeps the signal small at the input to mixer amplifier 14 thereby eliminating
glitching in signal 15 that would otherwise be present because of the limited bandwidth
of mixer amplifier 14. Consequently, ADC 10A produces digital signal 19 as an
accurate approximation of low frequency input signal 2.

The following provides a more detailed description of the signal path flow
depicted in FIG. 2A. In FIG. 2A, front end 12 includes modulator 30 for modulating a
low frequency analog input signal 2 to produce a modulated signal that carries the
baseband components of interest at a carrier frequency. An input capacitance (Cin) 35
couples the output of modulator 30 to summing node 36. As described above, front end
12 may use either a single-ended or differential configuration. For a differential signal,
Cin 35 may include a first input capacitor coupled to a first input of a differential input
mixer amplifier 14 and a second input capacitor coupled to a second input of mixer
amplifier 14. For a single-ended signal, Cin 35 may include a single capacitor coupled
to an input of single-ended input mixer amplifier 14.

Modulator 30 modulates an amplitude of input signal 2 at a carrier frequency
provided by clock signal 31A. Clock signal 31A, like other clock signals described in
this disclosure, may be a square wave signal that effectively multiples the signal by plus
1 and minus 1 at a desired clock frequency. In this manner, modulator 30 chops the
input signal 2 up to the carrier (chop) frequency prior to application of the input signal
to mixer amp 14. Modulator 30 may, in some embodiments that utilize a differential
architecture, comprise a pair of complementary metal oxide semiconductor (CMOS)
single pole, double throw (SPDT) switches that are driven by clock signal 21A to
modulate (chop) input signal 32 to the carrier frequency. The CMOS SPDT switches
may be cross-coupled to each other to reject common mode signals.

In one example embodiment, the CMOS switches may be coupled to a set of
differential capacitors to form a continuous time switched capacitor network that forms
input capacitance Cin at the input of mixer amplifier 14. In this case, front end 12 may
be coupled to a physiological sensor that generates an input signal 2 proportional to a
sensed physiological parameter at its outputs. For example, input signal 2 may be a
differential output signal from a pair or electrodes, or from an accelerometer, pressure
sensor, or the like.
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Feedback summing node 36 will be described below in conjunction with
feedback path 16. Summing node 38 represents the introduction of RTS (popcorn)
noise, 1/f noise, and offset within mixer amplifier 14, noise 39 in FIG. 2A. Noise 39
may also include other external signals that may enter the signal pathway at a low
(baseband) frequency. At summing node 38, the original low frequency components
have been chopped to a higher (carrier) frequency by modulator 30. The original
baseband signal components of input signal 13 may have a frequency within a range of
0 to approximately 100 Hz and the carrier frequency may be approximately 4 kHz to
approximately 10 kHz. Thus, the low frequency noise 39 is segregated from the original
low frequency components at the input to mixer amplifier 14.

Mixer amplifier 14 receives this noisy modulated input from node 38. In the
example of FIG. 2, mixer amplifier 14 includes gain amplifier 40, modulator 42, and
integrator 44. Amplifier 40 amplifies the noisy modulated input signal to produce
amplified signal 41. Modulator 42 demodulates amplified signal 41 to produce
demodulated signal 43. That is, modulator 42 modulates noise 39 up to the carrier
frequency and demodulates the original baseband signal components from the carrier
frequency back to baseband. Modulator 42 may comprise switches, e.g., CMOS SPDT
switches, located at low impedance nodes within a folded-cascode architecture of mixer
amplifier 14. Modulator 42 is supplied with clock signal 31B to demodulate amplified
signal 41 at the same carrier frequency as clock signal 31A. Hence, clock signals 31A,
31B should be synchronous with each other. In some embodiments, clock signal 31A
and clock signal 31B may be the same signal, i.e., supplied by the same clock.

Integrator 44 operates on demodulated signal 43 to pass the low frequency signal
components at baseband and substantially eliminate noise components 39 which are
located at the carrier frequency. In this manner, integrator 44 may be designed to
provide a stable feedback path 16 with acceptable bandwidth while also filtering out the
upmodulated RTS (popcorn) noise, 1/f noise, and offset from the measurement band. In
other words, integrator 44 provides compensation and filtering. In other embodiments,
compensation and filtering may be provided by other circuitry. However, the use of
integrator 44 as described in this disclosure may be desirable. FIG. 3 provides a detailed

circuit diagram of an example embodiment of mixer amplifier 14.
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As will be described in detail, feedback path 16 provides negative feedback to
the input of mixer amplifier 14 to reduce glitching in output signal 15. Because output
signal 15 is a stable, low noise signal, ADC circuitry 18 generates digital signal 19 as a
good (accurate) approximation of analog input signal 2. ADC circuitry 18 is illustrated
in FIG. 2 as including comparator 46, compensator 47, and up/down counter 48.
Generally, up/down counter 48 may be implemented as a multi-bit up/down counter.
Accordingly, DAC 20 in feedback path 16 may also be implemented as a single or multi
bit DAC that converts digital signal 19 output by ADC circuitry 18 into analog signal
21.

Comparator 46 controls up/down counter 48 by producing a signal that
represents a binary 0 or 1 based on the comparison of signal 15 to a reference voltage,
i.e., (Vref) 45 in FIG. 2. For example, when signal 15 exceeds Vref 45, comparator 46
outputs a signal that causes up/down counter 48 to count up. However, when Vref
exceeds signal 15, comparator 46 outputs a signal that causes up/down counter 48 to
count down. In some example embodiments, mixer amplifier 14 may generate a
differential output that is provided to differential inputs of comparator 46. In this case,
comparator is not coupled to Vref 45, but instead receives differential inputs from mixer
amplifier 14. Instead, comparator 46 outputs a control signal that causes up/down
counter 48 to count up when the differential signal of a positive input is greater than the
differential signal of the negative input. Likewise, comparator 46 outputs a control
signal that causes up/down counter 48 to count down when the differential signal of a
positive input is less than the differential signal of the negative input.

ADC circuitry 18 generates digital signal 19 as a digital bit stream that
approximates analog input signal 2. Compensator 47 stabilizes feedback path 16 by, for
example, implementing a high pass filter, e.g., 1-1/2%(z-1), that assists in stabilizing
feedback path 16. The combination of integrator 44 and up/down counter 48 operates as
a double integrator. The high pass filter provided by compensator 47 provides stability.

Clock signal 49 drives up/down counter 48 to generate an output for every clock
cycle. Clock signal 49 may be different than clock signals 31. In one example
embodiment, for example, clock signal 31 may be operating at 16 kHz while clock
signal 49 is operating at 16 or 32 kHz. The output of up/down counter 48 may be
provided to measurement circuitry, ¢.g., via a decimation filter. The decimation filter
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may average the last 16 or 32 samples and output the digital result every 1 ms (1 kHz).
In other words, the feedback loop of the ADC integrates the error between input signal 2
and reconstructed signal 21 at approximately 16 or 32 times the rate at which the digital
signal is output by measurement circuitry. The digital output, i.e. signal 19, exhibits
jitter, even when analog signal 15 is stable. Accordingly, analog-to-digital conversion
may be provided by other circuit components or techniques. For example, more
complex ADC circuitry may be used to eliminate the flicker or bit bobble caused by
counting up or down every clock cycle. Other circuits may occur to those skilled in the
art upon consideration of this disclosure. Thus, ADC circuitry 18 as shown in FIG. 4
should not be considered limiting of the invention as broadly described in this disclosure
in any way.

DAC 20 may be a single or multi-bit DAC that uses digital signal 19 to generate
signal 21 as a reconstructed representation of input signal 2 and forms feedback path 16
that applies signal 21 as negative feedback to the input of mixer amplifier 14 to reduce
glitching in output signal 15. In particular, feedback path 16 drives the input to mixer
amplifier 14, i.e. modulated signal 13, toward zero in steady state. This is achieved
because modulated signal 13 is the combination of analog input signal 2 and an
approximation of input signal 2 generated by DAC 20. Provided that analog input
signal 2 does not exhibit a large signal change, modulated signal 13 is small because
ADC 10A provides a good approximation of input signal 2, as described in this
disclosure.

In FIG. 2A, feedback path 16 includes a modulator 32, which modulates signal
21 to produce a feedback signal that is added to the signal path between front end 12 and
mixer amplifier 14 at node 36. In one example embodiment, the feedback signal
generated by modulator 32 is a differential feedback signal. In other example
embodiments, however, the feedback signal may be a single-ended signal. Feedback
path 16 of FIG. 2A provides capacitor scaling versus input capacitance Cin 35 of mixer
amplifier 14 to produce attenuation and thereby generate gain at the output of mixer
amplifier 14. Accordingly, feedback path 16 may include a feedback capacitance (Ctb)
33 that is selected to produce desired gain, given the value of the input capacitance (Cin)

35 of mixer amplifier 14.
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Clock signal 31C drives modulator 32 in feedback path 16 to modulate the
output of DAC 20, i.e., signal 21, at the carrier frequency. Clock signal 31C may be
derived from the same clock as clock signals 31A, 31B. In the case of differential
feedback, feedback path 16 may include two feedback paths that apply the negative
feedback to the positive and negative input terminals of mixer amplifier 14. Thus, the
two feedback paths of feedback path 16 should be 180 degrees out of phase with each
other, with one of the feedback paths modulating synchronously with modulators 30 and
42. This ensures that a negative feedback path exists during each half of the clock
cycle.

As an alternative, in some embodiments, mixer amplifier 14 may be configured
to generate a differential output signal, rather than a single-ended output signal. A
differential output signal may provide positive and negative outputs. In this case,
feedback path 16 can feed back the positive output to the positive input of mixer
amplifier 14 and feed back the negative output to the negative input of the mixer
amplifier. For a differential output signal, feedback path 16 would modulate each of the
positive and negative outputs. However, the positive and negative outputs could be
modulated in-phase, rather than out of phase.

FIG. 2B is a block diagram illustrating a signal path flow of an example ADC
10B. ADC 10B of FIG. 2B conforms substantially with ADC 10A of FIG. 2A.
However, ADC 10B does not include input capacitance Cin 35 and feedback
capacitance Cfb 33 to produce a desired gain. Instead, DAC 20 is configured to provide
the desired gain internally, thereby eliminating the need for Cin 35 and Cfb 33.
Although shown as summing node 36 outside of mixer amplifier 14, in some
embodiments, summing node 36 may actually be implemented within mixer amplifier
14.

FIG. 3A is a circuit diagram illustrating an example embodiment of mixer
amplifier 14A of ADC 10 in greater detail. As previously described, mixer amplifier
14A introduces noise, such as RTS (popcom) noise, 1/f noise, and offset, into
modulated signal 13. Mixer amplifier 14A amplifies this signal to produce an amplified
signal, demodulates the amplified signal, and integrates the demodulated signal to filter

out frequency components that are outside of the measurement band (baseband). In this
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way, mixer amplifier 14A substantially eliminates noise from the demodulated signal to
generate stable, low noise signal 13.

In the example of FIG. 3A, mixer amplifier 14A is a modified folded-cascode
amplifier with switching at low impedance nodes. The modified folded-cascode
architecture allows the currents to be partitioned to maximize noise efficiency. In
general, the folded cascode architecture is modified in FIG. 3A by adding two sets of
switches. One set of switches is illustrated in FIG. 3A as switches 60A and 60B
(collectively referred to as “switches 60”°) and the other set of switches includes
switches 62A and 62B (collectively referred to as “switches 627).

Switches 60 are driven by chop logic to support the chopping of the amplified
signal for demodulation at the chop frequency. In particular, switches 60 demodulate
the amplified signal and modulate RTS (popcorn) noise, 1/f noise, and front-end offsets.
Switches 62 are embedded within a self-biased cascode mirror formed by transistors
M6, M7, M8 and M9, and are driven by chop logic to up-modulate the low frequency
errors from transistors M8 and M9. Low frequency errors in transistors M6 and M7 are
attenuated by source degeneration from transistors M8 and M9. The demodulated
signal, i.e., demodulated signal 43 in FIG. 2A and FIG. 2B, is at baseband, allowing an
integrator formed by transistor M 10 and capacitor 63 (Ccomp) to stabilize feedback path
16 (not shown in FIG. 3A) and filter modulated offsets.

Mixer amplifier 14A has three main blocks: a transconductor, a demodulator,
and an integrator. The core is similar to a folded cascode. In the transconductor section,
transistor M5 is a current source for the differential pair of input transistors M1 and M2.
In some embodiments, transistor MS may pass approximately 800 nA, which is split
between transistors M1 and M2, e.g., 400 nA each. Transistors M1 and M2 are the
inputs to amplifier 14A. Small voltage differences steer differential current into the
drains of transistors M1 and M2 in a typical differential pair way. Transistors M3 and
M4 serve as low side current sinks, and may each sink roughly 500nA, which is a fixed,
generally nonvarying current. Transistors M1, M2, M3, M4 and M5 together form a
differential transconductor.

In this example, approximately 100 nA of current is pulled through each leg of
the demodulator section. The AC current at the chop frequency from transistors M1
and M2 also flows through the legs of the demodulator. Switches 60 alternate the
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current back and forth between the legs of the demodulator to demodulate the
measurement signal back to baseband, while the offsets from the transconductor are up-
modulated to the chopper frequency. As discussed previously, transistors M6, M7, M8
and M9 form a self-biased cascode mirror, and make the signal single-ended before
passing into the output integrator formed by transistor M10 and capacitor 63 (Ccomp).
Switches 62 placed within the cascode (M6-M9) upmodulate the low frequency errors
from transistors M8 and M9, while the low frequency errors of transistor M6 and
transistor M7 are suppressed by the source degeneration they see from transistors M8
and M9. Source degeneration also keeps errors from Bias N2 transistors 66 suppressed.
Bias N2 transistors M12 and M 13 form a common gate amplifier that presents a low
impedance to the chopper switching and passes the signal current to transistors M6 and
M7 with immunity to the voltage on the drains.

The output DC signal current and the upmodulated error current pass to the
integrator, which is formed by transistor M 10, capacitor 63, and the bottom NFET
current source transistor M11. Again, this integrator serves to both stabilize the
feedback path and filter out the upmodulated error sources. The bias for transistor M10
may be approximately 100nA, and is scaled compared to transistor M8. The bias for
lowside NFET M11 may also be approximately 100nA (sink). As a result, the integrator
is balanced with no signal. If more current drive is desired, current in the integration tail
can be increased appropriately using standard integrate circuit design techniques.
Various transistors in the example of FIG. 3A may be field effect transistors (FETs), and
more particularly CMOS transistors. In this manner, mixer amplifier 14A receives a
differential input (e.g., input A and input B) and generates a single-ended output (e.g.,
output 15).

FIG. 3B is a circuit diagram illustrating another example embodiment of mixer
amplifier 14B for use in ADC 10. Mixer amplifier 14B conforms substantially to mixer
amplifier 14A of FIG. 3A. However, mixer amplifier 14B receives a single-ended
inputs (e.g., input M and input P) and generates a differential output (output M and
output P). The single-ended inputs may be received from front end 12 and negative
feedback loop 16, respectively.

Mixer amplifier 14B does not include the integrator block formed by transistor
M10, capacitor 63, and the bottom NFET current source transistor M11 of FIG. 3A.
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Instead, mixer amplifier 14B includes additional transistors M14 and M 15 inserted
between VDD and transistors M9 and M8, respectively. The gate of transistor M 14 and
the drain of transistor M7 are coupled to form differential output M while the gate of
transistor M 15 and the drain of transistor M6 are coupled to form differential output P.
Integration may be performed by adding a capacitor on each of the output nodes. These
capacitors integrate the current from the tranconductance amplifier to generate the
integrated output.

FIG. 4 is a block diagram illustrating an example of ADC 10 in greater detail. It
should be understood that FIG. 4 is merely exemplary and should not be considered
limiting of the invention as described in this disclosure in any way. Rather, it is the
purpose of FIG. 4 to provide an overview that is used to describe the operation of ADC
10 in greater detail. This overview is used as a framework for describing the previously
mentioned example embodiments with respect to the detailed circuit diagrams provided
in this disclosure.

In the example of FIG. 4, front end 12 outputs a modulated input signal that is
combined with a negative feedback signal 21 provided by DAC-based feedback path 16
to produce modulated input signal 13 that carries the signal of interest at a carrier
frequency. As previously described, front end 12 may be, for example, a continuous
time switched capacitor network that modulates (chops) an input signal from a
physiological sensor, such as be a set of electrodes, an accelerometer, a pressure sensor,
a voltage sensor or other sensor that outputs a voltage signal. In particular, front end 12
may generate a signal proportional to physiological signals such as, ECG signals, EMG
signals, EEG signals, or other signals. The signal generated by front end 12 is a low
frequency signal within a range of approximately 0 Hz to approximately 100 Hz, and
may be less than approximately 2 Hz, and in some cases less than approximately 1 Hz.
It should be understood, however, that front end 12 may be any component or
combination of components that produces a modulated input signal. As described
above, the signal produced by front end 12 may be cither a differential signal or a
single-ended signal.

Using an example in which a physiological sensor is coupled to the inputs of
ADC 10, the modulator in front end 12 may, in the case of a differential configuration,
include a differential set of switches, e.g., CMOS switches, that are toggled between the
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outputs of the physiological sensor to modulate (chop) an amplitude of the input signal.
Clock 78 supplies the clock signal that the modulator in the front end 12 and
demodulator 86 in mixer amplifier 14 use to modulate the differential input signal at the
carrier (chop) frequency. At one end, the switches are cross coupled to each other and
toggle between the output terminals of the sensor to reject common mode signals and
operate as continuous time process, i.e., a non-sampling process. The switches are
coupled at the other end to input capacitors of mixer amplifier 14 to form a continuous
time switched capacitor network. In this way, front end 12 amplitude modulates (chops)
the differential input signal at the inputs to mixer amplifier 14. Consequently, the
modulated differential input signal produced by front end 12 is a square wave with a
frequency equal to the carrier frequency. A circuit diagram for this example
embodiment is provided in FIG. 5A. Although the example front end described above
has a differential architecture that generates a differential modulated signal, front end 12
may generate a single-ended modulated signal as described further in FIG. 5B.

Mixer amplifier 14 is illustrated in FIG. 4 as including amplifier 40, modulator
42, and integrator 44 and may be implemented using a modified folded cascode
architecture, e.g., as illustrated in FIG. 3A or FIG. 3B. Accordingly, mixer amplifier 14
may use chopper stabilization to produce stable, low noise output signal 15 as
previously described.

In the example embodiment illustrated in FIG. 4, ADC circuitry 18 includes
comparator 46, compensator 47 which aids in stabilizing feedback path 16, and up/down
counter 48 which is controlled by comparator 46 as previously described in FIG. 2. By
counting up or down based on the comparison of signals 15 and Vref 45, ADC circuitry
18 adjusts digital signal 19 to provide a good (accurate) approximation of analog input
signal 2.

In FIG. 4, ADC 10 includes negative feedback path 16. Negative feedback path
16 provides negative feedback at the input to mixer amplifier 14, as previously
described, to keep the signal change small. Negative feedback path 16 modulates signal
21 according to a clock provided by clock 78 or a clock generated from clock 78.
Moreover, negative feedback path 16 modulates signal 21 with a reference voltage

provided by reference and bias generator 94.
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In embodiments in which mixer amplifier 14 has a differential input, negative
feedback path 16 may include two symmetrical feedback path branches to provide
feedback to respective positive and negative differential inputs of mixer amplifier 14,
1.e., to provide a differential-to-single conversion. In this case, to ensure that a negative
feedback path exists in negative feedback path 16 at all times, the chop frequency
applied to the negative feedback path branches of feedback path 16 should be 180
degrees out of phase with each other with one of the feedback paths synchronous with
the modulators located in front end 12. In this way, one of the feedback path branches
of negative feedback path 16 is applying negative feedback during each half of the clock
cycle. As a result, the differential signals at the input of mixer amplifier 14 are small
and centered about the reference voltage.

For a mixer amplifier 14 that includes single-ended inputs, negative feedback
path 16 may include a single feedback path that provided a negative (or inverted) input
to mixer amplifier 14 and the input signal may provide a positive or (non-inverted) input
to mixer amplified 14. Regardless of whether the feedback is differential or
single-ended, negative feedback 16 substantially eliminates the glitching in output signal
15 that would otherwise result from the limited bandwith of mixer amplifier 14
operating at very low power.

ADC 10 may be implemented with one or more clocks to supply clock signals to
front end 12, mixer amplifier 14, feedback path 16, and up/down converter 48. For
example, since the clock signals that drive front end 12, mixer amplifier 14, and
feedback path 16, all operate at the same frequency, the signals may be provided by a
single clock. In this case, additional circuitry may be provided to drive the modulator in
feedback path 16 and to derive the clock signal to drive up/down counter 48.
Alternatively, two clocks may be used, with one clock driving front end 12, mixer
amplifier 14, and feedback path 16, and the other driving up/down counter 48.

Reference and bias generator 80 supplies bias voltages to front end 12, mixer
amplifier 14, feedback path 16, and comparator 46. When front end 12 includes a
physiological sensor, reference and bias generator 80 may supply reference voltages that
drive the physiological sensor. With respect to mixer amplifier 14, reference and bias
generator 80 may supply bias voltages for biasing the transistors as shown in FIG. 3A
and FIG. 3B. The reference voltages that are mixed with signal 21 and the signals in
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feedback path 16 as previously described may also be supplied by reference and bias
generator 80. Bias voltages of 0 volts to 1.2 volts (bandgap) or 0 volts to 0.6 volts (half
bandgap) may be used as bias points.

FIG. 5A is a circuit diagram illustrating an example embodiment of ADC 10A.
In FIG. 5A, ADC 10A includes inputs 102A and 102B (collectively referred to as
“inputs 102”). In an example embodiments, a physiological sensor may generate a
differential voltage across inputs 102, i.e., voltages Vin-plus and Vin-minus,
respectively. The physiological sensor may, for example, be an accelerometer, a
pressure sensor, a force sensor, a gyroscope, a humidity sensor, a pair of electrodes, or
other sensor that translates biophysical signals to a differential electrical voltage across
inputs 102. In some embodiments, inputs 102A, 102B may be derived from the output
of a sensing circuit that includes a sensor and instrumentation amplifier circuitry for
amplifying filtering a signal generated by the sensor.

In the example of FIG. 5A, inputs 102A and 102B are connected to capacitors
106A and 106B (collectively referred to as “capacitors 106”) through switches 104A
and 104B (collectively referred to as “switches 104), respectively. Switches 104 are
driven by a clock signal provided by a system clock (not shown) and are cross-coupled
to each other to reject common-mode signals. Capacitors 106 are coupled at one end to
a corresponding one of switches 104 and to a corresponding input of mixer amplifier
116 at the other end. In particular, capacitor 106A is coupled to the positive input of
mixer amplifier 116, and capacitor 106B is coupled to the negative input of amplifier
116, providing a differential input. Capacitors 106 are switched at the modulation
frequency to chop the signal at inputs 102, which may be derived from the output of a
sensor or the output of sensor circuitry that amplifies and filters the output of the sensor.
In either case, ADC 10A converts the analog input signal to a digital signal 19.

In FIG. 5A, switches 104 and capacitors 106 form front end 12. Accordingly,
switches 104 correspond to modulator 30 in FIG. 2A and FIG. 2B and front end 12
operates as a continuous time switched capacitor network as previously described.
Switches 104 toggle between an open state and a closed state in which inputs 102 are
coupled to capacitors 106 at a clock frequency to modulate (chop) the signal at inputs
102, e.g., analog input signal 2, to the carrier (clock) frequency. As previously
described, signal at inputs 102 may be a low frequency signal within a range of
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approximately 0 Hz to approximately 100 Hz. The carrier frequency may be within a
range of approximately 4 kHz to approximately 10 kHz. Hence, the low frequency
sensor output is chopped to the higher chop frequency band.

Switches 104 toggle in-phase with one another to provide a differential input.
During a first phase of the clock signal, switch 104A connects sensor output 102B to
capacitor 106A and switch 104B connects sensor output 102A to capacitor 106B.
During a second phase, switches 104 change state such that switch 104A couples port
102A to capacitor 106A and switch 104B couples port 102B to capacitor 106B.
Switches 104 synchronously alternate between the first and second phases to modulate
the differential voltage at inputs 102 at the carrier frequency. The resulting chopped
differential signal is applied across capacitors 106.

Resistors 108A and 108B (collectively referred to as “resistors 108”) provide a
DC conduction path that controls the voltage bias at the input of mixer amplifier 14. In
other words, resistors 108 may be selected to provide an equivalent resistance that is
used to keep the bias impedance high. Resistors 108 may, for example, be selected to
provide a 5 GQ equivalent resistor, but the absolute size of the equivalent resistor is not
critical to the performance of ADC 10A. In general, increasing the impedance improves
the noise performance and rejection of harmonics, but extends the recovery time from
an overload. To provide a frame of reference, a 5 GQ equivalent resistor results in a
referred-to-input (RTI) noise of approximately 20 nV/rt Hz with an input capacitance
(Cin) of approximately 25 pF. In light of this, it may be desirable to keep the impedance
high to reject high frequency harmonics that can alias into the signal chain due to
settling at the input nodes of mixer amplifier 14 during each half of a clock cycle.

It is important to note that resistors 108 are merely exemplary and serve to
illustrate one of many different biasing schemes for controlling the signal input to mixer
amplifier 116. In fact, the biasing scheme is flexible because the absolute value of the
resulting equivalent resistance is not critical. In general, the time constant of resistor
108 and input capacitor 106 may be selected to be approximately 100 times longer than
the reciprocal of the chopping frequency.

Mixer amplifier 14 may produce noise and offset in the differential signal
applied to its inputs. For this reason, front end 12 chops the signal at inputs 102 to place
the signal of interest in a different frequency band from the noise and offset. Then,
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mixer amplifier 14 chops the amplified signal a second time to demodulate the signal of
interest down to baseband while modulating the noise and offset up to the chop
frequency band. In this manner, ADC 10A maintains substantial separation between the
noise and offset and the signal of interest. Mixer amplifier 14 and feedback path 16
process the noisy modulated input signal to achieve a stable measurement of the low
frequency signal at inputs 102 while operating at low power.

As previously described, operating at low power tends to limit the bandwidth of
mixer amplifier 14 and creates distortion (ripple) in the output signal. Mixer amplifier
14 and feedback path 16 operate in the previously described manner. In this way, mixer
amplifier 14 and feedback path 16 substantially eliminate the dynamic limitations of
chopper stabilization through a combination of chopping at low-impedance nodes and
AC feedback, respectively.

In FIG. 5A, mixer amplifier 14 is represented with the circuit symbol for an
amplifier in the interest of simplicity. However, it should be understood that mixer
amplifier 14 may be implemented in accordance with the circuit diagram provided in
FIG. 3A or FIG. 3B. Consequently, mixer amplifier 14 provides synchronous
demodulation with respect to front end 12 and substantially eliminates RTS (popcorn)
noise, 1/f noise, and offset from the signal at the inputs to mixer amplifier 14 to produce
a stable, low noise signal, i.e., signal 15, that is an amplified representation of the signal
at inputs 102.

ADC circuitry 18 is represented in FIG. 5A as a functional block due to
limitations of space. As previously described, ADC circuitry 18 may be implemented
using a comparator, a compensator that aids in stabilizing feedback path 16, and an
up/down converter controlled by the comparator. Other configurations for
implementing ADC circuitry 18 may be used to implement ADC circuitry and may
become apparent to those skilled in the art upon consideration of this disclosure, and are
within the scope of the invention as broadly described in this disclosure.

DAC 20 generates analog signal 21 as an approximation of the signal at inputs
102 using the digital value 19 generated by ADC circuitry 18 and forms a portion of
feedback path 16. Without the negative feedback provided by feedback path 16, the
output of mixer amplifier 14 could include spikes superimposed on the desired signal
because of the limited bandwidth of the amplifier at low power. However, the negative
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feedback provided by feedback path 16 suppresses these spikes so that the output of
mixer amplifier 14 (signal 15) in steady state is an amplified representation of the
differential voltage at inputs 102 with very little noise. Because signal 15 is a stable,
low noise signal, ADC circuitry 18 can generate digital signal 19 with increased
accuracy in approximating the analog input signal. Consequently, ADC 10A may
reduce oversensing that might result in withholding needed therapy or providing therapy
when it is not needed.

Feedback path 16 in FIG. SA may include two feedback paths that provide a
single-ended to differential interface. The top branch of feedback path 16 modulates the
output of DAC 20 to provide negative feedback to the positive input terminal of mixer
amplifier 114. This feedback path branch includes capacitor 112A and switch 114A.
Similarly, the bottom feedback path branch of feedback path 16 includes capacitor 112B
and switch 114B that modulate the output of mixer amplifier 14 to provide negative
feedback to the negative input terminal of mixer amplifier 14. The feedback path
branches produce signals 21 and 21°. Capacitors 112A and 112B are connected at one
end to switches 114A and 114B, and at the other end to the positive and negative input
terminals of mixer amplifier 116, respectively.

Switches 114A and 114B toggle between a reference voltage (Vref) and the
output of mixer amplifier 14 to place a charge on capacitors 112A and 112B,
respectively. The reference voltage may be, for example, a mid-rail voltage between a
maximum rail voltage of amplifier 14 and ground. For example, if the amplifier circuit
is powered with a source of 0 to 2 volts, then the mid-rail Vref voltage may be on the
order of 1 volt. Importantly, switches 114A and 114B should be 180 degrees out of
phase with each other to ensure that a negative feedback path exists during each half of
the clock cycle. One of switches 114 should also be synchronized with mixer amplifier
14 so that the negative feedback suppresses the amplitude of the input signal to mixer
amplifier 14 to keep the signal change small in steady state. By keeping the signal
change small and switching at low impedance nodes of mixer amplifier 14, e.g., as
shown in the circuit diagram of FIG. 3, the only significant voltage transitions occur at
switching nodes. Consequently, glitching (ripples) is substantially eliminated or

reduced at the output of mixer amplifier 14.
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Switches 104 and 114, as well as the switches at low impedance nodes of mixer
amplifier 116, may be CMOS SPDT switches. CMOS switches provide fast switching
dynamics that enables switching to be viewed as a continuous process. The transfer
function of ADC 10 may be defined by the transfer function provided in equation (1)
below, where Vout is the voltage of the output of mixer amplifier 14, Cin is the
capacitance of input capacitors 106, AVin is the differential voltage at the inputs to
mixer amplifier 14, Ctb is the capacitance of feedback capacitors 112, and Vrefis the
reference voltage that switches 114 mix with the output of mixer amplifier 14.

Vout = Cin(AVin)/Ctb +Vref (D

From equation (1), it is clear that the gain of ADC 10A is set by the ratio of
input capacitors Cin and feedback capacitors Cfb, i.e., capacitors 106 and capacitors
112. The ratio of Cin/Cfb may be selected to be on the order of 100. Capacitors 112
may be poly-poly, on-chip capacitors or other types of MOS capacitors and should be
well matched, i.e., symmetrical.

Although not shown in FIG. 5A, mixer amplifier 14 may include shunt feedback
paths for auto-zeroing amplifier 14. The shunt feedback paths may be used to quickly
reset amplifier 14. An emergency recharge switch also may be provided to shunt the
biasing node to help reset the amplifier quickly. The function of input capacitors 106 is
to up-modulate the low-frequency differential voltage at inputs 102 and reject common-
mode signals. As discussed above, to achieve up-modulation, the differential inputs are
connected to sensing capacitors 106A, 106B through SPDT switches 104. The phasing
of the switches provides for a differential input to the ac transconductance mixing
amplifier 14. These switches 104 operate at the clock frequency, ¢.g., 4 kHz. Because
the sensing capacitors 106 toggle between the two inputs, the differential voltage is up-
modulated to the carrier frequency while the low-frequency common-mode signals are
suppressed by a zero in the charge transfer function. The rejection of higher-bandwidth
common signals relies on this differential architecture and good matching of the
capacitors.

FIG. 5B is a circuit diagram illustrating another example embodiment of ADC
10B. ADC 10B of FIG. 5B conforms substantially with ADC 10A of FIG. 5A.
However, ADC 10B of FIG. 5B includes front end 12 that produces a single ended input

for a positive (non-inverted) input of mixer amplifier 14 instead of a front end that
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produces a differential input for a differential input mixer amplifier. In particular, front
end 12 includes a switch 104 that is driven by a clock signal provided by a system clock
(not shown). Switch 104 may, for example, correspond to modulator 30 in FIG. 2A and
FIG. 2B. Switch 104 toggles between an open state and a closed state at a clock
frequency to modulate (chop) the signal at input 102, e.g., analog input signal 2, to the
carrier (clock) frequency. The chopped input is provided to the positive input of mixer
amplifier 14.

Moreover, DAC 20 of ADC 10B provides only a single branch feedback path 16
to mixer amplifier 14 instead of a single-ended to differential interface. In particular,
provides a single-ended chopped input to a negative (inverting) input of mixer amplifier
14. To this end, feedback path 16 includes a switch 114, like switch 104, is driven by a
clock signal to toggle between an open state and a closed state to modulate (chop) the
feedback signal from DAC 20, e.g., reconstructed signal 21.

FIG. 6 is a flow diagram illustrating a method utilized by a chopper-stabilized
ADC. The method shown in FIG. 6 may be implemented using circuitry as described in
this disclosure. As shown in FIG. 6, the method may comprise modulating a low
frequency analog input signal to produce a modulated input signal (400), amplifying the
modulated signal to produce an amplified signal (402), demodulating the amplified
signal at the clock frequency to produce an output signal (404), converting the output
signal into a digital value that approximates the analog input signal (406), converting the
digital value into a reconstructed analog output signal (408), modulating an amplitude of
the reconstructed analog output signal at the clock frequency (410), and applying the
modulated output signal as a feedback signal to the modulated input signal via a first
feedback path (412).

FIG. 7 is a block diagram of an implantable medical device (IMD) 500 including
an ADC 10 in accordance with an embodiment of this disclosure. In the example of
FIG. 1, IMD 120 includes processor 502, therapy delivery module 504, memory 506,
telemetry module 508, power source 510, sensor 512, and ADC 10. ADC 10 is
chopper-stabilized, as described in this disclosure, to substantially reduce or eliminate
noise and offset from an output signal produced by the ADC. IMD 500 may be
dedicated to therapy, such as delivery of electrical stimulation or drug delivery. To that
end, IMD 500 includes therapy delivery module 504 in the example of FIG. 7.
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Alternatively, IMD 500 may be dedicated to sensing or a combination of therapy and
sensing. In either case, IMD 500 makes use of sensed signals from sensor 512.

Sensor 512 may include any type of sensor or combination of sensors. For
example, sensor 512 may be a pressure sensor, accelerometer, activity sensor,
impedance sensor, electrical signal sensor or other sensor configured to monitor heart
sounds, brain signals, and/or other physiological signals. Although illustrated in FIG. 7
as contained within IMD 500, a portion of sensor 512 may be located outside of IMD
500. For example, a sensor transducer or one or more electrodes may be located on a
distal tip of a lead implanted at a target site within the patient and electrically coupled to
IMD 500 via conductors. Alternatively, a sensor transducer or one or more electrodes
may be provided on or within a housing of IMD 500. For example, an accelerometer
may be provided within an IMD housing or within a lead that extends from the IMD.

To sense electrical signals, sensor 512 may include two or more electrodes arranged on
a lead, an electrode on a lead and an electrode on an IMD housing, two or more
electrodes arranged on an IMD housing, or other electrode arrangements. Sensor
circuitry associated with sensor 130 may be provided within sensor 512 in the housing
of IMD 500.

In general, sensor 512 provides a measurement of a physiological signal or
parameter by translating a signal or parameter to an output voltage or current. The
output of sensor 512 may be received by processor 502 via ADC 10. Processor 502 may
apply additional processing, e.g., convert the output to digital values for processing,
prior to storing the values in memory 506, and/or transmitting the values to an external
programmer via telemetry module 508. Telemetry module 508 may include a receiver
and a transmitter.

Processor 502 may also control delivery of therapy to the patient based on the
output of sensor 512. IMD 500 may deliver therapy to a patient via one or more therapy
clements, which may be within or on, or extend from, a housing associated with IMD
500 . In other embodiments, IMD 500 may be dedicated to sensing and may not include
therapy delivery module 504. Therapy delivery elements may be electrodes carried on
one or more implantable leads, electrodes on the housing of IMD 500, one or more fluid
delivery devices, or any combination thereof. For delivery of electrical stimulation,
therapy delivery module 504 may include an implantable stimulation generator or other
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stimulation circuitry that generates electrical signals, e.g., pulses or substantially
continuous signals, such as sinusoidal signals, to the patient via at least some of the
electrodes that form therapy elements under the control of processor 502.

Stimulation energy generated by therapy delivery module 504 may be
formulated as stimulation energy for treatment of any of a variety of cardiac or
neurological disorders, or disorders influenced by patient neurological response.
Example stimulation therapies include cardiac pacing, cardiac defibrillation, deep brain
stimulation (DBS), spinal cord stimulation (SCS), peripheral nerve field stimulation
(PNFS), pelvic floor stimulation, gastrointestinal stimulation, muscle stimulation, and
the like.

Therapy delivery module 504, processor 502, telemetry module 508, memory
506, sensor 512 and ADC 10 may receive operating power from power source 510.
Power source 510 may take the form of a small, rechargeable or non-rechargeable
battery, or an inductive power interface that transcutaneously receives inductively
coupled energy. In the case of a rechargeable battery, power source 510 similarly may
include an inductive power interface for transcutaneous transfer of recharge power.

In embodiments in which one or more fluid delivery devices are part of therapy
elements associated with therapy delivery module 504, the therapy delivery module may
include one or more fluid reservoirs and one or more pump units that pump fluid from
the fluid reservoirs to the target site through the fluid delivery devices. The fluid
reservoirs may contain a drug or mixture of drugs. The fluid reservoirs may provide
access for filling, e.g., by percutaneous injection of fluid via a self-sealing injection port.
The fluid delivery devices may comprise, for example, catheters that deliver, i.e., infuse
or disperse, drugs from the fluid reservoirs to the same or different target sites.

Processor 502 may include a microprocessor, microcontroller, digital signal
processor (DSP), application specific integrated circuit (ASIC), field programmable gate
array (FPGA), discrete logic circuitry, or a combination of such components. Processor
502 may be programmed to control delivery of therapy according to a selected
parameter set stored in memory 506. Specifically, processor 502 controls therapy
delivery module 504 to deliver electrical stimulation, drug therapy, or a combination of
both. For example, processor 502 may control which drugs are delivered and the dosage
of the drugs delivered.
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Processor 502 may also control therapy delivery module 504 to deliver electrical
stimulation with pulse amplitudes, pulse widths, and frequencies (i.e., pulse rates)
specified by the programs of the selected parameter set. Processor 502 may also control
therapy delivery module 504 to deliver electrical stimulation or drugs according to a
different program of the parameter set. In some embodiments, processor 502 may
control therapy delivery module 504 to deliver a substantially continuous stimulation
waveform rather than pulsed stimulation.

Memory 506 may store parameter sets that are available to be selected by the
patient for delivery of electrical stimulation and/or drug therapy. Memory 506 may also
store schedules. Memory 506 may include any combination of volatile, non-volatile,
removable, magnetic, optical, or solid state media, such as read-only memory (ROM),
random access memory (RAM), electronically-erasable programmable ROM
(EEPROM), flash memory, or the like.

Processor 502 may control telemetry module 126 to exchange information with
an external programmer, such as a clinician programmer and/or patient programmer, by
wireless telemetry. Processor 502 may control telemetry module 508 to communicate
with the external programmer on a continuous basis, at periodic intervals, or upon
request from the programmer. In addition, in some embodiments, telemetry module 508
may support wireless communication with one or more wireless sensors that sense
physiological signals and transmit the signals to IMD 120.

Telemetry module 508 may operate as a transceiver that receives telemetry
signals from an external programmer and transmits telemetry signals to an external
programmer. A portion of telemetry module 508 is configured operate as a transmitter
to transmit signals from IMD 500 to an external programmer or to another IMD or
external medical device.

A chopper-stabilized ADC as described in this disclosure may be useful in a
variety of applications. Specifically, the ADC may be useful in applications that operate
at low frequency with very low power. For example, the invention may be applied to
support to support sensing relating to therapies for a variety of symptoms or conditions
such as cardiac arrhythmia, cardiac fibrillation, chronic pain, tremor, Parkinson’s
disease, epilepsy, urinary or fecal incontinence, sexual dysfunction, obesity, or
gastroparesis, and may provide information useful in controlling electrical stimulation or
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drug delivery to a variety of tissue sites, such as the heart, the brain, the spinal cord,
pelvic nerves, peripheral nerves, or the gastrointestinal tract of a patient.

Hence, an ADC as described in this disclosure may be integrated with, housed
in, coupled to, or otherwise associated with an external or implantable medical device,
such as a cardioverter/defibrillator, spinal cord stimulator, pelvic nerve stimulator, deep
brain stimulator, gastrointestinal stimulator, peripheral nerve stimulator, or muscle
stimulator, and also may be used in conjunction with implantable or external drug
delivery devices. For example, an ADC and/or associated sensing and measurement
circuitry may reside within an implantable medical device housing or a lead or catheter
coupled to such a device.

The ADC may be used in conjunction with different therapeutic applications,
such as cardiac stimulation, deep brain stimulation (DBS), spinal cord stimulation
(SCS), pelvic stimulation for pelvic pain, incontinence, or sexual dysfunction, gastric
stimulation for gastroparesis, obesity or other disorders, or peripheral nerve stimulation
for pain management. Stimulation also may be used for muscle stimulation, e.g.,
functional electrical stimulation (FES) to promote muscle movement or prevent atrophy.

Various embodiments been described. These and other embodiments are within

the scope of the following claims.
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CLAIMS:
L. A chopper-stabilized analog-to-digital converter (ADC) comprising:

a first modulator that modulates an amplitude of an analog input signal at a clock
frequency to produce a modulated signal;

a mixer amplifier that amplifies the modulated signal to produce an amplified
signal and demodulates the amplified signal at the clock frequency to produce an output
signal;

circuitry that converts the output signal into a digital value that approximates the
analog input signal;

circuitry that converts the digital value into a reconstructed analog output signal;

a second modulator that modulates an amplitude of the reconstructed analog
output signal at the clock frequency; and

a feedback path that applies the modulated output signal as a feedback signal to

the modulated input signal.

2. The ADC of claim 1, wherein a non-inverting input of the mixer amplifier inputs
the modulated signal from the first modulator and an inverting input of the mixer

amplifier inputs the modulated output signal from the feedback path.

3. The ADC of claim 1, wherein the mixer amplifier is a differential input mixer
amplifier that receives, and the feedback path includes a first feedback path branch
coupled to a first input of the mixer amplifier and a second feedback path branch
coupled to a second input of the mixer amplifier, and wherein the second modulator
includes a modulator in the first feedback path branch and a modulator in the second
feedback path branch that modulate the amplitude of the reconstructed analog output

signal out of phase with one another.

4. The ADC of claim 3, wherein each of the first and second feedback path
branches includes a feedback capacitance, each of the first and second inputs of the
mixer amplifier is coupled to receive the differential input signal via an input
capacitance, and a gain of the mixer amplifier is at least partially dependent on a ratio of
the feedback capacitance to the input capacitance.
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5. The ADC of claim 1, wherein the mixer amplifier includes:

a third modulator that demodulates the amplified signal to a baseband frequency;

and

an integrator that integrates the demodulated signal produced by the third
modulator.
6. The ADC of claim 1, further comprising a power source to power the amplifier,

wherein the power source delivers less than approximately 2.0 microamps of electrical
current to the amplifier during operation, and delivers a voltage of less than
approximately 2.0 volts to the circuit, and wherein the input signal has a frequency of

less than or equal to approximately 1.0 Hz.

7. The ADC of claim 1, wherein the mixer amplifier outputs a differential signal,
and the circuitry that converts the output signal produced by the mixer amplifier into the
digital value includes:

a differential input comparator that produces a control signal with a first
amplitude when an amplitude of the differential signal input to a positive input of the
mixer amplifier is greater than an amplitude of the differential signal input to a negative
input of the mixer amplifier;

a compensator that suppresses the output signal produced by the mixer amplifier
at frequencies lower than a high pass corner frequency; and

an up/down counter that receives the control signal and increases an amplitude
of the digital value when the control signal is received with the first amplitude, and
decreases the amplitude of the digital value when the control signal is received with the

second amplitude.

34



10

15

20

25

30

WO 2009/042313

3. The ADC of claim 1, wherein the circuitry that converts the output signal
produced by the mixer amplifier into the digital value includes:

a comparator that produces a control signal with a first amplitude when an
amplitude of the output signal is greater than a reference voltage and produces the
control signal with a second amplitude when the amplitude of the output signal is less
than the reference voltage;

a compensator that suppresses the output signal produced by the mixer amplifier
at frequencies lower than a high pass corner frequency; and

an up/down counter that receives the control signal and increases an amplitude
of the digital value when the control signal is received with the first amplitude, and
decreases the amplitude of the digital value when the control signal is received with the

second amplitude.

9. An implantable medical device comprising:

a physiological sensor that generates an input signal indicative of a physiological
condition; and

a chopper-stabilized analog-to-digital converter (ADC) comprising:

a first modulator that modulates an amplitude of the input signal at a
clock frequency to produce a modulated signal;

a mixer amplifier that amplifies the modulated signal to produce an
amplified signal and demodulates the amplified signal at the clock frequency to
produce an output signal;

circuitry that converts the output signal into a digital value that

approximates the analog input signal;

circuitry that converts the digital value into reconstructed analog output

signal;

a second modulator that modulates an amplitude of the reconstructed
analog output signal at the clock frequency; and

a feedback path that applies the modulated output signal as a feedback

signal to the modulated input signal.
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10.  The device of claim 9, wherein a non-inverting input of the mixer amplifier
inputs the modulated signal from the first modulator and an inverting input of the mixer

amplifier inputs the modulated output signal from the feedback path.

11. The device of claim 9, wherein the mixer amplifier is a differential input mixer
amplifier that receives, and the feedback path includes a first feedback path branch
coupled to a first input of the mixer amplifier and a second feedback path branch
coupled to a second input of the mixer amplifier, and wherein the second modulator
includes a modulator in the first feedback path branch and a modulator in the second
feedback path branch that modulate the amplitude of the reconstructed analog output

signal out of phase with one another.

12. The device of claim 11, wherein each of the first and second feedback path
branches includes a feedback capacitance, each of the first and second inputs of the
mixer amplifier is coupled to receive the differential input signal via an input
capacitance, and a gain of the mixer amplifier is at least partially dependent on a ratio of

the feedback capacitance to the input capacitance.

13. The device of claim 9, wherein the mixer amplifier includes:

a third modulator that demodulates the amplified signal to a baseband frequency;

and

an integrator that integrates the demodulated signal produced by the third
modulator.
14. The device of claim 9, further comprising a power source to power the device,

wherein the power source delivers less than approximately 2.0 microamps of electrical
current to the amplifier during operation, and delivers a voltage of less than
approximately 2.0 volts to the circuit, and wherein the input signal has a frequency of

less than or equal to approximately 1.0 Hz.

36



10

15

20

25

30

WO 2009/042313 PCT/US2008/073458

15.  The device of claim 9, wherein the mixer amplifier outputs a differential signal,
and the circuitry that converts the output signal produced by the mixer amplifier into the
digital value includes:

a differential input comparator that produces a control signal with a first
amplitude when an amplitude of the differential signal input to a positive input of the
mixer amplifier is greater than an amplitude of the differential signal input to a negative
input of the mixer amplifier;

a compensator that suppresses the output signal produced by the mixer amplifier
at frequencies lower than a high pass corner frequency; and

an up/down counter that receives the control signal and increases an amplitude
of the digital value when the control signal is received with the first amplitude, and
decreases the amplitude of the digital value when the control signal is received with the

second amplitude.

16.  The device of claim 9, wherein the circuitry that converts the output signal
produced by the mixer amplifier into the digital value includes:

a comparator that produces a control signal with a first amplitude when an
amplitude of the output signal is greater than a reference voltage and produces the
control signal with a second amplitude when the amplitude of the output signal is less
than the reference voltage;

a compensator that suppresses the output signal produced by the mixer amplifier
at frequencies lower than a high pass corner frequency; and

an up/down counter that receives the control signal and increases an amplitude
of the digital value when the control signal is received with the first amplitude, and
decreases the amplitude of the digital value when the control signal is received with the

second amplitude.

17. The device of claim 9, wherein the sensor includes one of an accelerometer, a

pressure sensor, and a Voltage sCnsor.

18.  The device of claim 9, wherein the sensor includes one of electrocardiogram
(ECQG), electromyogram (EMGQG), or electroencephalogram (EEG) sensor.
37
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19.  The device of claim 9, further comprising a processor that controls delivery of a

therapy to a patient based on the digital signal from ADC.
20.  The device of claim 9, wherein the implantable medical device includes one of a

cardiac pacemaker, a cardiac defibrillator, an electrical neurostimulator, and an

implantable drug delivery device.
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