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(57) ABSTRACT

In an example, an electrical circuit device for amplifying a
physiological signal includes a modulation unit configured to
receive an input signal, to modulate the input signal to pro-

Int. CL. duce a modulated signal. The device also includes an ampli-
HO3F 1/02 (2006.01) fication and transconductance unit configured to amplify an
AGIB 5/0476 (2006.01) amplitude of the modulated signal and increase a transcon-
AG6IB 5/0402 (2006.01) ductance of the modulated signal to produce a transconduc-
AG6IB 5/00 (2006.01) tance enhanced modulated and amplified signal, where the
AG6IB 5/01 (2006.01) amplification and transconductance unit comprises at least a
AGIB 5/04 (2006.01) first complementary pair of transistors and a second comple-
A6IB 5/11 (2006.01) mentary pair of transistors configured to receive the modu-
HO3F 3/15 (2006.01) lated signal and to amplify and increase the transconductance
A6IB 5/0488 (2006.01) of the modulated signal. The device also includes a demodu-
U.S. CL lation unit configured to receive the transconductance
CPC ... HO3F 1/0205 (2013.01); HO3F 3/45076 enhanced modulated and amplified signal and to demodulate
(2013.01); AGIB 50476 (2013.01); A61B  the signal.
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POWER-EFFICIENT CHOPPER AMPLIFIER

TECHNICAL FIELD

[0001] This disclosure relates to medical devices and, more
particularly, to the monitoring of physiological signals with a
medical device.

BACKGROUND

[0002] Medical devices may be used to deliver therapy to
patients to treat a variety of symptoms or conditions.
Examples of therapy include electrical stimulation therapy
and drug delivery therapy. Examples of symptoms or condi-
tions include chronic pain, tremor, akinesia, Parkinson’s dis-
ease, epilepsy, dystonia, neuralgia, obsessive compulsive dis-
order (OCD), depression, sleep dysfunction, urinary or fecal
incontinence, sexual dysfunction, obesity, or gastroparesis.
Information relating to symptoms or conditions may be
sensed by monitoring physiological signals, such as, e.g.,
electrocardiogram (ECG) signals, electromyogram (EMG)
signals, electroencephalogram (EEG) signals, electrocortico-
gram (ECoG) signals, pressure signals, temperature signals,
impedance signals, motion signals, and other types of signals.
[0003] In some cases, the physiological signals associated
with a patient may be relatively low voltage signals that have
information encoded at relatively low frequencies in the sig-
nal, such as, e.g., brain signals. Amplifying low frequency
signals may present significant challenges in medical devices,
particularly in the case of implantable medical devices where
power resources may be limited.

SUMMARY

[0004] This disclosure describes techniques and circuitry
for amplifving low frequency signals. A chopper amplifier
may be used to amplify a signal with low frequency compo-
nents to produce a resulting amplified signal with relatively
low offset noise and relatively low 1/fnoise (i.e., flicker noise
or pink noise). In addition, random and/or thermal noise may
be influenced by a transconductance of an amplifier. Accord-
ing to aspects of this disclosure, amplifier circuitry may
include an amplification and transconductance unit config-
ured to amplify a low frequency signal while also increasing
transconductance and reducing power consumption. In some
examples, the amplification and transconductance unit may
include complementary transistors for amplifying and
increasing a transconductance of a chopper modulated signal.
In addition, in some examples, for differential applications,
the amplification and transconductance unit may have com-
plimentary pairs of transistors for amplifying and increasing
the transconductance of the modulated signal.

[0005] In one example, an electrical circuit device for
amplifying a physiological signal includes a modulation unit
configured to receive an input signal, to modulate the input
signal to produce a modulated signal, an amplification and
transconductance unit configured to amplify an amplitude of
the modulated signal and increase a transconductance of the
modulated signal to produce a transconductance enhanced
modulated and amplified signal, wherein the amplification
and transconductance unit comprises at least a first comple-
mentary pair of transistors and a second complementary pair
of transistors configured to receive the modulated signal and
to amplify and increase the transconductance of the modu-
lated signal, and a demodulation unit configured to receive the
transconductance enhanced modulated and amplified signal
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and to demodulate the transconductance enhanced modulated
and amplified signal to generate a choppet-stabilized ampli-
fied version of the input signal.

[0006] In another example, a method for amplifying a
physiological signal includes modulating an input signal to
produce a modulated signal, amplifying an amplitude and
increasing a transconductance of the modulated signal, by a
first complementary pair of transistors and a second comple-
mentary pair of transistors configured to receive the modu-
lated signal, to produce a transconductance enhanced modu-
lated and amplified signal, and demodulating the
transconductance enhanced modulated and amplified signal
to generate a chopper-stabilized amplified version of the input
signal.

[0007] In another example, an apparatus for amplifying a
physiological signal includes means for modulating an input
signal to produce a modulated signal, means for receiving the
modulated signal and amplifying an amplitude and an
increasing a transconductance of the modulated signal to
produce a transconductance enhanced modulated and ampli-
fied signal, wherein the means for receiving and amplifying
comprises at least a first complementary pair of transistors
and a second complementary pair of transistors configured to
receive the modulated signal and to amplify and increase the
transconductance of the modulated signal, and means for
demodulating the transconductance enhanced modulated and
amplified signal to generate a chopper-stabilized amplified
version of the input signal.

[0008] The details of one or more examples of the disclo-
sure are set forth in the accompanying drawings and the
description below. Other features, objects, and advantages of
the disclosure will be apparent from the description and draw-
ings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0009] FIG. 1 is block diagram illustrating an example
medical device in which the amplification techniques of this
disclosure may be implemented.

[0010] FIG. 2isa circuit diagram illustrating example sens-
ing and analysis circuitry that may be used to perform the
amplification techniques of this disclosure.

[0011] FIG. 3isacircuit diagram illustrating example sens-
ing and analysis circuitry that may be used to perform the
amplification techniques of this disclosure.

[0012] FIG. 4isa circuit diagram illustrating example sens-
ing and analysis circuitry that may be used to perform the
amplification techniques of this disclosure.

[0013] FIG. 5 is a flow diagram illustrating an example
technique for amplification according to this disclosure.
[0014] Like reference characters denote like elements
throughout the figures and text.

DETAILED DESCRIPTION

[0015] This disclosure describes techniques and circuitry
for amplifying low frequency signals. A chopper amplifier
may be used to amplify a signal with low frequency compo-
nents to produce a resulting amplified signal with relatively
low offset noise and relatively low 1/fnoise (i.e., flicker noise
or pink noise). In addition, random and/or thermal noise may
be influenced by a transconductance of an amplifier. Accord-
ing to aspects of this disclosure, amplifier circuitry may
include an amplification and transconductance unit to
amplify a low frequency signal while also increasing
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transconductance and reducing power consumption. In some
examples, the amplification and transconductance unit may
include complementary transistors for amplifying and
increasing a transconductance of a chopper modulated signal.
In addition, in some examples, for differential applications,
the amplification and transconductance unit may have com-
plimentary pairs of transistors for amplifying and increasing
the transconductance of the modulated signal.

[0016] Sensing circuitry designed in accordance with the
techniques of this disclosure may be used for sensing, moni-
toring, and analyzing a variety of signals including, e.g.,
electrocardiogram (ECG) signals, electromyogram (EMG)
signals, electroencephalogram (EEG) signals, electrocortico-
gram (ECoG) signals, pressure signals, temperature signals,
impedance signals, motion signals, and other types of signals.
In addition, sensing circuitry designed in accordance with the
techniques of this disclosure may be incorporated into a vari-
ety of implantable and non-implantable medical devices
including, e.g., a pacemaker, defibrillator, or a neurostimula-
tor, such as a neurostimulator configured to provide spinal
cord stimulation, gastric stimulation, pelvic floor stimulation,
peripheral nerve stimulation, or deep brain stimulation.

[0017] Insome examples, the techniques of this disclosure
may be used to sense, monitor, and analyze brain signals, such
as, e.g., EEG signals, ECoG signals, and local field potentials
(LFP’s). Brain signals may include neurological biomarkers
that are encoded as power fluctuations in particular frequency
bands of the brain signal. For example, visual processing and
motor planning may be correlated with power fluctuations in
the alpha band (e.g., 5 to 15 Hz), and the symptoms of Par-
kinson’s disease may be correlated with power fluctuations in
the betaband (e.g.. 15 to 35 Hz). Othertarget frequency bands
of interest for brain signals may include the delta band (e.g.,
1 Hz or lower), the theta band (e.g., 4 to 8 Hz), and the gamma
band (e.g., 30-100 Hz).

[0018] A digital processor may be used to analyze power
fluctuations of the brain signal in a specific frequency band.
The power fluctuations in the brain signal may occur at rela-
tively low frequencies and at a relatively low baseline power.
The relatively low baseline power of the brain signal may
make the signal difficult to analyze in a digital processor
without amplification prior to digitization. The relatively low
frequencies of interest in the brain signal may make the signal
difficult to amplify without introducing noise (e.g., offset
noise and 1/fnoise) into the target frequency bands of interest,
particularly in low power applications where the available
power for the amplifier may be limited.

[0019] In addition, medical devices may be characterized
by finite power resources that are required to last several
months or years. 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 may require a supply current of less than 2.0 micro-
amps or less than 1.0 microamps. In some examples, such a
sensor circuit may consume supply current in a range of
approximately 100 nanoamps to 1.0 microamps. Such a sens-
ing 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 mea-
surement applications. In each case, the micropower sensing
circuit may be required to draw low power, yet provide pre-
cise and accurate measurement.
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[0020] Accordingly, an amplifier of a medical device may
be designed to amplify an electrical signal between two elec-
trodes in contact with body tissue while sustaining an accept-
able signal to noise ratio (SNR) and also limiting the amount
of power that is consumed. There may be two common noise
sources associated with such an amplifier, including 1/fnoise
(and offset noise, as noted above) and random/thermal noise.
[0021] Insome instances, 1/f noise may be removed using
a chopper amplifier or a correlated double sampling (CDS)
circuit. A chopper amplifier may be more power efficient than
a CDS amplifier for some applications. In general, a chopper
amplifier may be used to amplify a signal with low frequency
components to produce a resulting amplified signal with rela-
tively low offset and relatively low 1/fnoise (i.e., flicker noise
or pink noise). For example, a chopper amplifier is an
example of a low power amplifier that may be used to amplify
a brain signal to produce a resulting amplified signal with
relatively low noise at low frequencies in the signal. A chop-
per amplifier may up-modulate a signal to be amplified based
on achopper frequency, amplify the up-modulated signal, and
down-modulate the amplified signal based on the same chop-
per frequency to produce a chopper-stabilized amplified ver-
sion of the input signal.

[0022] Thermal and random noise may be a function of a
transconductance of amplifier input pairs. For example,
increasing transconductance may result in a reduction in thetr-
mal noise. Thus, to achieve an efficient transconductance
amplifier, transconductance may be increased for a given
current consumption.

[0023] According to aspects of this disclosure, an amplifier
having an amplification and transconductance unit may be
configured to provide an accurate output at low frequency
with relatively low power consumption. According to aspects
of this disclosure, the amplification and transconductance
unit may include one or more sets of transistors. The sets of
transistors may include complementary NMOS and PMOS
transistors. For example, for a single-ended (non-differential
amplifier) amplification and transconductance unit may
include complimentary NMOS and PMOS transistors. In
another example, for a differential amplifier, amplification
and transconductance unit may include one or more pairs of
complimentary NMOS and PMOS ftransistors. In some
examples, the techniques may be used to amplify a current
drain of a sensing channel of a medical device, such as an
implantable or external medical device for monitoring neural
signals. The techniques may, in some instances, reduce the
power consumption of such an amplifier by approximately
50% relative to an amplifier implementing chopper tech-
niques alone.

[0024] FIG. 1 is block diagram illustrating an example
medical device 30 that may perform the amplification tech-
niques of this disclosure. In the example of FIG. 1, medical
device 30 includes a power source 32, such as a rechargeable
or nonrechargeable battery, a processor 34, a telemetry mod-
ule 36, memory 38, sensing elements 40, sensing and analysis
circuitry 42, a therapy delivery module 44, and therapy deliv-
ery elements 46. It should be understood that the components
of medical device 30 are provided merely for purposes of
example, and that medical device 30 may include more or
fewer components than are shown in FIG. 1.

[0025] Power source 32 may provide operating power to
components of medical device 30, such as processor 34,
telemetry module 36, memory 38, sensing and analysis cir-
cuitry 42, and therapy delivery module 44. Power source 32
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may take the form of a small, rechargeable or non-recharge-
able battery, or an inductive power interface that receives
inductively coupled energy. In the case of a rechargeable
battery, power source 32 similarly may include an inductive
power interface for transfer of recharge power.

[0026] Processor 34 may include one or more microproces-
sors, microcontrollers, digital signal processors (DSPs),
application specific integrated circuits (ASICs), field pro-
grammable gate array (FPGAs), discrete logic circuitry, or a
combination of such components. In general, processor 34
may control the functions of components of medical device
30, such as the functions of telemetry module 36 and/or
therapy delivery module 44 based on data retrieved from
memory 38 and/or signals received from sensing and analysis
circuitry 42.

[0027] For example, processor 34 may control a telemetry
module 36 to exchange information with an external pro-
grammer, such as a clinician programmer and/or patient pro-
grammer, by wireless, radio frequency (RF) telemetry. Pro-
cessor 34 may control telemetry module 36 to communicate
with the external programmer on a continuous basis, at peri-
odic intervals, or upon request from the programmer. The
programmer may, in turn, be connected to a computer that can
program the device for algorithm and sensing adjustments,
for issuing commands, for uplinking recorded loop data and
for providing analysis. Alternatively or additionally, pro-
grammer may communicate directly with device 30 to, for
example, perform one or more of the aforementioned func-
tions. In addition, in some embodiments, telemetry module
36 may support wireless communication with one or more
wireless sensors or sensing elements that sense physiological
signals and transmit the signals to sensing and analysis cir-
cuitry 42 by wireless transmission.

[0028] Processor 34 may also communicate with memory
38. For example, memory 38 may store therapy instructions
that are available to be selected by processor 34 in response to
receiving a patient therapy trigger from sensing and analysis
circuitry 42 and/or upon receiving a communication from
programmer or another device. In addition, processor 34 may
be configured to record diagnostic information, such as
sensed signals, signal characteristics, or the like in memory
38 or another memory or storage device. Memory 38 may
include any combination of volatile, non-volatile, removable,
or solid state media, such as read-only memory (ROM), ran-
dom access memory (RAM), electronically-erasable pro-
grammable ROM (EEPROM), flash memory, or the like.
[0029] Processor 34 may receive information via sensing
elements 40 and sensing and analysis circuitry 42. In some
examples, medical device 30 may comprise an implantable
medical device capable of being implanted within the patient.
In this case, sensing elements 40 may be positioned at a
desired location within the patient to detect the physiological
signal. In other examples, medical device 30 may comprise an
external medical device with sensing elements 40 positioned
at a desired location adjacent the patient to detect the physi-
ological signal.

[0030] In general, sensing elements 40 provide a measure-
ment of a physiological signal associated with the patient by
translating the signal to an output voltage or current. Sensing
elements 40 may include a variety of sensing elements, such
as one or more pressure sensing elements, an accelerometer,
an activity monitor, an impedance monitor, an electrical sig-
nal monitor or other monitor configured to monitor heart
sounds, brain signals, and/or other physiological signals.
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Sensing elements 40 may include a set of electrodes for
sensing electrical signals. The electrodes may be, for
example, implantable electrodes deployed on a lead or exter-
nal surface electrodes. Sensing elements 40 may be deployed
at selected tissue sites or on selected surfaces of a human
patient, such as within the brain, proximate the spinal cord, on
the scalp, or elsewhere. As an example, scalp electrodes may
be used to measure or record EEG signals. As another
example, electrodes implanted at the surface of the cortex
may be used to measure or record ECoG signals.

[0031] Sensing elements 40 may include one or more leads.
A lead may carry one electrode or multiple electrodes, such as
ring electrodes, segmented electrodes or electrodes arranged
in a planar or non-planar array, e.g., on a paddle lead. Such
leads may carry sense electrodes or a combination of sense
and stimulation electrodes. In some cases, different leads may
be dedicated to sensing and stimulation functions. If external,
medical device 30 may be coupled to one or more leads
carrying sense and/or stimulation electrodes via a percutane-
ous extension. As a further illustration, sensing elements 40
may be surface electrodes suitable for placement on scalp,
face, chest, or elsewhere on a patient, in which case such
electrodes may be coupled to sensing and analysis circuitry
42 via conductors within external leads. Sensing elements 40
may further comprise combinations of electrodes provided on
one or more implantable leads and on or within a housing of
medical device 30, or other electrode arrangements.

[0032] Sensing and analysis circuitry 42 may monitor the
signals obtained from sensing elements 40. Sensing and
analysis circuitry 42 may include suitable electrical intercon-
nections to sensing elements 40 and other components, as
necessary. Sensing and analysis circuitry 42 may output a
trigger signal to processor 34 to control therapy and/or record
diagnostic information. In such examples, processor 34 may
receive the trigger signal and initiate delivery of therapy, stop
delivery of therapy or adjust one or more therapy parameters
specified in memory 38.

[0033] Insome examples, sensing and analysis circuitry 42
may monitor and/or analyze physiological signals associated
with a patient in selected frequency bands. The physiological
signals may be relatively low frequency signals, and may
have frequency bands of interest in a range of approximately
1 to 1000 Hertz (Hz) or, more particularly, in a range of
approximately 1 to 500 Hz. For example, 1 Hz oscillations
may be relevant for sleep state analysis, while fast ripples in
a range of approximately 200 to 500 Hz or higher may be
relevant for analysis of epilepsy. In general, frequencies inthe
selected frequency band are less than or equal to approxi-
mately 1000 Hz, more particularly less than or equal to
approximately 500 Hz, and still more particularly less than or
equal to approximately 100 Hz. For EEG signals, as an
example, selected frequency bands may fall in the ranges of
approximately 5 to 15 Hz (alpha band), 15 to 35 Hz (beta
band), and 30 to 80 Hz (gamma band).

[0034] Characteristics of the signal in selected frequency
bands may be useful in controlling therapy, such as electrical
stimulation or drug delivery, either by initiation of delivery of
therapy or adjustment of therapy parameters. Adjustment of
therapy parameters may include adjustment of pulse ampli-
tude, pulse rate, pulse width, electrode combination or the
like for electrical stimulation, or adjustment of dosage, rate,
frequency, lockout interval, or the like for drug delivery.
[0035] Insome examples, sensing and analysis circuitry 42
may generate a signal indicative of a power of a target fre-
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quency band of a physiological signal and/or a signal indica-
tive of power fluctuation of a target frequency band of a
physiological signal. In such examples, processor 34 may
trigger, stop, or adjust a delivery of therapy and/or trigger the
recording of diagnostic information based on the signal
indicative of the power of the target frequency band and/or the
signal indicative of power fluctuation of the target frequency
band. In some instances, sensing and analysis circuitry 42
may receive a measured physiological signal as an input
signal, generate a chopper-stabilized amplified version of the
input signal based on a chopper frequency, sample the chop-
per-stabilized amplified version of the physiological input
signal at a sampling rate to generate a sampled signal, and
analyze information contained in a target frequency band of
the sampled signal.

[0036] According to aspects of this disclosure, as described
in greater detail below, sensing and analysis circuitry 42 may
include amplifier circuitry including an amplification and
transconductance unit. The amplifier circuitry may be con-
figured to provide an accurate output at low frequency with
relatively low power consumption. A modulation unit of the
amplifier circuitry may modulate a signal to be amplified
from sensing elements 40 based on a chopper frequency. The
amplification and transconductance unit may amplify the up-
modulated signal and increase the transconductance of the
up-modulated signal.

[0037] According to aspects of this disclosure, the
increased transconductance (also referred to as enhanced
transconductance) may be used to reduce random noise asso-
ciated with sensing elements 40 and/or sensing and analysis
circuitry 42. In some examples, the amplification and
transconductance unit may include complementary pairs of
transistors that are both driven by signals from the modulation
unit, such as complementary pairs of NMOS and PMOS
transistors. The transistor pairs may provide greater transcon-
ductance than a single NMOS pair or PMOS pair. The ampli-
fier of sensing and analysis circuitry 42 may then down-
modulate the amplified signal based on the same chopper
frequency to produce a chopper-stabilized, amplified version
of the input signal.

[0038] Processor 34 may output therapy instructions to
therapy delivery module 44 to initiate, stop, or adjust delivery
of therapy. Therapy delivery module 44 may be connected to
therapy delivery elements 46, such as one or more electrodes
deployed on a lead or drug delivery conduits, which may be
positioned at a desired location relative to the patient to
deliver therapy to the patient in response to the monitored
physiological signal.

[0039] Again, medical device 30 may be an implantable
device or an external device. Accordingly, therapy delivery
elements 46 may be positioned ata desired location within the
patient to deliver the therapy, such as electrical stimulation,
drug delivery or internal audio or visual cueing. In other
examples, therapy delivery elements 46 may be positioned at
adesired location external to the patient to deliver the therapy,
such as external audio, visual or tactile cueing via lights,
displays, speakers, or the like.

[0040] In some cases, as described above, therapy delivery
module 44 may include a stimulation generator or other
stimulation circuitry that delivers 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 delivery elements 46, under the control of the
therapy instructions received from processor 34. Processor 34
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may control therapy delivery module 44 to deliver electrical
stimulation with pulse voltage or current amplitudes, pulse
widths and frequencies (i.e., pulse rates), and electrode com-
binations specified by the programs of the selected therapy
instructions, e.g., as stored in memory 38. Processor 34 may
also control therapy delivery module 44 to deliver each pulse,
or a burst of pulses, according to a different program of the
therapy instructions, such that multiple programs of stimula-
tion are delivered in an interleaved or alternating basis. In
some embodiments, processor 34 may control therapy deliv-
ery module 44 to deliver a substantially continuous stimula-
tion waveform rather than pulsed stimulation.

[0041] In other cases, as described above, therapy delivery
module 44 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, such as
one or more catheters, that form therapy delivery elements 46,
under the control of the therapy instructions received from
processor 34. For example, processor 34 may control which
drugs are delivered and the dosage, rate and lockout interval
of the drugs delivered. 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 com-
prise, for example, fluid delivery conduits in the form of
catheters that deliver, i.e., infuse or disperse, drugs from the
fluid reservoirs to the same or different target sites.

[0042] In some cases, therapy delivery module 44 may
include an audio signal generator, a visual signal generator, or
a tactile stimulus (e.g., vibration) generator for cueing to
disrupt akinesia or treat other conditions. Processor 34 may
control therapy delivery module 44 to deliver audio, visual or
tactile cueing with different parameters, such as amplitude,
frequency, or the like, as specified by programs stored in
memory 38.

[0043] As noted above, it should be understood that the
components of medical device 30 are provided merely for
purposes of example, and that medical device 30 may include
more or fewer components shown in FIG. 1. In addition, it
should be understood that certain components shown in medi-
cal device 30 of FIG. 1 may be highly integrated, but are
illustrated separately for conceptual purposes. For example,
in some instances, certain functions described with respect to
sensing and analysis circuitry 42 may be carried out by pro-
cessor 34, or vice versa.

[0044] FIG. 2 is a circuit diagram illustrating example
amplifier circuitry 52 that may be used to perform the ampli-
fication techniques of this disclosure. In some examples,
amplifier circuitry 52 may be incorporated in sensing and
analysis circuitry 42 (FIG. 1). In the example shown in FIG.
2, amplifier circuitry 52 includes modulator 62 with feedback
63, first and second capacitors 66 A and 66B, first and second
feedback capacitors 68A and 68B, an input common mode
feedback function block 72, a amplification and transconduc-
tance unit 76, a demodulator 78, and an output stage 82.
[0045] According to aspects of this disclosure, amplifier
circuitry 52 may be configured to amplify an input signal
received from one or more sensing elements, such as sensing
elements 40 (FIG. 1). In some examples, the input signal may
be a physiological signal received from one or more sensing
elements (e.g., electrodes) that are attached to, proximate to,
and/or implanted within a human being. As described in
greater detail below, amplifier circuitry 52 may receive the
input signal, modulate an amplitude of the input signal based
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on a chopper frequency to produce a modulated signal, and
amplify an amplitude of the modulated signal to produce an
amplified signal. Amplifier circuitry 52 may also increase a
transconductance of the modulated signal to produce a
transconductance enhanced modulated and amplified signal,
and demodulate the transconductance enhanced modulated
and amplified signal based on the chopper frequency to gen-
erate a chopper-stabilized amplified version of the input sig-
nal for output.

[0046] Modulator 62 may be configured to modulate an
amplitude of an input signal based on a chopper frequency
(i.e, 1,,) to produce a modulated signal. Modulating a sig-
nal based on a chopper frequency may refer to modulating the
signal at the chopper frequency. In other words, modulator 62
may multiply a signal received by the respective modulator
with the chopper frequency to produce an output signal (e.g.,
a modulated signal). Modulator 62 may also be referred to as
amodulation unit and, while shown as a single component in
the example of FIG. 2, may include a variety of components
for modulating a signal. In some cases, modulator 62 may be
constructed from one or more switches that are switched at
the chopper frequency.

[0047] In some examples, modulator 62 and demodulator
78 may operate at the same chopper frequency. In other
examples, modulator 62 and demodulator 78 may operate at
different chopper frequencies. For example, in some
instances, modulator 62 and demodulator 78 may operate
using a selected frequency delta between the modulation
frequency and demodulation frequencies. In an example for
purposes of illustration, modulator 62 may operate at a par-
ticular chopper frequency £, and demodulator 78 may

chop
operate at a second, difference chopper frequency f,

chop+delta*
In this example, amplifier circuitry 52 may produce an;mpli-
fied, chopper-stabilized signal in a particular band of interest
that may be defined based on the delta. Hence, amplifier
circuitry 52 may comprise a frequency selective amplifier that
may not require a bandpass filter at an output stage, such as
output stage 82. Additional information regarding example
chopper amplifiers may be disclosed, for example, in U.S.
application Ser. No. 11/700,404, filed Jan. 31, 2007 and U.S.
application Ser. No. 12/237,868, filed Sep. 25, 2008, the
entire contents of which are incorporated by reference herein.
[0048] In some examples, modulator 62 may use a chopper
frequency that is higher thana 1/fnoise cutoff frequency (e.g.,
a 1/f noise corner). Selecting a chopper frequency that is
higher than the 1/f noise corner may be effective for reducing
1/f noise and the DC offset of the signal. However, a higher
chopper frequency typically results in lower input imped-
ance, which may attenuate the signal being monitored/ana-
lyzed (OutP and OutN). In addition, a higher chopper fre-
quency may make the amplifier more susceptible to common
mode interference. A chopper frequency for physiological
signals may be from approximately 2 kHz to 10 kHz. Accord-
ing to aspects of this disclosure, in some examples, modulator
62 may use a relatively high chopper frequency to minimize
1/f noise and DC offset. A transconductance portion, as
described herein, may be used to offset the resulting lower
input impedance and/or signal attenuation associated with the
relatively high chopper frequency.

[0049] First and second capacitors 66A and 66B and first
and second feedback capacitors 68A and 68B set a gain for
amplification and transconductance unit 76. The example of
FIG. 2 is shown as a differential amplifier. Feedback blocks
63 receive the chopper frequency (ie., f;,,) and provide a
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feedback signal to first and second feedback capacitors 68 A
and 68B. A difference between the output signals of modu-
lator 62 may be amplified using first and second capacitors
66A and 66B and first and second feedback capacitors 68A
and 68B to set the gain for amplification and transconduc-
tance unit 76. A gain may be determined based on a ratio of
first and second capacitors 66 A and 66B and first and second
feedback capacitors 68A and 68B. In the example, of FIG. 2,
the capacitance values of capacitors 66A, 668, 68A and 66B
may be selected such that the gain of amplification and
transconductance unit 76 is approximately 100 times the
input signal (100x/1x). However, in other examples, first and
second capacitors 66A and 668 and/or first and second feed-
back capacitors 68A and 68B may be selected to provide a
different gain than that shown. Moreover, in other examples,
components other than first and second capacitors 66A and
66B and/or first and second feedback capacitors 68 A and 68B
may be selected to control an amplification gain of amplifier
circuitry 52.

[0050] Input common mode feedback function block 72
may represent circuitry configured to sense a common-mode
voltage and compare the common mode voltage with a refer-
ence voltage. Input common mode feedback function block
72 may be responsible for feeding back a correcting common-
mode signal to both nodes of amplification and transconduc-
tance unit 76.

[0051] Amplification and transconductance unit 76 may
include circuitry for amplifying and increasing the transcon-
ductance of a received modulated signal. The increased
transconductance may be used to reduce random and/or ther-
mal noise associated with sensing elements, in instances in
which amplifier circuitry is used to amplify physiological
signals. According to aspects of this disclosure, and as
described in greater detail with respect to FIGS. 3 and 4
below, amplification and transconductance unit 76 may
include complementary pairs of transistors for amplifying
and increasing the transconductance of the modulated signal.
For example, according to aspects of this disclosure, modu-
lator 62 may drive both complementary pairs of transistors of
amplification and transconductance unit 76. In some
instances, amplification and transconductance unit 76 may
include at least two pairs of NMOS and PMOS transistors,
which may provide a relatively greater increase in transcon-
ductance versus a single transistor pair. In some examples,
NMOS and PMOS transistors are selected to have a sub-
threshold region that maximizes the ratio of transconductance
to bias current.

[0052] Insome examples, demodulator 78 may be config-
ured in a similar manner as modulator 62. Demodulator 78
may also be referred to as a demodulation unit and, while
shown as a single component in the example of FIG. 2, may
include a variety of components for demodulating a signal.
For example, demodulator 78 may multiply a signal received
by demodulator 78 with the chopper frequency to produce an
output signal (e.g., a modulated signal). In some cases,
demodulator 78 may be constructed from one or more
switches that are switched at the chopper frequency. As noted
above, in some examples, demodulator 78 may operate at the
same frequency as modulator 62. In other examples, demodu-
lator 78 may operate at a different frequency as modulator 62,
e.g., to generate an output in a particular band of interest.
[0053] Output stage 82 may include a variety of compo-
nents for filtering and/or conditioning an output from
demodulator 78. For example, output stage 82 includes an
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output common mode function block (“OCMFB”) that may
sense a common-mode voltage of the output signal and cor-
rect the common-mode signal, e.g., by cancelling out the
common mode portions of the signal. In some examples,
output stage 82 may include a low-pass filter (LPF) (not
shown in FIG. 2) for low-pass filtering the demodulated sig-
nal from demodulator 78. In some examples, the LPF may be
an integrator or another type of low-pass filter that includes a
pass band and a stop band. In some examples, output stage 82
may provide additional signal amplification. In some
examples, amplifier circuitry 52 may be closed loop, such that
the output from the LPF may be provided to modulator 62
(“output from LPF”). In addition, as described in greater
detail with respect to FIG. 3, in some instances, output stage
82 may include one or more cascode devices to increase an
output impedance of an output signal.

[0054] In operation, modulator 62 receives an input signal.
As noted above, the input signal may be a physiological signal
and may be a relatively low frequency signal. In some
examples, the input signal may associated with a current drain
of a transistor used in a sensing channel, such as a sensing
channel associated with one or more of sensing elements 40.
Modulator 62 may modulate the input signal based on a
chopper frequency to produce a modulated signal.

[0055] First and second capacitors 66A and 66B and first
and second feedback capacitors 68 A and 68B may receive the
modulated signal and may set the amplification gain for
amplification and transconductance unit 76. Input common
mode feedback function block (ICMFB) 72 may sense a
common-mode voltage of the amplified signal and correct the
common-mode signal, e.g., by cancelling out the common
mode portions of the signal.

[0056] Amplification and transconductance unit 76 may
receive the modulated signal from first and second capacitors
66A and 66B and first and second feedback capacitors 68A
and 68B at respective first and second inputs of amplification
and transconductance unit 76, and may amplify and increase
the transconductance of the modulated signal to produce a
transconductance enhanced modulated and amplified signal.
As noted above, amplification and transconductance unit 76
may, in some instances, include complementary pairs of tran-
sistors for increasing the transconductance of the amplified
signal.

[0057] Demodulator 78 may receive the transconductance
enhanced modulated and amplified signal from amplification
and transconductance unit 76 and may demodulate the
transconductance enhanced modulated and amplified signal.
In some examples, demodulator 78 may demodulate the
received signal based on the chopper frequency (ie., f,,,,,) to
generate a chopper-stabilized amplified version of the input
signal. In other examples, demodulator 78 may demodulate
the received signal at a different chopper frequency, e.g.,
using a particular chopper frequency delta, to generate a
chopper-stabilized amplified version of the input signal.

[0058] Output stage 82 may receive the chopper-stabilized
amplified version of the input signal from demodulator 78,
and may filter and/or condition the demodulated signal. For
example, in some instances, output stage 82 may low pass
filter the received signal to produce a filtered signal. The low
pass filter may reduce or eliminate the chopper frequency
(ie. L,,,) aggressor in the output signal. In some exanples,
output stage 82 may also include a cascode portion to increase
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the output impedance of output stage 82. In some examples,
output stage 82 may also provide additional signal amplifi-
cation for the signal.

[0059] Itshould beunderstood that amplifier circuitry 52 is
provided merely for purposes of example, and that the tech-
niques of this disclosure for amplifying a signal may be
carried out using more, fewer, or a different arrangement of
components than those shown in FIG. 2, for example, as
described below with respect to FIGS. 3 and 4.

[0060] FIG. 3 is a circuit diagram illustrating example
amplifier circuitry 90 that may be used to perform the ampli-
fication techniques of this disclosure. In the example shown in
FIG. 3, amplifier circuitry 90 includes PMOS and NMOS
biasing voltage sources 94 and 98, respectively, a P-channel
amplification and transconductance portion 102 having first
PMOS transistor 104 and second PMOS transistor 106, a
P-channel cascode portion 110 having first cascode PMOS
transistor 112 and second cascode PMOS transistor 114, an
N-channel amplification and transconductance portion 118
having first NMOS transistor 120 and second NMOS transis-
tor 122, and an N-channel cascode portion 126 having first
cascode NMOS transistor 128 and second cascode NMOS
transistor 130. The example of FIG. 3 is shown having a
differential configuration, with respective transistors of each
transistor pair receiving respective differential inputs Vinl
and Vin2 (e.g., PMOS transistor 104 and NMOS transistor
120 being driven by Vinl, and PMOS transistor 106 and
NMOS transistor 122 being driven by Vin2).

[0061] In some examples, at least a portion of amplifier
circuitry 90 may be incorporated in amplifier circuitry 52
shown in the example of FIG. 2. For example, FIG. 3 includes
demodulator 78. In addition, P-channel amplification and
transconductance portion 102 and N-channel amplification
and transconductance portion 118 may form at least a portion
of amplification and transconductance unit 76 shown in FIG.
2. In addition, P-channel cascode portion 110 and N-channel
cascode portion 126 may form at least a portion of output
stage 82. It should be understood, however, that the compo-
nents shown in FIG. 3 provide merely one example of com-
ponents that may be included in amplifier circuitry 52, and
that other examples may include more or fewer components
than those shown in FIG. 3. For example, as described below
with respect to the example of FIG. 4, amplification and
transconductance unit 76 may include additional circuitry not
shown in the example of FIG. 3.

[0062] In the example of FIG. 3, P-channel amplification
and transconductance portion 102 includes a pair of PMOS
transistors connected to differential input voltages Vinl and
Vin2 and demodulator 78. For example, first PMOS transistor
104 may have a source connected to PMOS biasing voltage
94, a gate connected to first input voltage Vinl and a drain
connected to demodulator 78. In addition, second PMOS
transistor 106 may have a source connected to PMOS biasing
voltage 94, a gate connected to second input voltage Vin2 and
a drain connected to demodulator 78.

[0063] P-channel cascode portion 110 includes another pair
of PMOS transistors connected to demodulator 78 and that
contribute to differential output signals OutN (N-channel out-
put) and OutP (P-channel output). For example, first cascode
PMOS transistor 112 may have a source connected to
demodulator 78, a gate connected to a first cascode biasing
voltageV,,,.; and a drain connected to output signal OutN. In
addition, second cascode PMOS transistor 114 may have a
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source connected to demodulator 78, a gate connected to first
cascode biasing voltage V,, .., and adrain connected to output
signal OutP.

[0064] The N-channel circuitry of FIG. 3 may be comple-
mentary to the P-channel circuitry. For example, N-channel
amplification and transconductance portion 118 includes a
pair of NMOS transistors connected to differential input volt-
ages Vinl and Vin2 and demodulator 78. That is, first NMOS
transistor 120 may have a source connected to NMOS biasing
voltage 98. which may be adjusted based on common-mode
feedback signal V ., -, a gate connected to first input voltage
Vinl and a drain connected to demodulator 78 (FIG. 2). In
addition, second NMOS transistor 122 may have a source
connected to NMOS biasing voltage 98, a gate connected to
second input voltage Vin2 and a drain connected to demodu-
lator 78.

[0065] N-channel cascode portion 126 includes another
pair of NMOS transistors connected to demodulator 78 and
that contribute to differential output signals OutN (N-channel
output) and OutP (P-channel output). For example, first cas-
code NMOS transistor 128 may have a source connected to
demodulator 78, a gate connected to a second cascode biasing
voltageV,, ., and a drain connected to output signal OutN. In
addition, second cascode NMOS transistor 130 may have a
source connected to demodulator 78, a gate connected to
second cascode biasing voltage V,,_, and a drain connected
to output signal OutP.

[0066] In operation, amplifier circuitry 90 receives differ-
ential input voltages Vinl and Vin2. In some examples, the
differential input voltages Vinl and Vin2 may correspond to
low frequency signals (e.g., physiological signals) that have
been modulated to a chopper frequency (f,,,) (e.g., via
modulator 62 as described with respect to the example of FIG.
2). P-channel amplification and transconductance portion
102 may operate as a pull up network to amplify and increase
the transconductance of the input signals Vinl and Vin2. In
some examples, the signals provided by P-channel amplifi-
cation and transconductance portion 102 (for demodulation
by demodulator 78) may be current signals having amplitudes
that are proportional to the product of the input signal and the
transconductance of P-channel amplification and transcon-
ductance portion 102.

[0067] Likewise, N-channel amplification and transcon-
ductance portion 118 may operate as a complementary pull
down network to amplify and increase the transconductance
of the input signals Vinl and Vin2. In some examples, the
signals provided by NMOS amplification and transconduc-
tance portion 118 (for demodulation by demodulator 78) may
be current signals having amplitudes that are proportional to
the product of the input signal and the transconductance of
NMOS amplification and transconductance portion 118. In
this way, P-channel amplification and transconductance por-
tion 102 and N-channel amplification and transconductance
portion 118 may operate to convert the input signals Vinl and
Vin2 into currents having relatively high transconductance.
Increasing the transconductance of the input signals may help
to reduce thermal or other random noise of the amplifier. For
example, amplifier input noise power is typically inversely
proportional to the transconductance of amplifier transistors.
[0068] According to aspects of this disclosure, the input
signals Vinl and Vin2 drive both transistor pairs (e.g.,
included in P-channel amplification and transconductance
portion 102 and N-channel amplification and transconduc-
tance portion 118) in a sub-threshold region, thereby achiev-
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ing a doubled transconductance versus a single NMOS tran-
sistor pair or a single PMOS transistor pair. As noted above,
input signals Vin1 and Vin2 may be modulated input voltages
generated by a chopper modulator (e.g., such as modulator 62
shown in FIG. 2), such that the modulator drives both sets of
transistors, i.e., the transistors of P-channel amplification and
transconductance portion 102 and N-channel amplification
and transconductance portion 118.

[0069] In general, P-channel cascode portion 110 and
N-channel cascode portion 126 may receive respective
demodulated signals from demodulator 78 and may operate
to increase the output impedance for output signals OutN and
OutP. Cascode transistors may also improve the output
impedance and open-loop gain of the amplifier. P-channel
cascode portion 110 and N-channel cascode portion 126 may
be biased by first cascode biasing voltage V,, ., and second
cascode biasing voltage V., respectively. Biasing voltage
may ensure proper operation of the respective cascode por-
tions. In some examples, first cascode biasing voltage V,, ..,
and second cascode biasing voltage V,,,., may provide con-
stant biasing voltages.

[0070] In this way, the complementary pairs of transcon-
ductance transistors (e.g., a pair including first PMOS tran-
sistor 104/first NMOS transistor 120 and a pair including
second PMOS transistor 106/second NMOS transistor 122)
may achieve twice the transconductance relative to a single
pair of transistors being driven by an input voltage. In addi-
tion, by driving both of the pairs of transconductance transis-
tors using a signal at a chopper frequency (as noted above
with respect to FIG. 2), amplifier circuitry 90 may achieve an
output signal having relatively less noise with the same cur-
rent versus the signal achieved driving either PMOS transis-
tors or NMOS transistors alone. Accordingly, using such
pairs of transistors in chopper amplifier circuitry may result in
an approximately 50% reduction in current consumption ver-
sus a chopper amplifier having a single pair of transistors
driven by a chopper modulated signal.

[0071] FIG. 4 is a circuit diagram illustrating example
amplifier circuitry 150 that may be used to perform the ampli-
fication techniques of this disclosure. In the example shown in
FIG. 4, amplifier circuitry 150 includes demodulator 78 and
an amplification and transconductance unit 158 that includes
common-mode feedback circuit 160, common-mode transis-
tor 154, first PMOS transistor 162, second PMOS transistor
166, first NMOS transistor 170, second NMOS transistor 174,
transconductance biasing voltage source 178.

[0072] Amplifier circuitry 150 also includes biasing volt-
age sources 182A, 182B, and 182C (collectively, biasing
voltages 182), a first filtering capacitor C1, a second filtering
capacitor C2, a P-channel cascode transistor pair 186 having
a first cascode PMOS transistor 188 and a second cascode
PMOS transistor 190, a second cascode transistor pair 194
having a first cascode NMOS transistor 198 and a second
cascode NMOS transistor 200, and a third transistor pair 204
including NMOS transistor 208 and NMOS transistor 210.
[0073] At least a portion of amplifier circuitry 150 may be
incorporated in amplifier circuitry 52 shown in the exaniple of
FIG. 2. For example, FIG. 4 includes demodulator 78. In
addition, amplification and transconductance unit 158 may
form at least a portion of amplification and transconductance
unit 76 shown in FIG. 2. In addition, biasing voltages 182,
first filtering capacitor C1, second filtering capacitor C2,
P-channel cascode transistor pair 186, second cascode tran-
sistor pair 194, and third transistor pair 204 may form at least
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a portion of output stage 82. It should be understood, how-
ever, that the components shown in FIG. 4 provide merely one
example of components that may be included in amplifier
circuitry 52, and that other examples may include more or
fewer components than those shown in FIG. 4.

[0074] Common-mode feedback circuit 160 and common-
mode transistor 154 define a common voltage for amplifier
circuitry 150. Common-mode feedback circuit 160 has a
common mode input V,, and inputs for transconductance
portion 158, and an ouptut for common-mode compensated
feedback voltage V -z The V., input may be tied to a
selected voltage level, which is the voltage level selected to be
the common mode voltage for the signal provided to demodu-
lator 78.V ., ,will be selected based on the swing of the signal
that is provided to demodulator 78. The common-mode feed-
back voltage VCMFB is provided to a gate of common-mode
transistor 154. In the example of FIG. 4, common-mode tran-
sistor 154 is a PMOS transistor having a source connected to
analog supply voltage line (AVDD) and a drain connected to
first transconductance PMOS transistor 162 and second
transconductance PMOS transistor 166.

[0075] In general, amplification and transconductance unit
158 receives input voltages V,,» and V5 ,and provides out-
put signals to demodulator 78. In some examples, V» and
V s may provide input voltages that have been modulated at
a chopper frequency, such that a modulator (such as modula-
tor 62 shown in FIG. 2) drives transistors 162, 166, 170, and
174. Sources of first PMOS transistor 162 and a second
PMOS ftransistor 166 are connected to a drain of common-
mode transistor 154. In addition, gates of first PMOS transis-
tor 162 and a second PMOS transistor 166 are connected to
input voltage V,,» and input voltage V,u,,, respectively.
Drains of first PMOS transistor 162 and a second PMOS
transistor 166 are connected to demodulator 78.

[0076] First NMOS transistor 170 and second NMOS tran-
sistor 174 have sources connected to transconductance bias-
ing voltage 178. Gates of first NMOS transistor 170 and
second NMOS transistor 174 are connected to input voltage
Ve and input voltage Vi, tespectively. Drains of first
NMOS transistor 170 and second NMOS transistor 174 are
connected to demodulator 78.

[0077] Biasing voltages 182A, 182B, and 182C (collec-
tively, biasing voltages 182) may provide biasing voltages for
the remaining transistors of amplifier circuitry 150. For
example, biasing voltage 182A is connected to a source of
first cascode PMOS transistor 188 and a drain of NMOS
transistor 208. Biasing voltage 182B is connected to a source
of second cascode PMOS transistor 190 and a drain of NMOS
transistor 210. Biasing voltage 182C is connected to sources
of NMOS transistor 208 and NMOS transistor 210.

[0078] Inthe example of FIG. 4, first filtering capacitor C1
is connected, at one node, to demodulator 78 and a gate of
NMOS capacitor 208. An opposite node of capacitor C1 is
coupled to ground. Second filtering capacitor C2 is connected
to demodulator 78 and a gate of NMOS transistor 210, at one
node, with an opposite node connected to drains of PMOS
transistor 190, NMOS transistor 200, and V , rpp -

[0079] A source of first cascode PMOS transistor 188 is
connected to biasing voltage 182A, while a gate of first cas-
code PMOS transistor 188 is connected to another biasing
voltage V; and a drain of first cascode PMOS transistor 188 is
connected to second cascode pair 194. A source of second
cascode PMOS transistor 190 is connected to biasing voltage
182B, while a gate of second cascode PMOS transistor 190 is
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connected to another biasing voltage V z and a drain of second
cascode PMOS transistor 190 is connected to second cascode
NMOS transistor 200.

[0080] First cascode NMOS transistor 198 has a drain and
gate connected to the drain of first cascode PMOS transistor
188 and a source connected to ground. Second cascode
NMOS transistor 200 has a drain connected to the drain of
second cascode PMOS transistor 190 and output V 57577 @
gate connected to the drain of first cascode PMOS transistor
188, and a source connected to ground.

[0081] Third transistor pair 204 including NMOS transistor
208 and NMOS transistor 210 are also connected to demodu-
lator 78. For example, NMOS transistor 208 has a source
connected to biasing voltage 182C, a gate connected to
demodulator 78 and first filtering capacitor C1, and a drain
connected to biasing voltage 182A and the source of first
cascode PMOS transistor 188. NMOS transistor 210 has a
source connected to biasing voltage 182C, a gate connected to
demodulator 78, and a drain connected to biasing voltage
182B and the source of second cascode PMOS transistor 190.
[0082] In operation, common-mode feedback circuit 160
and common-mode transistor 154 define a common voltage
for amplifier circuitry 150. According to aspects of this dis-
closure, common-mode feedback circuit 160 accounts for
common-mode signals introduced by the pairs of comple-
mentary transistors 162, 166, 170, and 174 of amplification
and transconductance unit 158. As noted above, common-
mode feedback circuit 160 generates common-mode feed-
back voltage V -5 which is provided to the gate of com-
mon-mode transistor 154.

[0083] Amplification and transconductance unit 158 may
amplify and increase the transconductance of a chopper
modulated signal prior to demodulation by demodulator 78.
For example, as noted above, transistors 162, 166, 170, and
174 may receive input voltages Vi, and Vp,, and may
amplify and increase the transconductance of such signals. In
instances in which amplifier circuitry 150 is included in an
external or implantable medical device, V ,, and V ,,, may
be modulated (e.g., at a chopper frequency £,,,,,) physiologi-
cal signals (e.g., such as signals from an EEG, an ECoG, an
LFP, or a single cell action sensor).

[0084] As noted above with respect to FIG. 3, amplification
and transconductance unit 158 may achieve twice the
transconductance relative to a single pair of transistors.
[0085] As described above with respect to FIGS. 2 and 3,
demodulator 78 demodulates the signals received from
amplification and transconductance unit 158. Again,
demodulator 78 may operate at the same chopper frequency
or a different chopper frequency as a modulator, such as
modulator 62. As noted above, chopper stabilization tech-
niques may be used to reduce imperfections such as 1/fnoise
and DC offset associated with amplifying typically weak
(e.g., in some instances, passive) signals. After signals are
modulated to a relatively higher frequency where there is less
1/f noise and the signals are amplified, demodulator 78
demodulates the signal back to base-band or near base-band
(and modulates the noise to be removed).

[0086] First filtering capacitor C1 and second filtering
capacitor C2 may serve as compensation capacitors to pro-
mote stability of the amplifier. The first filtering capacitor C1
and second filtering capacitor C2 may also provide filtering
for signals from demodulator 78. For example, first filtering
capacitor C1 and second filtering capacitor C2 filter the
demodulated signal from demodulator 78 to clean up the
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output signal and remove modulated noise and/or other arti-
facts. First filtering capacitor C1 and second filtering capaci-
tor C2 may act as low pass filters to filter the demodulated
signal from demodulator 78.

[0087] First cascode transistor pair 186 and second cascode
pair 194 may increase the output impedance for output signal
V o Third transistor pair 204 including NMOS transis-
tor 208 and NMOS transistor 210 may be used as input
transistors for a second stage of the amplifier to provide
additional signal gain. For example, third transistor pair 204
may provide a second stage for amplifier circuitry 150 to
increase the signal gain at V5, 7ppp

[0088] FIG. 5 is a flow diagram illustrating an example
technique for controlling spectral aggressors according to this
disclosure. While described with respect to amplifier circuitry
52 (FIG. 2), it should be understood that the techniques
described with respect to FIG. 5 may be performed using a
variety of other circuitry having more, fewer, or an alternative
arrangement of components than that shown in FIG. 2, e.g,,
such as the examples shown in FIGS. 3 and 4, or a variety of
other circuit devices having alternative components.

[0089] Amplifier circuitry 52 receives an input signal
(220). As noted above, in some examples, the signal may be
one or more physiological signals (e.g., such as signals from
an EEG, an ECoG, an LFP, or a single cell action sensor). In
some examples, the signals may be passive signals received,
e.g., from sensing elements 40 (FIG. 1). Modulator 62 of
amplifier circuitry 52 may modulate the input signal based on
a chopper frequency (i.e.. £;,,) (224).

[0090] According to aspects of this disclosure, amplifica-
tion and transconductance unit portion 76 may amplify and
increase the transconductance of; the modulated signal (228).
In some examples, the increased transconductance may be
achieved via complementary pairs of transistors. In some
examples, as described above with respect to FIG. 2, a num-
ber of capacitors may be used to set a gain for amplification of
the modulated signal. However, the techniques of this disclo-
sure are not limited in this way, and a variety of other com-
ponents may also be incorporated in amplifier circuity per-
forming the techniques of this disclosure.

[0091] Demodulator 78 of amplifier circuitry 52 may
receive the transconductance enhanced modulated and ampli-
fied signal and may demodulate the transconductance
enhanced modulated and amplified signal based on the chop-
per frequency (i.e., f,,,) to generate a chopper-stabilized
amplified version of the input signal (230). For example,
demodulator 78 may modulate amplifier offset and low fre-
quency noise (1/f noise) to remove the amplifier offset and
noise from the signal band to the first order. Demodulator 78
may also return the transconductance enhanced modulated
and amplified signal back to base-band.

[0092] In some examples, amplifier circuitry 52 may also
perform post-processing of the chopper-stabilized signal
(232). For example, as described with respect to FIG. 2 above,
output stage 82 may include a low pass filter for removing the
amplifier offset and noise from the demodulated signal.
According to some aspects of this disclosure, as described
with respect to FIGS. 3 and 4 above, a cascode stage may be
included to increase the output impedance of the chopper-
stabilized signal. In still other examples, as described with
respect to FIG. 4 above, one or more additional amplification
stages may be included to further amplify the chopper-stabi-
lized signal. Other post-processing not specifically described
herein may also be performed.
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[0093] The post-processed signal may then be monitored
(234). In some examples, amplifier circuitry 52 may include
a filter for filtering a particular band of interest. Additionally
or alternatively, modulator 62 and demodulator 78 may opet-
ate using a delta between chopper frequencies, which may
generate an output in a particular band of interest. In any case,
as noted above, the techniques described herein may be used
for sensing, monitoring, and analyzing a variety of signals
including, e.g., electrocardiogram (ECG) signals, elec-
tromyogram (EMG) signals, electroencephalogram (EEG)
signals, electrocorticogram (ECoG) signals, pressure signals,
temperature signals, impedance signals, motion signals, and
other types of signals.
[0094] Various techniques described in this disclosure may
be implemented in hardware, software, firmware or any com-
bination thereof. For example, various aspects of the tech-
niques may be implemented within or in conjunction with one
or more mictoprocessors, digital signal processors (DSPs),
application specific integrated circuits (ASICs), field pro-
grammable logic arrays (FPGAs), or any other equivalent
integrated or discrete logic circuitry, as well as any combina-
tions of such components. The term “processor” or “process-
ing circuitry” may generally refer to any of the foregoing
logic circuitry, alone or in combination with other logic cit-
cuitry, or any other equivalent circuitry.
[0095] When implemented in software, the functionality
ascribed to the systems and devices described in this disclo-
sure may be embodied as instructions ona computer-readable
medium such as random access memory (RAM), read-only
memory (ROM), non-volatile random access memory
(NVRAM), electrically erasable programmable read-only
memory (EEPROM), FLASH memory, magnetic media,
optical media, or the like. The instructions may be executed to
cause a processor to perform or support one or more aspects
of the functionality described in this disclosure.
[0096] Various aspects and examples have been described.
However, modifications can be made to the structure or tech-
niques of this disclosure without departing from the scope of
the following claims.
What is claimed is:
1. An electrical circuit device for amplifying a physiologi-
cal signal, the device comprising:
a modulation unit configured to receive an input signal, to
modulate the input signal to produce amodulated signal,

an amplification and transconductance unit configured to
amplify an amplitude of the modulated signal and
increase a transconductance of the modulated signal to
produce a transconductance enhanced modulated and
amplified signal, wherein the amplification and
transconductance unit comprises at least a first comple-
mentary pair of transistors and a second complementary
pair of transistors configured to receive the modulated
signal and to amplify and increase the transconductance
of the modulated signal; and

ademodulation unit configured to receive the transconduc-

tance enhanced modulated and amplified signal and to
demodulate the transconductance enhanced modulated
and amplified signal to generate a chopper-stabilized
amplified version of the input signal.

2. The electrical circuit device of claim 1, wherein the first
complementary pair of transistors includes a first PMOS tran-
sistor and a first NMOS transistor and wherein the second pair
of transistors includes a second PMOS transistor and a second
NMOS transistor.
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3. The electrical circuit device of claim 2, wherein the first
PMOS transistor and the first NMOS transistor receive a first
differential voltage signal from the modulation unit and
wherein the second PMOS transistor and the second NMOS
transistor receive a second differential voltage signal from the
modulation unit.

4. The electrical circuit device of claim 3, wherein a gate of
the first PMOS transistor is connected to the modulation unit
to receive the first differential voltage signal, and a drain of
the first PMOS transistor is connected to the demodulation
unit,

wherein a gate of the second PMOS transistor is connected

to the modulation unit to receive the second differential
voltage signal, and a drain of the second PMOS transis-
tor is connected to the demodulation unit,

wherein a gate of the first NMOS transistor is connected to

the modulation unit to receive the first differential volt-
age signal, and a drain of the first NMOS transistor is
connected to the demodulation unit, and

wherein a gate of the second NMOS transistor is connected

to the modulation unit to receive the second differential
voltage signal, and a drain of the second NMOS transis-
tor is connected to the demodulation unit.

5. The electrical circuit device of claim 1, further compris-
ing a cascode portion configured to receive the choppet-
stabilized amplified version of the input signal and to increase
an impedance of the chopper-stabilized amplified version of
the input signal.

6. The electrical circuit device of claim 5, wherein the
amplification and transconductance unit includes a PMOS
circuit portion and an NMOS circuit portion, and wherein the
cascode portion comprises a PMOS cascode portion and a
NMOS cascode portion, wherein the PMOS cascode portion
is connected to the PMOS circuit portion and the NMOS
cascode portion is connected to the NMOS circuit portion.

7. The electrical circuit device of claim 1, further compris-
ing a low pass filter unit configured to low pass filter the
chopper-stabilized amplified version of the input signal.

8. The electrical circuit device of claim 1, wherein the low
pass filter comprises one or more capacitors.

9. The electrical circuit device of claim 1, wherein the
amplification and transconductance unit form at least a por-
tion of a first amplifier stage, the electrical circuit device
further comprising a second amplifier stage configured to
receive the amplified signal from the chopper circuit portion
and to increase a gain of the chopper-stabilized amplified
version of the input signal.

10. The electrical circuit device of claim 1, wherein the
modulation unit is configured to modulate the input signal
based on a first chopper frequency, and wherein the demodu-
lation unit is configured to demodulate the transconductance
enhanced modulated and amplified signal based on a second
chopper frequency, wherein the first chopper frequency is
equal to the second chopper frequency.

11. The electrical circuit device of claim 1, wherein the
modulation unit is configured to modulate the input signal
based on a first chopper frequency, and wherein the demodu-
lation unit is configured to demodulate the transconductance
enhanced modulated and amplified signal based on a second
chopper frequency, wherein the first chopper frequency is
different than the second chopper frequency.

12. The electrical circuit device of claim 1, wherein the
physiological signal is a brain signal comprising at least one
of an electroencephalogram (EEG) signal, an electrocortico-
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gram (ECoG) signal, a local field potential (LFP) signal, or a
single cell action potential signal.

13. The electrical circuit device of claim 1, further com-
prising a processor configured to monitor the chopper-stabi-
lized amplified version of the input signal.

14. The electrical circuit device of claim 13, wherein the
device comprises an implantable medical device.

15. A method for amplifying a physiological signal, the
method comprising:

modulating an input signal to produce a modulated signal;

amplifying an amplitude and increasing a transconduc-

tance of the modulated signal with an amplification and
transconductance unit comprising a first complementary
pair of transistors and a second complementary pair of
transistors configured to receive the modulated signal, to
produce a transconductance enhanced modulated and
amplified signal; and

demodulating the transconductance enhanced modulated

and amplified signal to generate a chopper-stabilized
amplified version of the input signal.

16. The method of claim 15, further comprising receiving
the chopper-stabilized amplified version of the input signal
and increasing an impedance of the chopper-stabilized ampli-
fied version of the input signal.

17. The method of claim 15, further comprising low pass
filtering the chopper-stabilized amplified version of the input
signal.

18. The method of claim 15, further comprising further
amplifying the chopper-stabilized amplified version of the
input signal.

19. The method of claim 15, wherein the physiological
signal is a brain signal comprising at least one of an electro-
encephalogram (EEG) signal, an electrocorticogram (ECoG)
signal, a local field potential (LFP) signal, or a single cell
action potential signal.

20. The method of claim 15, further comprising monitoring
the chopper-stabilized amplified version of the input signal.

21. The method of claim 15, wherein the modulating the
input signal comprises modulating the input signal based ona
first chopper frequency, and wherein demodulating the
transconductance enhanced modulated and amplified signal
comprises demodulating based on a second chopper fre-
quency, wherein the first chopper frequency is equal to the
second chopper frequency.

22. The method of claim 15, wherein the modulating the
input signal comprises modulating the input signal based ona
first chopper frequency, and wherein demodulating the
transconductance enhanced modulated and amplified signal
comprises demodulating based on a second chopper fre-
quency, wherein the first chopper frequency is different than
the second chopper frequency.

23. An apparatus for amplifving a physiological signal, the
apparatus comprising:

means for modulating an input signal to produce a modu-

lated signal;

means for receiving the modulated signal and amplifying

an amplitude and an increasing a transconductance of
the modulated signal to produce a transconductance
enhanced modulated and amplified signal, wherein the
means for receiving and amplifying comprises at least a
first complementary pair of transistors and a second
complementary pair of transistors configured to receive
the modulated signal and to amplify and increase the
transconductance of the modulated signal; and
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means for demodulating the transconductance enhanced
modulated and amplified signal to generate a choppet-
stabilized amplified version of the input signal.
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