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CONTROL OF SPECTRAL AGRESSORS IN A
PHYSIOLOGICAL SIGNAL MONTORING
DEVICE

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/794,761, filed Mar. 15, 2013, the
entire content of which is incorporated herein by reference.

TECHNICAL FIELD

[0002] This disclosure relates to medical devices and, more
particularly, to the monitoring of physiological signals with a
medical device.

BACKGROUND

[0003] 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.
In some cases, the physiological signals associated with a
patient may be relatively low voltage signals that have infor-
mation encoded at relatively low frequencies in the signal,
such as, e.g., brain signals. Amplifying low frequency signals
may present significant challenges in medical devices, par-
ticularly in the case of implantable medical devices where
power resources may be limited.

SUMMARY

[0004] This disclosure describes techniques for controlling
spectral aggressors in a sensing device that uses a chopper
amplifier to amplify an input signal prior to sampling the
signal. In some examples, the techniques for controlling spec-
tral aggressors may include selecting one or more of a chop-
per frequency for a chopper amplifier and a sampling rate for
an analog-to-digital converter (ADC) such that spectral
aggressors that are generated due to the chopper frequency
occur at one or more frequencies that are outside of a target
frequency band of interest in the sampled signal. Moving
spectral aggressors that are caused by the chopper frequency
to portions of the sampled signal that are outside of the target
frequency band of interest may reduce the amount of noise in
the target frequency band of the sampled signal, thereby
improving the ability of a signal monitoring device to analyze
one or more characteristics of the target frequency band.

[0005] In one example, this disclosure describes a signal
monitoring device that includes a chopper amplifier config-
ured to receive an input signal and generate a chopper-stabi-
lized amplified version of the input signal based on a chopper
frequency. The device further includes an analog-to-digital
converter configured to sample the chopper-stabilized ampli-
fied version of the input signal at a sampling rate to generate
a sampled signal. The device further includes a processor
configured to analyze a target frequency band of the sampled
signal. The chopper frequency and the sampling rate cause
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spectral interference that is generated by the chopper fre-
quency to occur in the sampled signal at one or more frequen-
cies that are outside of the target frequency band of the
sampled signal.

[0006] In another example, this disclosure describes a
method for monitoring a signal. The method includes gener-
ating a chopper-stabilized amplified version of an input signal
based on a chopper frequency. The method further includes
sampling the chopper-stabilized amplified version of the
input signal at a sampling rate to generate a sampled signal.
The method further includes analyzing information contained
in atarget frequency band of the sampled signal. The chopper
frequency and the sampling rate cause spectral interference
that is generated due to the chopper frequency to occur in the
sampled signal at a frequency that is outside of the target
frequency band of the sampled signal.

[0007] In another example, this disclosure describes an
apparatus for monitoring a signal. The apparatus includes
means for generating a chopper-stabilized amplified version
of an input signal based on a chopper frequency. The appara-
tus further includes means for sampling the chopper-stabi-
lized amplified version of the input signal at a sampling rate to
generate a sampled signal. The apparatus further includes
means for analyzing information contained in a target fre-
quency band of the sampled signal. The chopper frequency
and the sampling rate cause spectral interference that is gen-
erated due to the chopper frequency to occur in the sampled
signal at a frequency that is outside of the target frequency
band of the sampled 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. 1is ablock diagram illustrating example sens-
ing and analysis circuitry that may be used to perform the
spectral aggressor control techniques of this disclosure.

[0010] FIG. 2 is a block diagram illustrating an example
chopper amplifier that may be used in the sensing circuitry of
FIG. 1.

[0011] FIGS. 3A-3C are conceptual diagrams illustrating
example spectral aggressors that may occur when sampling a
chopper-stabilized amplified signal.

[0012] FIGS. 4A-4C are conceptual diagrams illustrating
an example of how example spectral aggressor control tech-
niques of this disclosure may be used to move spectral aggres-
sors out of a target frequency band of interest.

[0013] FIGS.5A and 5B are conceptual diagrams illustrat-
ing an example of how example spectral aggressor control
techniques of this disclosure may be used to move spectral
aggressors out of a target frequency band of interest that is not
positioned at zero Hertz.

[0014] FIG. 6 is block diagram illustrating an example
medical device in which the spectral aggressor control tech-
niques of this disclosure may be implemented.

[0015] FIG. 7 is a flow diagram illustrating an example
technique for controlling spectral aggressors according to this
disclosure.
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DETAILED DESCRIPTION

[0016] This disclosure describes techniques for controlling
spectral aggressors in a sensing device that uses a chopper
amplifier to amplify an input signal prior to sampling the
signal. A chopper amplifier may be used to amplify a signal
with low frequencies components to produce a resulting
amplified signal with relatively low offset noise and relatively
low 1/f noise (i.e., flicker noise or pink noise). However, the
resulting amplified signal that is produced by a chopper
amplifier may include a spectral aggressor (e.g., a spectral
tone) at the chopper frequency due to switching effects in the
amplifier. Although the spectral aggressor included in the
resulting amplified signal is typically outside of a target fre-
quency band of interest, if the amplified signal is subse-
quently sampled, aliasing may cause the spectral aggressor to
wrap around into the target frequency band of interest in the
sampled signal resulting in unwanted spectral noise.

[0017] The techniques of this disclosure may control spec-
tral aggressors that are caused by a chopper frequency of a
chopper amplifier such that the spectral aggressors occur
outside of a target frequency band of interest in the sampled
signal. In some examples, the spectral aggressor control tech-
niques of this disclosure may include selecting one or more of
a chopper frequency for a chopper amplifier and a sampling
rate for an analog-to-digital converter (ADC) such that spec-
tral aggressors that are generated due to the chopper fre-
quency occur at one or more frequencies that are outside of
the target frequency band of interest in the sampled signal.
Moving spectral aggressors that are caused by the chopper
frequency to portions of the sampled signal that are outside of
the target frequency band of interest may reduce the amount
of noise in the target frequency band of the sampled signal,
thereby improving the ability of a signal monitoring device to
analyze one or more characteristics of the target frequency
band.

[0018] In some examples, the sampling rate may be
selected based on a maximum frequency of the input signal.
For example, the sampling rate may be selected to be greater
than or equal to approximately two times the maximum fre-
quency of the input signal. As another example, the sampling
rate may be selected to be equal to approximately four times
the maximum frequency of the input signal. Selecting a sam-
pling rate that is greater than or equal to approximately two
times the maximum frequency of the input signal may reduce
and/or eliminate interference caused in the sampled signal
due to aliasing of the frequency components in the input
signal.

[0019] In further examples, the chopper frequency may be
selected based on the selected sampling rate. For example, the
chopper frequency may be selected to be an odd multiple of
half of the sampling rate. In some cases, the odd multiple of
half of the sampling rate may be selected based on noise
characteristics of the amplifierincluded in the chopper ampli-
fier. For example, the odd multiple ofhalf of the sampling rate
may be selected based on a 1/f corner frequency of a flicker
noise characteristic of the amplifier. For instance, the odd
multiple of half of the sampling rate may be selected such that
the resulting chopper frequency is greater than the 1/f corner
frequency of the amplifier.

[0020] 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-
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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, a neurological stimulator, and a
deep brain stimulator.

[0021] 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). Other target frequency bands
of interest for brain signal 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).

[0022] 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/f noise) into the target frequency bands of interest,
particularly in low power applications where the available
power for the amplifier may be limited.

[0023] A chopper amplifier is an example of a low power
amplifier that may be used to amplify a brain signal to pro-
duce a resulting amplified signal with relatively low noise at
low frequencies in the signal. A chopper amplifier may modu-
late a signal to be amplified based on a chopper frequency,
amplify the up-modulated signal, and down-modulate the
amplified signal based on the same chopper frequency to
produce a chopper-stabilized amplified version of the input
signal. The chopper frequency used for chopper amplifica-
tion, however, may introduce a spectral aggressor into the
amplified signal at the chopper frequency. For example,
charge injection caused by the switches in the chopper modu-
lators may introduce a spectral aggressor into the amplified
signal at the chopper frequency. As another example, non-
ideal power supply rejection and/or physical signal coupling
at the integrated circuit (IC) level or device level may also
introduce a spectral aggressor into the amplified signal at the
chopper frequency.

[0024] The spectral aggressor introduced into the amplified
signal, when sampled, may be shifted into a target frequency
band of interest by the sampler. Although the chopper ampli-
fier may include a low-pass filter. it may be difficult to design
and/or implement a filter that has enough rolloff to com-
pletely eliminate a chopper frequency (ie., F, ,,.,) aggressor
in the output signal, particularly in cases where the chopper
amplifier is amplifying low voltage signals (e.g., voltage sig-
nals that are on the order of 1 uV).

[0025] The techniques of this disclosure may be used to
control spectral aggressors that are caused by a chopper fre-
quency of a chopper amplifier such that the aggressors occur
in portions of a sampled signal that are outside of the target
frequency band of interest. Shifting the spectral aggressors
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outside of the target frequency band of interest in the sampled
signal may reduce and/or effectively eliminate any signal
degradation in the target frequency band due to such aggres-
sors. In this way, the low power, low noise characteristics ofa
chopper amplifier may be leveraged while ensuring that any
spectral aggressors caused by the chopper frequency of the
chopper amplifier do not interfere with the target frequency
band of interest that is to be analyzed in the sampled signal.
[0026] FIG.1 isablock diagram illustrating example sens-
ing and analysis circuitry 10 that may be used to perform the
spectral aggressor control techniques of this disclosure. Sens-
ing and analysis circuitry 10 is configured to sense and ana-
lyze an input signal received from one or more sensing ele-
ments. In some examples, the input signal may be a
physiological signal received from one or more sensing ele-
ments (e.g., electrodes) that are attached to, proximate to,
and/or implanted within a human being. Sensing and analysis
circuitry 10 includes a chopper amplifier 12, an analog-to-
digital converter (ADC) 14, and a processor 16.

[0027] Chopper amplifier 12 is configured to receive an
input signal, and generate a chopper-stabilized amplified ver-
sion of the input signal based on achopper frequency. In some
examples, chopper amplifier 12 may modulate an amplitude
of the input signal based on a chopper frequency to produce a
modulated signal, amplify an amplitude of the modulated
signal to produce an amplified signal, demodulate the ampli-
fied signal to produce a demodulated signal based on the
chopper frequency, and generate a chopper-stabilized ampli-
fied version of the input signal based on the demodulated
signal. To generate the chopper-stabilized amplified version
of the input signal based on the demodulated signal, chopper
amplifier 12 may, in some examples, low-pass filter the
demodulated signal.

[0028] ADC 14 is configured to receive the chopper-stabi-
lized amplified version of the input signal from chopper
amplifier 12, and sample the chopper-stabilized amplified
version of the input signal at a sampling rate to generate a
sampled signal. Sampling a signal may refer to the process of
converting a continuous-time signal to a discrete-time signal.
A sampling rate may refer to the rate or frequency at which
samples of the continuous-time signal are taken. The sam-
pling rate may alternatively be referred to as a sampling
frequency. In some examples, ADC 14 may also quantize the
chopper-stabilized amplified version of the input signal to
produce the sampled signal. In such exaniples, the sampled
signal may correspond to a digital signal.

[0029] Processor 16 is configured to analyze information
contained in a target frequency band of the sampled signal. In
some examples, processor 16 may determine a power level of
the target frequency band in the sampled signal. In further
examples, processor 16 may determine a power fluctuation of
the target frequency band in the sampled signal. Processor 16
may be implemented as one or more digital processors,
microprocessors, digital signal processors (DSPs), applica-
tion specific integrated circuits (ASICs), field programmable
logic arrays (FPGAs), etc.

[0030] According to this disclosure, one or more of the
chopper frequency used by chopper amplifier 12 and the
sampling rate used by ADC 14 may cause spectral interfer-
ence that is generated due to the chopper frequency to occur
in the sampled signal at one or more frequencies that are
outside of the target frequency band of interest of the sampled
signal. The target frequency band of interest of the sampled
signal may correspond to the target frequency band of the
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sampled signal that is analyzed by processor 16. Causing
spectral aggressors that are generated due to the chopper
frequency to occur in portions of the sampled signal that are
outside of the target frequency band of interest may reduce
the amount of noise in the target frequency band of the
sampled signal, thereby improving the ability of a signal
monitoring device to analyze characteristics of the target
frequency band.

[0031] Insome examples, the chopper frequency of chop-
per amplifier 12 and the sampling rate of ADC 14 may be
selected and/or configured such that spectral interference
caused by the chopper frequency occurs in the sampled signal
at one or more frequencies that are outside of the target
frequency band of the sampled signal. For example, the sam-
pling rate for ADC 14 may be selected based on a maximum
frequency of the input signal, and the chopper frequency may
be selected based on the selected sampling rate. The maxi-
mum frequency of the input signal may refer to an upper
bound frequency of'the input signal. In some cases, the maxi-
mum frequency of the input signal may be equal to the band-
width of the input signal. In such cases, the sampling rate for
ADC 14 may be selected based on a bandwidth of the input
signal.

[0032] In some examples, the sampling rate for ADC 14
may be selected to be at least twice the maximum frequency
of the input signal. Selecting a sampling rate for ADC 14 that
is greater than or equal to approximately two times the maxi-
mum frequency of the input signal may reduce and/or elimi-
nate interference caused in the sampled signal due to aliasing
of the frequency components in the input signal. In further
examples, the sampling rate for ADC 14 may be selected to be
greater than or equal to approximately four times the maxi-
mum frequency of the input signal. In additional examples,
the sampling rate for ADC 14 may be selected to be approxi-
mately equal to four times the maximum frequency of the
input signal.

[0033] 1In further examples, the chopper frequency for
chopper amplifier 12 may be selected based on the selected
sampling rate for ADC 14. For example, the chopper fre-
quency may be selected to be an odd multiple of one half of
the sampling rate of ADC 14. In some cases, the particular
odd multiple of one half of the sampling rate to use for the
chopper frequency may be selected based on noise character-
istics of the amplifier included in the chopper amplifier. For
example, the particular odd multiple of one half of the sam-
pling rate may be selected based on a 1/f corner frequency of
a flicker noise characteristic of an amplifier included in chop-
per amplifier 12. For instance, the odd multiple of one half of
the sampling rate may be selected such that the resulting
chopper frequency is greater than the 1/f corner frequency of
the amplifier included in chopper amplifier 12.

[0034] In additional examples, the chopper frequency for
chopper amplifier 12 may be selected based on the following
equation:

F. 1
Fraster =5 Fs + TS o

where F, . isthe chopper frequency for chopper amplifier
12, F;is the sampling rate for ADC 14, and nis a non-negative
integer. In the above-recited equation, n may be used to deter-
mine which odd multiple of one half of the sampling rate is to
be used for the chopper frequency.



US 2014/0276186 Al

[0035] In some examples, F,, .., may be within a fre-
quency range of approximately 2000 Hz to approximately
5000 Hz. In further examples, F may be selected from a
frequency range of approximately 200 Hz to approximately
1000 Hz. In additional examples, n may be within a range of
approximately 5 to approximately 20.

[0036] Insome examples, n may be selected based on a 1/f
corner frequency of a flicker noise characteristic of an ampli-
fier included in chopper amplifier 12. For instance, n may be
selected such that the resulting chopper frequency is greater
than the 1/f corner frequency of the amplifier included in
chopper amplifier 12. In further examples, n may be equal to
10. In the above-recited equation, n may be used to determine
which odd multiple of one halfof the sampling rate is used for
the chopper frequency.

[0037] Insome examples, the chopper frequency for chop-
per amplifier 12 may be selected based on the sampling rate of
ADC 14 and based on equation (1). In such examples, if n is
selected based on a 1/f corner frequency of an amplifier
included in chopper amplifier 12, then the chopper frequency
for chopper amplifier 12 may be selected based on the 1/f
corner frequency of the amplifier included in chopper ampli-
fier 12, based on a sampling rate of ADC 14, and based on
equation (1).

[0038] In further examples, a combination of the chopper
frequency for chopper amplifier 12 and the sampling rate for
ADC 14 may be selected based on equation (1) such that
equation (1) is satisfied. In such examples, if n is selected
based on a 1/f comer frequency of an amplifier included in
chopper amplifier 12, then the combination of the chopper
frequency for chopper amplifier 12 and the sampling rate for
ADC 14 may be selected based on the 1/f corner frequency of
the amplifier included in chopper amplifier 12 and based on
equation (1) such that equation (1) is satisfied. In general, one
or both of the chopper frequency for chopper amplifier 12 and
the sampling rate for ADC 14 may be configured such that
equation (1) is satisfied.

[0039] In yet further examples, the chopper frequency for
chopper amplifier 12 may be selected based on a target spec-
tral aggressor frequency in the sampled signal. The target
spectral aggressor frequency may be a target frequency in the
sampled signal for placing a spectral aggressor that is gener-
ated due to the chopper frequency of chopper amplifier 12. It
should be noted that the target spectral aggressor frequency is
different from, and preferably not included in, the target fre-
quency band of interest for analysis that is performed by
processor 16.

[0040] In some examples, the chopper frequency for chop-
per amplifier 12 may be selected based on a target spectral
aggressor frequency and the following equations:

Fs (@)
5= 7 - Flarger

Fs
meerzn*F5+7io

whereF, ... 1s the chopper frequency for chopper amplifier
12, F,,, ., is the target spectral aggressor frequency, F is the
sampling rate for ADC 14, and n is a non-negative integer. In
the above-recited equations, & represents a difference
between one half of the sampling frequency and the target
spectral aggressor frequency.
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[0041] Insomeexamples, d may be selected from arange of
values between zero and one half of the sampling frequency.
In further examples, F,,, .., may be within a frequency range
of approximately 2000 Hz to approximately 5000 Hz. In
additional examples, F; may be selected from a frequency
range of approximately 200 Hz to approximately 1000 Hz. In
vet further examples, n may be within a range of approxi-
mately 5 to approximately 20.

[0042] Similar to what was described above with respect to
equation (1), n may be selected based on a 1/f corner fre-
quency of a flicker noise characteristic of an amplifier
included in chopper amplifier 12. For instance, n may be
selected such that the resulting chopper frequency is greater
than the 1/f corner frequency of the amplifier included in
chopper amplifier 12. In the above-recited equation, n may be
used to determine an odd multiple of half of the sampling rate
from which 9 is added or subtracted.

[0043] Insome examples, the chopper frequency for chop-
per amplifier 12 may be selected based on the target spectral
aggressor frequency, based on the sampling rate of ADC 14,
and based on equations (2) and (3). In such examples, if n is
selected based on a 1/f corner frequency of an amplifier
included in chopper amplifier 12, then the chopper frequency
for chopper amplifier 12 may be selected based on the 1/f
corner frequency of the amplifier included in chopper ampli-
fier 12, based on the target spectral aggressor frequency,
based on the sampling rate of ADC 14, and based on equa-
tions (2) and (3).

[0044] In further examples, a combination of the chopper
frequency and the sampling rate may be selected based on a
target spectral aggressor frequency and based on equations
(2)and (3) such that equations (2) and (3) are satisfied. In such
examples, if nis selected based ona 1/f corner frequency of an
amplifier included in chopper amplifier 12, then the chopper
frequency for chopper amplifier 12 may be selected based on
the 1/f corner frequency of the amplifier included in chopper
amplifier 12, based on a target spectral aggressor frequency
and based on equations (2) and (3) such that equations (2) and
(3) are satisfied. In general, one or both of the chopper fre-
quency for chopper amplifier 12 and the sampling rate for
ADC 14 may be configured such that equations (2) and (3) are
satisfied.

[0045] Insome examples, the target spectral aggressor fre-
quency may be selected to be between an upper bound fre-
quency of the input signal and half of the sampling frequency.
In further examples, the target spectral aggressor frequency
may be selected to be between half of the sampling frequency
and a frequency that corresponds to the sampling frequency
minus the upper bound frequency of the input signal.

[0046] Inadditional examples, the target spectral aggressor
frequency may be selected to be between a direct current
frequency (i.e., 0 Hz) and a lower bound frequency of the
input signal. In yet further examples, the target spectral
aggressor frequency may be selected to be between the sam-
pling frequency and a frequency that corresponds to the sam-
pling frequency minus the lower bound frequency of the input
signal.

[0047] In some examples, a delta range may be used to
select one or both of a chopper frequency for chopper ampli-
fier 12 and a sampling rate for ADC 14. The delta range may
define a range of target spectral aggressor frequencies in
which a spectral aggressor that is generated due to the chop-
per frequency may be placed. The range of target spectral
aggressor frequencies may, in some examples, not include
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frequencies in the target frequency band of interest that is
used for analysis by processor 16.

[0048] Inexamples where a deltarange is used, one or both
of a chopper frequency for chopper amplifier 12 and a sam-
pling rate for ADC 14 may be selected based on equation (3)
and the delta range such that equation (3) is satisfied. Select-
ing one or both of a chopper frequency for chopper amplifier
12 and a sampling rate for ADC 14 based a delta range may
refer to using delta values within the delta range for the
selection and not using delta values that are not within the
delta range for the selection.

[0049] In some examples, the chopper frequency for chop-
per amplifier 12 may be selected based on the sampling rate of
ADC 14, based on the delta range, and based on equation (3)
such that equation (3) is satisfied. In such examples, if n is
selected based on a 1/f corner frequency of an amplifier
included in chopper amplifier 12, then the chopper frequency
for chopper amplifier 12 may be selected based on the 1/f
corner frequency of the amplifier included in chopper ampli-
fier 12, based on the sampling rate of ADC 14, based on the
delta range, and based on equation (3) such that equation (3)
is satisfied.

[0050] In further examples, a combination of the chopper
frequency for chopper amplifier 12 and the sampling rate for
ADC 14 may be selected based on the delta range, and based
on equation (3) such that equation (3) is satisfied. In such
examples, if nis selected based ona 1/f corner frequency of an
amplifier included in chopper amplifier 12, then the combi-
nation of the chopper frequency for chopper amplifier 12 and
the sampling rate for ADC 14 may be selected based on the 1/f
corner frequency of the amplifier included in chopper ampli-
fier 12, based on the delta range, and based on equation (3)
such that equation (3) is satisfied.

[0051] In some examples, the delta range may be selected
based on a maximum allowable delta. In such examples, the
delta range may correspond to delta values between zero and
the maximum allowable delta inclusive of zero and the maxi-
mum allowable delta. In such examples, the maximum allow-
able delta may be selected, in some examples, based on an
upper bound frequency of the input signal and based on the
sampling rate of ADC 14. For example, the maximum allow-
able delta may be selected to be equal to one half of the
sampling rate minus the upper bound frequency.

[0052] Infurther examples, the delta range may be selected
based on a minimum allowable delta. In such examples, the
delta range may correspond to delta values between the mini-
mum allowable delta and one half of the sampling rate inclu-
sive of the values corresponding to the minimum allowable
delta and one half of the sampling rate. In such examples, the
minimum allowable delta may be selected, in some examples,
based on a lower bound frequency of the input signal and
based on the sampling rate of ADC 14. For example, the
minimum allowable delta may be selected to be equal to one
half of the sampling rate minus the lower bound frequency.
[0053] In additional examples, the delta range may be
selected based on a maximum allowable delta for a lower
portion of a delta range and a minimum allowable delta for an
upper portion of the delta range. In such examples, the delta
range may correspond to the union of the lower portion and
the upper portion. The lower portion of the delta range may
correspond to delta values between zero and the maximum
allowable delta for the lower portion of the delta range inclu-
sive of zero and the maximum allowable delta. The upper
portion of the delta range may correspond to delta values
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between the minimum allowable delta for the upper portion of
the delta range and one half of the sampling rate inclusive of
the values corresponding to the minimum allowable delta and
one half of the sampling rate.

[0054] Insuch examples, the maximum allowable delta for
the lower portion of the delta range may be selected, in some
examples, based on an upper bound frequency of the input
signal and based on the sampling rate of ADC 14. For
example, the maximum allowable delta may be selected to be
equal to one half of the sampling rate minus the upper bound
frequency. The minimum allowable delta for the upper por-
tion of the delta range may be selected, in some examples,
based on a lower bound frequency of the input signal and
based on the sampling rate of ADC 14. For example, the
minimum allowable delta may be selected to be equal to one
half of the sampling rate minus the lower bound frequency.
[0055] Itshould be noted that equation (1) is a special case
of equation (3) where 8 is set to zero. Setting & equal to zero
corresponds to selecting a target spectral aggressor frequency
that is equal to one half of the sampling rate. In other words,
for examples that use equation (1), the chopper frequency for
chopper amplifier 12 may selected such that spectral interfer-
ence caused by the chopper frequency occurs in the sampled
signal at a frequency that is equal to one half of the sampling
rate. Setting the target spectral aggressor frequency to one
half of the sampling rate may cause a single spectral tone that
is positioned at a single frequency (i.e., one half of the sam-
pling frequency) to be generated due to the chopper frequency
in contrast to choosing other target spectral aggressor fre-
quencies that may generate two separate tones at two different
frequencies (i.e., the target spectral aggressor frequency and
an alias frequency corresponding to the target spectral aggres-
sor frequency).

[0056] FIG. 2 is a block diagram illustrating an example
chopper amplifier 12 that may be used in the sensing circuitry
10 of FIG. 1. Chopper amplifier 12 is configured to receive an
input signal and generate a chopper-stabilized amplified ver-
sion of the input signal based on a chopper frequency (i.e.,
F,aster)- Chopper amplifier 12 includes a modulator 18, an
amplifier 20, a demodulator 22, and a low-pass filter 24.
[0057] Modulator 18 modulates an amplitude of the input
signal based on the chopper frequency (i.e., F,, ., to pro-
duce a modulated signal. Amplifier 20 amplifies an amplitude
of the modulated signal to produce an amplified signal.
Demodulator 22 demodulates the amplified signal based on
the chopper frequency (ie., F,,,,.,) to produce a demodu-
lated signal. Low-pass filter 24 low-pass filters the demodu-
lated signal to generate a chopper-stabilized amplified ver-
sion of the input signal.

[0058] Modulating and demodulating a signal based on a
chopper frequency may refer, respectively, to modulating and
demodulating the signal at the chopper frequency. In other
words, modulator 18 and demodulator 22 may multiply a
signal received by the respective modulator with the chopper
frequency to produce an output signal (e.g., a modulated
signal or a demodulated signal). In some examples, demodu-
lator 22 may also be referred to as a modulator. In some cases,
modulator 18 and demodulator 22 may be constructed from
one or more switches that are switched at the chopper fre-
quency.

[0059] Amplifier 20 may be any type of amplifier with any
combination of single-ended or differential inputs and out-
puts. If the inputs to amplifier 20 are single-ended, then
amplifier 20 may amplify the single-ended input signal to
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generate an amplified version ofthe input signal. On the other
hand, if the inputs to amplifier 20 are differential, then ampli-
fier 20 may amplify a difference between the input signals to
generate an amplified version of the input signal.

[0060] In some examples, amplifier 20 may produce an
amplified signal that includes flicker noise (i.e., 1/f noise).
The flicker noise produced by amplifier 20 may be specified
by a flicker noise characteristic, which may specify a 1/f
corner frequency for the flicker noise. In some examples, one
or both of a chopper frequency for chopper amplifier 12 and
asampling rate for ADC 14 (FIG. 1) may be selected based on
the 1/f corner frequency of the flicker noise characteristic of
chopper amplifier 12 as described in this disclosure.

[0061] Low-pass filter 24 may be any type of low-pass filter
including, e.g., an integrator or a type of low-pass filter that
includes a pass band and a stop band. In some cases, it may be
difficult to design and/or implement a low-pass filter that has
enough rolloff to completely eliminate a chopper frequency
(ie, F ..., aggressor in the output signal, particularly in
cases when chopper amplifier 12 is amplifying low voltage
signals (e.g., voltage signals on the order of 1 uV). Although
the chopper frequency aggressor included in the resulting
amplified signal is typically outside of a target frequency
band of interest, if the amplified signal is subsequently
sampled, aliasing may cause the spectral aggressor to wrap
around into the target frequency band of interest in the
sampled signal resulting in an unwanted spectral noise.
[0062] The techniques of this disclosure may control the
spectral aggressors that are caused by the chopper frequency
of chopper amplifier 12 such that the spectral aggressors
occur outside of the target frequency band of interest in the
sampled signal. Moving the spectral aggressors that are
caused by the chopper frequency to portions of the sampled
signal that are outside of the target frequency band of interest
may reduce the amount of noise in the target frequency band
of the sampled signal. In other words, even though a low-pass
filter may not have enough rolloff to completely eliminate a
chopper frequency aggressor, the techniques of this disclo-
sure may move the aggressor to a frequency, which when
sampled, does not interfere with the analysis of the target
frequency band of interest in the sampled signal.

[0063] Although amplifier 20 and demodulator 22 are illus-
trated in FIG. 2 as being separate components, in some
examples, amplifier 20 and demodulator 22 may be integrated
into a single mixer amplifier component. The single mixer
amplifier component may be a modified folded-cascode
amplifier with switching at low impedance nodes. An
example of a modified folded-cascode amplifier with switch-
ing at low impedance nodes is shown in FIG. 6 of and
described in the corresponding description of U.S. Pat. No.
7,385,443, issued Jun. 10, 2008, to Timothy J. Denison,
entitled “Chopper Stabilized Instrumentation Amplifier,” the
entire content of which is incorporated herein by reference.
Other examples of modified folded-cascode amplifiers with
switching at low impedance nodes are shown in FIGS. 3A and
3B of and described in the corresponding description of U.S.
Pat. No. 7,714,757, issued May 11, 2010, to Timothy J. Deni-
son et al., entitled “Chopper-stabilized analog-to-digital con-
verter,” the entire content of which is incorporated herein by
reference. An additional example of a modified folded-cas-
code amplifier with switching at low impedance nodes is
shown in FIG. 12 of and described in the corresponding
description of U.S. Patent Publication No. 2009/0082691,
published Mar. 26. 2009, to Timothy J. Denison et al., entitled
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“FREQUENCY SELECTIVE MONITORING OF PHYSI-
OLOGICAL SIGNALS,” the entire content of which is incor-
porated herein by reference.

[0064] The chopper amplifier illustrated in FIG. 2 is merely
one example of a chopper amplifier that may be used in
accordance with the techniques of this disclosure. In further
examples, chopper amplifier 12 may be a nested chopper
amplifier, may include in-phase and quadrature phase signal
processing pathways, or may be a nested chopper amplifier
thatincludes in-phase and quadrature phase signal processing
pathways. An example of a nested chopper amplifier that
includes in-phase and quadrature phase signal processing
pathways is shown in FIG. 26 of U.S. Patent Publication No.
2009/0082691, published Mar. 26, 2009, to Timothy J. Deni-
sonetal., entitled “FREQUENCY SELECTIVE MONITOR-
ING OF PHYSIOLOGICAL SIGNALS,” the entire content
of which is incorporated herein by reference. The nested
chopper amplifier in FIG. 26 may, in some examples, have a
delta set equal to zero.

[0065] FIGS. 3A-3C are conceptual diagrams illustrating
example spectral aggressors that may occur when sampling a
chopper-stabilized amplified signal. The diagrams illustrated
in FIGS. 3A-3C are spectral diagrams where the x-axis rep-
resents frequency and the y-axis represents power.

[0066] FIG. 3A illustrates the power spectrum of an input
signal that is received by chopper amplifier 12, which may
correspond to an input signal received by modulator 18. As
shown in FIG. 3A, the lower bound frequency of the input
signal is zero Hz and the upper bound frequency of the input
signalis F .

[0067] FIG. 3B illustrates the power spectrum of the input
signal after chopper-stabilized amplification by chopper
amplifier 12. The power spectrum shown in FIG. 3B may
correspond to the power spectrum of the signal received by
ADC 141n FIG. 1, the signal output by chopper amplifier 12
in FIG. 1, the signal generated by demodulator 22 in FIG. 2,
or the signal generated by low-pass filter 24 in FIG. 2. As
shown in FIG. 3B, the power spectrum of the amplified ver-
sion of the input signal is substantially similar to the power
spectrum of the input signal prior to amplification except that
a spectral aggressor is present at the chopper frequency (i.e.,
Fma:ter)'

[0068] FIG. 3C illustrates the power spectrum of the signal
after sampling by ADC 14. The power spectrum shown in
FIG. 3C may correspond to the power spectrum of the signal
received by processor 16 in FIG. 1 or the signal output by
ADC 14 in FIG. 1. As shown in FIG. 3C, the power spectrum
of the sampled version of the amplified signal is substantially
similar to the power spectrum of the amplified signal except
that aliasing has caused the chopper frequency spectral
aggressor to wrap around into the target frequency band of
interest (i.e., the frequency band of the input signal (i.e., from
O0HztoF,,)). Aliasing has also caused an aliased version of
the input signal to appear at a frequency centered at the
sampling frequency. The aliased version of the input signal
also includes a chopper frequency spectral aggressor due to
aliasing. These spectral aggressors, when present in the target
frequency band of interest (as is shown in FIG. 3C) may
interfere with the sensing and monitoring of characteristics in
the target frequency band of interest.

[0069] FIGS. 4A-4C are conceptual diagrams illustrating
an example of how example spectral aggressor control tech-
niques of this disclosure may be used to move the spectral
aggressors out of a target frequency band of interest in the
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sampled signal. Similar to FIGS. 3A-3C, the diagrams illus-
trated in FIGS. 4A-4C are spectral diagrams where the x-axis
represents frequency and the y-axis represents power.
[0070] FIG. 4A illustrates the power spectrum of the input
signal after chopper-stabilized amplification by chopper
amplifier 12. FIG. 4A is identical to FIG. 3B, but is repro-
duced here for ease of comparison with the conceptual dia-
grams of FIGS. 4B and 4C.

[0071] FIG. 4B illustrates an example power spectrum of
the signal after sampling by ADC 14 when spectral aggressor
control techniques are used according to this disclosure. The
power spectrum is similar to that of FIG. 3C except that the
spectral aggressors have been moved, using the spectral
aggressor control techniques of this disclosure, to frequencies
that are outside of the target frequency band of interest (i.e.,
the frequency band of the input signal, which corresponds to
a frequency band defined between 0 Hzto F ).

[0072] Any of the techniques described in this disclosure
may be used to move the spectral aggressors out of the target
frequency band of interest. In some examples, a target spec-
tral aggressor frequency may be selected to be between an
upper bound frequency (F,,) of the input signal and one half
ofthe sampling frequency (F /2). In such examples, a chopper
frequency may be selected, in some examples, based on the
target spectral aggressor frequency and based on equations
(2) and (3). For example, a delta may be determined based on
the target spectral aggressor frequency, a sampling rate, and
equation (2). In this example, the chopper frequency may be
determined based on the determined delta, the sampling rate,
and equation (3). In some cases, an n for equation (3) may be
selected such that the resulting chopper frequency is greater
than the 1/f corner frequency of the amplifier included in
chopper amplifier 12.

[0073] In some examples, rather than using equation (3),
the chopper frequency (i.e.,F,,,.,.,) inthe example of FIG. 4B
may be selected based on the following equation:

4

Fs
Fmgx,”:n*FS+7+o

whereF, ... 1s the chopper frequency for chopper amplifier
12, F,,.., Is a target spectral aggressor frequency, F is the
sampling rate for ADC 14, and n is a non-negative integer.
[0074] Moving the spectral aggressors that are caused by
the chopper frequency to portions of the sampled signal that
are outside of the target frequency band of interest may
reduce the amount of noise in the target frequency band of the
sampled signal. In this manner, a signal monitoring device
may be able to monitor characteristics of the target frequency
band without interference and/or with reduced interference
from chopper frequency spectral aggressors.

[0075] FIG.4C illustrates another example power spectrum
of the signal after sampling by ADC 14 when spectral aggres-
sor control techniques are used according to this disclosure.
The power spectrum is similar to that of FIG. 4B except that
instead of two different spectral aggressors occurring at delta
offsets of one half of the sampling frequency, a single spectral
aggressor occurs at one half of the sampling frequency (i.e.,
F/2), which is outside of the target frequency band of interest
(i-e., the frequency band of the input signal, which corre-
sponds to a frequency band defined between 0 Hz to F ;).
[0076] Any of the techniques described in this disclosure
may be used to move the spectral aggressors to one half of the
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sampling frequency. In some examples, the technique
described with respect to FIG. 4B may be used with a target
spectral aggressor frequency of one half of the sampling
frequency and a corresponding delta of zero. In further
examples, a chopper frequency may be selected based on the
sampling rate and equation (1). In some cases, an n for equa-
tion (1) may be selected such that the resulting chopper fre-
quency is greater than the 1/f corner frequency of the ampli-
fier included in chopper amplifier 12.

[0077] Moving the spectral aggressor that is caused by the
chopper frequency to a portion of the sampled signal that is
outside of the target frequency band of interest may reduce
the amount of noise in the target frequency band of the
sampled signal. In this manner, a signal monitoring device
may be able to monitor characteristics of the target frequency
band without interference and/or with reduced interference
from chopper frequency spectral aggressors.

[0078] FIGS.5A and 5B are conceptual diagrams illustrat-
ing an example of how example spectral aggressor control
techniques of this disclosure may be used to move spectral
aggressors out of a target frequency band of interest thatis not
located at zero Hz. Similar to FIGS. 3A-3C, the diagrams
illustrated in FIGS. 5A and 5B are spectral diagrams where
the x-axis represents frequency and the y-axis represents
power. As shown in FIGS. 5A and 5B, the lower bound
frequency of the input signal is F,, and the upper bound
frequency of the input signal is F .

[0079] FIG. 5A illustrates an example where the target
spectral aggressor frequency is selected to be between an
upper bound frequency of the input signal and one half of the
sampling frequency. FIG. 5B illustrates an example where the
target spectral aggressor frequency is selected to be between
a direct current frequency (i.e., 0 Hz) and a lower bound
frequency of the input signal.

[0080] FIG. 6 is block diagram illustrating an example
medical device 30 in which the spectral aggressor control
techniques of this disclosure may be implemented. Sensing
and analysis circuitry 10 may monitor and/or analyze physi-
ological signals associated with a patient in selected fre-
quency 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) and,
more particularly, in a range of approximately 1 to 500 Hz.
Forexample, 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 in the selected frequency band are less
than or equal to approximately 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). Char-
acteristics 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 amplitude, pulse
rate, pulse width, electrode combination or the like for elec-
trical stimulation, or adjustment of dosage, rate, frequency,
lockout interval, or the like for drug delivery.

[0081] As illustrated in FIG. 6, medical device 30 may also
include a power source 32, such as a rechargeable or nonre-
chargeable battery, a processor 34, a telemetry module 38, a
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memory 40, and a therapy delivery module 42. In addition, in
the example of FIG. 6, sensing and analysis circuitry 10 is
connected to sensing elements 36 that are positioned at a
desired location relative to the patient and that detect the
physiological signal. Sensing elements 36 may include a set
of electrodes for sensing electrical signals. The electrodes
may be, for example, implantable electrodes deployed on a
lead or external surface electrodes. Sensing elements 36 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.
Therapy delivery module 42 may be connected to therapy
delivery elements 44, 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.

[0082] Insome embodiments, medical device 30 may com-
prise an implantable medical device capable of being
implanted within the patient. In this case, sensing elements 36
may be positioned at a desired location within the patient to
detect the physiological signal. Further, therapy delivery ele-
ments 44 may be positioned at a desired location within the
patient to deliver the therapy, such as electrical stimulation,
drug delivery or internal audio or visual cueing. In other
embodiments, medical device 30 may comprise an external
medical device with sensing elements positioned at a desired
location adjacent the patient to detect the physiological sig-
nal. In addition, therapy delivery elements 44 may be posi-
tioned at a desired location external to the patient to deliver
the therapy, such as external audio, visual or tactile cueing via
lights, displays, speakers, or the like.

[0083] Processor 34, sensing and analysis circuitry 10,
telemetry module 38, memory 40, and therapy delivery mod-
ule 42 receive operating power from power source 32. Power
source 32 may take the form of a small, rechargeable or
non-rechargeable battery, oran inductive power interface that
receives inductively coupled energy. In the case ofa recharge-
able battery, power source 32 similarly may include an induc-
tive power interface for transfer of recharge power.

[0084] 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 some examples, proces-
sor 34 in medical device 30 may be the same processor as
processor 16 in sensing and analysis circuitry 10. In addi-
tional examples, processor in medical device 30 may be dif-
ferent than processor 16 in sensing and analysis circuitry 10.

[0085] Memory 40 may store therapy instructions that are
available to be selected by processor 34 in response to receiv-
ing a patient therapy trigger from sensing and analysis cir-
cuitry 10. In addition, processor 34 may be configured to
record diagnostic information, such as sensed signals, signal
characteristics, or the like in memory 40 or another memory
or storage device. Memory 40 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 program-
mable ROM (EEPROM), flash memory, or the like.
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[0086] Sensing and analysis circuitry 10 may monitor a
variety of signals via a variety of different sensing elements
36, such as a pressure sensing element, an accelerometer, an
activity monitor, an impedance monitor, an electrical signal
monitor or other monitor configured to monitor heart sounds,
brain signals, and/or other physiological signals. As an illus-
tration, sensing elements 36 may comprise one or more elec-
trodes located on a lead implanted at a target site within the
patient and electrically coupled to sensing and analysis cir-
cuitry 10 via conductors. Sensing and analysis circuitry 10
may monitor the signals obtained from sensing elements 36.
Sensing and analysis circuitry 10 may include suitable elec-
trical interconnections to sensing elements 36 and other com-
ponents, as necessary.

[0087] A lead may carry one electrode or multiple elec-
trodes, such as ring electrodes, segmented electrodes or elec-
trodes arranged in a planar or non-planar array, e.g., on a
paddle lead. Medical device 30 may be implantable or exter-
nal. 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 per-
cutaneous extension. As a further illustration, sensing ele-
ments 36 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 cir-
cuitry 10 via conductors within external leads. Sensing ele-
ments 36 may further comprise combinations of electrodes
provided on one or more implantable leads and on or withina
housing of medical device 30, or other electrode arrange-
ments.

[0088] In general, sensing elements 36 provide a measure-
ment of a physiological signal associated with the patient by
translating the signal to an output voltage or current. Sensing
and analysis circuitry 10 may receive the measured physi-
ological signal as an input signal, generate a chopper-stabi-
lized amplified version of the input signal based on a chopper
frequency, sample the chopper-stabilized amplified version
ofthe 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. The chopper
frequency and the sampling rate may cause spectral interfer-
ence that is generated by the chopper frequency to occur inthe
sampled signal at one or more frequencies that are outside of
the target frequency band of the sampled signal, thereby
improving the quality of the signal.

[0089] Insome examples, sensing and analysis circuitry 10
may measure the power in the target frequency band or power
fluctuations in the target frequency band. The measured
power may be used, for example, to determine whether the
delivery of therapy is triggered or initiated and/or whether the
recording of diagnostic information is triggered or initiated.
[0090] Insome examples, sensing and analysis circuitry 10
may generate a signal indicative of the power of a target
frequency band of the physiological signal and/or a signal
indicative of power fluctuation of a target frequency band of
the physiological signal. In such examples, processor 34 may
trigger the 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 indica-
tive of power fluctuation of the target frequency band.
[0091] In further examples, sensing and analysis circuitry
10 may output a trigger signal to processor 34 to control



US 2014/0276186 Al

therapy and/or record diagnostic information. In such
examples, processor 34 may receive the trigger signal and
initiate delivery of therapy or adjust one or more therapy
parameters specified in memory 40.

[0092] Processor 34 may output therapy instructions to
therapy delivery module 42 to initiate or adjust delivery of
therapy. Therapy delivery module 42 may include a stimula-
tion generator that delivers stimulation therapy to the patient
via therapy delivery elements 44 in response to receiving the
therapy instructions. Therapy delivery elements 44 may be
electrodes carried on one or more leads, electrodes on the
housing of medical device 30, or electrodes on both a lead and
the medical device housing. Alternatively, therapy delivery
module 42 may include a fluid delivery device, such as a drug
delivery device, including a fluid reservoir and one or more
fluid delivery conduits. For cueing applications, therapy
delivery module 42 may include one or more speakers, one or
more lights, one or more display screens, or any combination
thereof.

[0093] Insome cases, as described above, therapy delivery
module 42 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 44 under the control of the
therapy instructions received from processor 34. Processor 34
may control therapy delivery module 42 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 40. Processor 34 may
also control therapy delivery module 42 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 an interleaved or alternating basis. In some
embodiments, processor 34 may control therapy delivery
module 42 to deliver a substantially continuous stimulation
waveform rather than pulsed stimulation.

[0094] In other cases, as described above, therapy delivery
module 42 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 that form
therapy delivery elements 44 under the control of the therapy
instructions received from processor 34. For example, pro-
cessor 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 percu-
taneous injection of fluid via a self-sealing injection port. The
fluid delivery devices may comprise, for example, fluid deliv-
ery conduits in the form of catheters that deliver, i.e., infuse or
disperse, drugs from the fluid reservoirs to the same or dif-
ferent target sites.

[0095] In some cases, therapy delivery module 42 may
include an audio signal generator, a visual signal, or a tactile
stimulus (e.g., vibration) generator for cueing to disrupt aki-
nesia or treat other conditions. Processor 34 may control
therapy delivery module 42 to deliver audio, visual or tactile
cueing with different parameters, such as amplitude, fre-
quency, or the like, as specified by programs stored in
memory 40.

[0096] Processor 34 also may control a telemetry module
38 to exchange information with an external programmer,
such as a clinician programmer and/or patient programmer,
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by wireless, radio frequency (RF) telemetry. Processor 34
may control telemetry module 38 to communicate with the
external programmer on a continuous basis, at periodic inter-
vals, 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 provid-
ing analysis. In addition, in some embodiments, telemetry
module 38 may support wireless communication with one or
more wireless sensors or sensing elements that sense physi-
ological signals and transmit the signals to sensing and analy-
sis circuitry 10 by wireless transmission.

[0097] FIG. 7 is a flow diagram illustrating an example
technique for controlling spectral aggressors according to this
disclosure. Chopper amplifier 12 receives an input signal
(100), and amplifies the signal based on a chopper frequency
(102). For example, chopper amplifier 12 may generate a
chopper-stabilized amplified version of the input signal based
on the chopper frequency. ADC 14 samples the amplified
signal at a sampling rate to produce a sampled signal (104).
Processor 16 analyzes information contained in a target fre-
quency band of the sampled signal (106). For example, pro-
cessor 16 may determine a power magnitude or an amount or
frequency of power fluctuation.

[0098] According to this disclosure. the chopper frequency
and the sampling rate cause spectral interference that is gen-
erated by the chopper frequency to occur in the sampled
signal at one or more frequencies that are outside of the target
frequency band of the sampled signal. For example, one or
more of the chopper frequency and the sampling rate may be
selected and/or configured such that spectral interference
caused by the chopper frequency occurs in the sampled signal
at one or more frequencies that are outside of the target
frequency band of the sampled signal.

[0099] Any of the chopper frequency and/or sampling rate
selection and configuration techniques of this disclosure may
be used to select and/or configure the chopper frequency
and/or sampling rate. For example, one or more of the chop-
per frequency and the sampling rate may be selected and/or
configured based on one or more of equations (1)-(3) and a
target spectral aggressor frequency. The target spectral
aggressor frequency may be selected based on the target
frequency band of interest (e.g., based on one or more of an
upper bound frequency and a lower bound frequency of the
target frequency band of interest).

[0100] The sense electronics in a medical device (e.g., an
implantable medical device) may rely ona principle known as
chopper stabilization. Inputting a digital clock into analog
circuitry can result in aggressors that generate unwanted
noise. The techniques of this disclosure may move spectral
content of the aggressor away from areas of interest by, in
some examples, selecting a rate for the chopper clock.

[0101] With a clocked amplifier, such as, e.g., a chopper-
stabilized amplifier, there may be a strong aggressor that
shows up in the output at the clock frequency (F,,,,,.,) thatis
used for chopper stabilization. It may be difficult to design
and/or implement low-pass filters that have enough rolloff to
completely eliminate the Fmaster aggressor when the ampli-
fier is sensing 1 uV signals. When the chopper amplifier
output is then sampled at a clock frequency, Fs, the aggressor
tone may shift to Fs/2+delta (see, e.g., FIG. 3C). In this case,
delta may represent the difference between Fmaster and



US 2014/0276186 Al

n*Fs+Fs/2 for asampled data system with an aggressor. If the
delta is large, the aggressor tone may fold into the signal band
of interest.

[0102] Insome examples, the techniques of this disclosure
may set Fmaster (i.e., the chopper clock)=n*Fs+(Fs/2) and set
Fs (i.e., the sampling rate)=4xBW (i.e., the bandwidth of the
input signal) so the aggressor lands at 2 times the bandwidth
of the input signal and out of band of interest set at BW. In
some cases, the bandwidth of the input signal may be equal to
the maximum frequency of the input signal. In other words,
the bandwidth of the input signal, in such cases, may be equal
to the difference between the upper bound frequency of the
input signal and 0 Hz (i.e,, a DC frequency). In further
examples, the techniques of this disclosure may change the
rate of in-system digital signals, such as, e.g., the chopper
clock to move spectral aggressors out of a target frequency
band of interest.

[0103] The techniques of this disclosure may be used to
move spectral aggressors that are caused by a chopper fre-
quency to a portion of the sampled signal that is outside of the
target frequency band of interest, which may reduce the
amount of noise in the target frequency band of the sampled
signal. In this manner, a signal monitoring device may be able
to monitor characteristics of the target frequency band with-
out interference from and/or with reduced interference from
chopper frequency spectral aggressors.

[0104] 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 microprocessors, 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 cir-
cuitry, or any other equivalent circuitry.

[0105] 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.

[0106] Various aspects and examples have been described.
However, modifications can be made to the structure ot tech-
niques of this disclosure without departing from the scope of
the following claims.

1. A signal monitoring device comprising:

a chopper amplifier configured to receive an input signal
and generate a chopper-stabilized amplified version of
the input signal based on a chopper frequency;

an analog-to-digital converter configured to sample the
chopper-stabilized amplified version of the input signal
at a sampling rate to generate a sampled signal; and

a processor configured to analyze a target frequency band
of the sampled signal,

wherein the chopper frequency and the sampling rate cause
spectral interference that is generated by the chopper
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frequency to occur in the sampled signal at one or more
frequencies that are outside of the target frequency band
of the sampled signal.

2. The device of claim 1, wherein one or more of the
chopper frequency and the sampling rate are configured such
that the spectral interference caused by the chopper frequency
occurs in the sampled signal at the one or more frequencies
that are outside of the target frequency band of the sampled
signal.

3. The device of claim 1, wherein the chopper frequency is
greater than a 1/f corner frequency of an amplifier included in
the chopper amplifier.

4. The device of claim 1, wherein one or both of the chop-
per frequency and the sampling rate are configured such that
the following equation is satisfied:

Frnaster=1*FstFs/2

where I, ..., 1s the chopper frequency, F is the sampling

rate, and n is a non-negative integer.

5. The device of claim 4, wherein n is selected based on at
least one of a noise characteristic of an amplifier included in
the chopper amplifier, a flicker noise characteristic of the
amplifier included in the chopper amplifier, and a 1/f corner
frequency of the flicker noise characteristic of the amplifier
included in the chopper amplifier.

6. The device of claim 4, wherein n is selected such that the
chopper frequency is greater than a 1/f corner frequency of an
amplifier included in the chopper amplifier.

7. The device of claim 1, wherein one or more of the
chopper frequency and the sampling rate are configured such
that the following equations are satisfied:

Fs
0= T - anrgn

Fs
meerzn*FS+7io

where F,, ... 15 the chopper frequency, I, is a target
spectral aggressor frequency, F ;is the sampling rate, and
n is a non-negative integer.

8. The device of claim 7, wherein n is selected based on at
least one of a noise characteristic of an amplifier included in
the chopper amplifier, a flicker noise characteristic of the
amplifier included in the chopper amplifier, and a 1/f corner
frequency of the flicker noise characteristic of the amplifier
included in the chopper amplifier.

9. The device of claim 7, wherein n is selected such that the
chopper frequency is greater than a 1/f corner frequency of an
amplifier included in the chopper amplifier.

10. The device of claim 1, wherein the physiological signal
is brain signal and the target frequency band is one of an
alpha, beta, gamma or fast ripple frequency band of the brain
signal.

11. The device of claim 10, wherein the brain signal com-
prises at least one of an electroencephalogram (EEG) signal,
an electrocorticogram (ECoG) signal, a local field potential
(LFP) signal, or a single cell action potential signal.

12. The device of claim 1, wherein the processor is further
configured to determine a power level of the target frequency
band in the sampled signal.

13. The device of claim 1, wherein the processor is further
configured to determine a power fluctuation of the target
frequency band in the sampled signal.
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14. The device of claim 1, wherein the chopper amplifier is
further configured to:

modulate an amplitude of the input signal based on the

chopper frequency to produce a modulated signal;
amplify an amplitude of the modulated signal to produce
an amplified signal,

demodulate the amplified signal to produce a demodulated

signal; and

generate the chopper-stabilized amplified version of the

input signal based on the demodulated signal.

15. The device of claim 14, wherein the chopper amplifier
is further configured to low-pass filter the demodulated signal
to generate the chopper-stabilized amplified version of the
input signal.

16. The device of claim 1, wherein the chopper frequency
1s equal to an odd multiple of one half of the sampling rate.

17. The device of claim 1, wherein the chopper frequency
is equal to an odd multiple of one half of the sampling rate
plus or minus a difference between one half of the sampling
rate and a target spectral aggressor frequency that is outside of
the target frequency band of the sampled signal.

18. The device of claim 1, wherein the chopper amplifier,
the analog-to-digital converter, and the processor are
included in an implantable medical device.

19. A method for monitoring a signal comprising;

generating a chopper-stabilized amplified version of an

input signal based on a chopper frequency;

sampling the chopper-stabilized amplified version of the

input signal at a sampling rate to generate a sampled
signal; and

analyzing information contained in a target frequency band

of the sampled signal,

wherein the chopper frequency and the sampling rate cause

spectral interference that is generated due to the chopper
frequency to occur in the sampled signal at a frequency
that is outside of the target frequency band of the
sampled signal.

20. The method of claim 19, wherein one or more of the
chopper frequency and the sampling rate are configured such
that the spectral interference caused by the chopper frequency
occurs in the sampled signal at the one or more frequencies
that are outside of the target frequency band of the sampled
signal.

21. The method of claim 19, wherein the chopper fre-
quency is greater than a 1/f corner frequency of an amplifier
included in the chopper amplifier.

22. The method of claim 19, wherein one or both of the
chopper frequency and the sampling rate are configured such
that the following equation is satisfied:

Frnasir=0*FstF/2

where F,, ., is the chopper frequency, F is the sampling

rate, and 1 is a non-negative integer.

23. The method of claim 22, wherein n is selected based on
at least one of a noise characteristic of an amplifier included
in the chopper amplifier, a flicker noise characteristic of the
amplifier included in the chopper amplifier, and a 1/f corner
frequency of the flicker noise characteristic of the amplifier
included in the chopper amplifier.

24. The method of claim 22, wherein n is selected such that
the chopper frequency is greater than a 1/f corner frequency
of an amplifier included in the chopper amplifier.
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25. The method of claim 19, wherein one or more of the
chopper frequency and the sampling rate are configured such
that the following equations are satisfied:

Fy
5= Cl Flargn
2

Fs .
Fmasrer=”*FS+710

where F, ... is the chopper frequency, F,,,, is a target
spectral aggressor frequency, F ¢ is the sampling rate, and
n is a non-negative integer.

26. The method of claim 25, wherein n is selected based on
at least one of a noise characteristic of an amplifier included
in the chopper amplifier, a flicker noise characteristic of the
amplifier included in the chopper amplifier, and a 1/f corner
frequency of the flicker noise characteristic of the amplifier
included in the chopper amplifier.

27.The method of claim 25, wherein n is selected such that
the chopper frequency is greater than a 1/f corner frequency
of an amplifier included in the chopper amplifier.

28. The method of claim 19, wherein the physiological
signal is brain signal and the target frequency band is one of
an alpha, beta, gamma or fast ripple frequency band of the
brain signal.

29. The method of claim 28, wherein the brain signal
comprises at least one of an electroencephalogram (EEG)
signal, an electrocorticogram (ECoG) signal, a local field
potential (LFP) signal, or a single cell action potential signal.

30. The method of claim 19, further comprising determin-
ing a power level of the target frequency band in the sampled
signal.

31. The method of claim 19, further comprising determin-
ing a power fluctuation of the target frequency band in the
sampled signal.

32. The method of claim 19, wherein generating the chop-
per-stabilized amplified version of the input signal based on
the chopper frequency comprises:

modulating an amplitude of the input signal based on the
chopper frequency to produce a modulated signal;

amplifying an amplitude of the modulated signal to pro-
duce an amplified signal;

demodulating the amplified signal to produce a demodu-
lated signal; and

generating the chopper-stabilized amplified version of the
input signal based on the demodulated signal.

33. The method of claim 32, wherein generating the chop-
per-stabilized amplified version of the input signal based on
the demodulated signal comprises low-pass filtering the
demodulated signal to generate the chopper-stabilized ampli-
fied version of the input signal.

34. The method of claim 19, wherein the chopper fre-
quency is equal to an odd multiple of one half of the sampling
rate.

35. The method of claim 19, wherein the chopper fre-
quency is equal to an odd multiple of one half of the sampling
rate plus or minus a difference between one half of the sam-
pling rate and a target spectral aggressor frequency that is
outside of the target frequency band of the sampled signal.
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36. The method of claim 19,

wherein generating the chopper-stabilized amplified ver-
sion of the input signal comprises generating, with a
chopper amplifier, the chopper-stabilized amplified ver-
sion of the input signal,

wherein sampling the chopper-stabilized amplified version
of the input signal comprises sampling, with an analog-
to-digital converter, the chopper-stabilized amplified
version of the input signal,

wherein analyzing the information comprises analyzing,
with a processor, the information, and

wherein the chopper amplifier, the analog-to-digital con-
verter, and the processor are included in an implantable
medical device.

37. An apparatus comprising:

means for generating a chopper-stabilized amplified ver-
sion of an input signal based on a chopper frequency;

means for sampling the chopper-stabilized amplified ver-
sion of the input signal at a sampling rate to generate a
sampled signal; and

means for analyzing information contained in a target fre-
quency band of the sampled signal,

wherein the chopper frequency and the sampling rate cause
spectral interference that is generated due to the chopper
frequency to occur in the sampled signal at a frequency
that is outside of the target frequency band of the
sampled signal.
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