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METHODS AND APPARATUS FOR
NEUROMODULATION

RELATED APPLICATIONS
[0001] This application claims the priority of United States Provisional Patent
Application No. 62/194,942, filed July 21, 2015, the entire disclosure of which is

herein incorporated by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
[0002] This invention was made with government support under Grant No.
DP1 NS087724 awarded by the National Institutes of Health. The government of the

United States of America has certain rights in the invention.

FIELD OF TECHNOLOGY
[0003] The present invention relates generally to neuromodulation and

correcting distortion due to Gibbs phenomenon.

SUMMARY
[0004] In illustrative implementations of this invention, a neuromodulator
accurately measures - in real time and over a range of frequencies - the instantaneous
phase and amplitude of a natural signal. For example, the natural signal may be (a) an
electrical signal produced by neural tissue, or (b) a motion such as a muscle tremor.
[0005] This ability to take accurate, real-time measurements of instantaneous
phase and amplitude of a natural signal is highly advantageous. It enables the
neuromodulator to generate signals ("exogenous signals") that are precisely timed
relative to the phase of the natural signal. For example, the neuromodulator may
generate an exogenous signal that is phase-locked with the natural signal. Or, for
example, the neuromodulator may generate an exogenous signal that comprises short
bursts which occur only during a narrow phase range of each period of an oscillating
natural signal.
[0006] In illustrative implementations of this invention, the neuromodulator

(a) detects the instantaneous phase and amplitude of the natural signal in real time and
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(b) based on that instantaneous phase and amplitude, precisely controls timing of the
exogenous signal relative to the phase of the natural signal, in order to achieve a
desired therapeutic effect. Here are three non-limiting examples (A, B, and C):
[0007] Example A: In some implementations of this invention, a
neuromodulator treats pathologic hyper-synchronization of brain tissue, such as the
hyper-synchronization that occurs in tremors and epileptic seizures. The
neuromodulator does so by generating an exogenous signal that is precisely timed
relative to the phase of the natural signal. For instance, the neuromodulator may
generate an exogenous signal which is anti-phasic relative to a natural neural signal
(i.e., which is 180 degrees in phase apart from the endogenous signal). Or, for
instance, the neuromodulator may generate an exogenous signal with a phase such
that the exogenous signal tends to excite the neural tissue during refractory portions of
periodic neural activity, and thus tends to inhibit the recharging of the neural tissue
during the refractory portions, and thus tends the reduce the excitability of the neural
tissue in subsequent (excitable) portions of the periodic neural activity. In either case
in this Example A, an effect of the exogenous signal may be to reduce the amplitude
of a brain signal and to otherwise cause neural activity to no longer be hyper-
synchronized.

[0008] Example B: In some implementations of this invention, a
neuromodulator enhances a target pattern of physiological activity. Again, the
neuromodulator does so by generating an exogenous signal that has a precisely
controlled phase. For instance, the neuromodulator may generate an exogenous signal
that has the identical phase as a physiological signal. Or, for instance, the
neuromodulator may generate an exogenous signal with a phase such that the
exogenous signal tends to stimulate the neural tissue during peak (excitable) portions
of a periodic physiological signal, and thus tends to make the neural tissue more
excitable. In either case in this Example B, an effect of the exogenous signal may be
to (a) increase the amplitude of a physiological signal or (b) cause the physiological
signal to "entrain" with the exogenous signal (i.e., cause the phase of the
physiological signal to be reset to match that of the exogenous signal).

[0009] Example C: In some implementations of this invention, a
neuromodulator enhances a low frequency pattern of neural activity by generating

short bursts of a higher frequency exogenous signal. While doing so, the
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neuromodulator precisely controls timing of the exogenous signal relative to the phase
of the neural signal. For instance, the neuromodulator may generate the short bursts
of the higher frequency exogenous signal, such that the short bursts occur only at a
particular phase (or range of phases) during each period of a lower frequency neural
signal. For instance, in some cases: (a) the low frequency neural signal is in the theta
range (4-8 Hz), (b) the higher frequency exogenous signal is in the gamma range (30-
70 Hz), (c) the short bursts of the higher frequency signal occur only at a specific
phase (e.g., a phase or trough) of the lower frequency neural signal, (d) only one short
burst of the high frequency signal is applied in each period of the lower frequency
neural signal, and (e) each short burst of the high frequency signal comprises multiple
periods of the higher frequency signal.

[0010] In order to understand why the present invention is able to take
accurate real-time measurements of instantaneous phase and amplitude of a sensor
signal, it is helpful to consider challenges involved in computing these instantaneous
attributes.

[0011] The estimation of instantaneous attributes of a real-valued periodic
signal (e.g., amplitude, phase and frequency) is done most efficiently with a version
of the signal, known as the analytic signal. The analytic signal is complex (in the
sense of complex numbers with real and imaginary parts). The real part of the analytic
signal is the given real-valued signal and the imaginary part of the analytic signal is
its Hilbert transform.

[0012] A popular, conventional strategy for computing the analytic signal and
the Hilbert transform signal is: (a) to compute a discrete Fourier transform (DFT) of
the real-valued signal and thus to represent the signal in the frequency domain; (b) to
manipulate the frequency domain representation to remove the negative frequencies;
and then (¢) to construct the complex analytic signal using the inverse discrete Fourier
transform (IDFT).

[0013] This popular strategy suffers from distortion, known as the Gibbs
phenomenon, at the ends of the sample data resulting in erroneous estimations of the
most recent attributes. Specifically, the Gibbs phenomenon distortion in the analytic
signal stems from the properties of the DFT-IDFT process that converts the sampled
time domain data into its frequency domain representation and then reconstructs a

time domain signal. As long as the signal satisfies the Dirichlet conditions (most
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practical signals), the DFT-IDFT recovers any point of the original signal apart from
points of "jump-discontinuity", where the Fourier series converges to the midpoint
(average value of the discontinuity). The DFT produces a frequency domain
representation of a discrete, finite time signal as if the signal were repeated
periodically. Thus, if the last and first time-points of the signal do not have the same
phase and are not continuously differentiable, the DFT encounters a jump-
discontinuity between the signal ends In the frequency domain, the jump-
discontinuity is represented with a spreading out of the spectrum over many
frequencies. The result is an analytic signal and a Hilbert transform signal with
erroneous amplitude and phase near the last and first sample points.

[0014] In illustrative implementations of this invention, the neuromodulator
corrects distortion due to the Gibbs phenomenon by performing an algorithm that we
loosely call Endpoint-corrected Hilbert transform (ECHT).

[0015] In some cases, the neuromodulator corrects the Gibbs phenomenon by
performing what we call "frequency domain" ECHT or by performing what we call
"front-padded time domain" ECHT. Both of these approaches may correct the Gibbs
phenomenon by ensuring that a signal will be continuous and differentiable at the
original end of the signal when a replica of the signal is appended to the signal, as
occurs in the DFT of a finite signal. In "frequency domain" ECHT, the
neuromodulator performs a DFT to calculate a frequency domain representation of a
signal. The neuromodulator then applies a causal filter to the frequency domain
representation, prior to an IDFT step. In "front-padded time domain" ECHT, the
neuromodulator front-pads the signal with a copy of an end segment of the signal,
then applies a causal filter to the padded signal, and then removes the added segment
in the time domain, prior to the DFT and IDFT steps. In both of these approaches, the
correction is made before the IDFT step that results in an analytic signal. The
neuromodulator selectively deforms the beginning of the signal either in the
frequency domain (in "frequency domain" ECHT) or in the time domain (in "front-
padded time domain" ECHT) and does not deform the end of the signal. In both
"frequency domain" ECHT and "front-padded time domain" ECHT, the value of the
end of the signal is not changed, but the value of the beginning of the signal is
changed, such that the value of the signal at the beginning and end of the signal is the

same. Thus, in some cases, if a replica of the signal is appended to the signal at the
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original end of the signal (as is done during the DFT of a finite signal), the appended
signal is continuously differentiable at the original end of the signal. By removing the
jump discontinuity at that point, the neuromodulator eliminates (or significantly
reduces) the Gibbs phenomenon distortions at the end of the analytic signal that
results from taking an IDFT. This allows a computer to accurately calculate
instantaneous phase and instantaneous amplitude at the end of the analytic signal
(which corresponds in time to the end of the original signal).

[0016] In some cases, the neuromodulator corrects the Gibbs phenomenon by
performing what we call "end-padded time domain" ECHT. In this approach, in some
cases, the neuromodulator appends a segment of data values (e.g., zeros) of at least
one period length to the end of the signal and then applies a causal filter, which has
the directionality property, to make the padded signal continuous and differentiable at
the endpoint of the original signal without deforming the original end of the signal.
By pushing away the end of the padded signal from the original end before the DFT
procedure, the neuromodulator ensures that the Gibbs distortion occurs away from the
original end of the signal. Again, this allows a computer to accurately calculate
instantaneous phase and instantaneous amplitude at t now (the point in the analytic
signal that corresponds in time to the end of the original signal).

[0017] ECHT maintains the same complexity class as the Hilbert transform,
with worse case running time of O(n log(n)) for n samples. Thus, ECHT is suitable
for real-time computation of instantaneous attributes in simple hardware.

[0018] The description of the present invention in the Summary and Abstract
sections hereof is just a summary. It is intended only to give a general introduction to
some illustrative implementations of this invention. It does not describe all of the
details and variations of this invention. Likewise, the description of this invention in
the Field of Technology section is not limiting; instead it identifies, in a general, non-
exclusive manner, a technology to which exemplary implementations of this invention
generally relate. Likewise, the Title of this document does not limit the invention in
any way; instead the Title is merely a general, non-exclusive way of referring to this

invention. This invention may be implemented in many other ways.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Figure 1 is a flowchart of steps in a method of neuromodulation.
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[0020] Figure 2 is a diagram of hardware for neuromodulation.
[0021] Figure 3A shows an electrode that delivers a therapeutic electrical

signal and detects electrical activity produced by tissue.

[0022] Figure 3B shows an implantable electrode and an external recording
electrode.

[0023] Figure 3C shows a cuff electrode.

[0024] Figure 3D shows external electrodes for transcutaneous stimulation.
[0025] Figure 4A shows magnetic coils for magnetic stimulation and an

external recording electrode.

[0026] Figure 4B shows an ultrasound transducer and an external recording
electrode.
[0027] Figure 5 shows an implantable optic fiber for optogenetic stimulation

and an implantable recording electrode.

[0028] Figure 6 shows a method of "frequency domain" ECHT (endpoint-
corrected Hilbert transform).

[0029] Figure 7 shows a method of "end-padded time domain" ECHT.
[0030] Figure 8 shows a method of "front-padded time domain" ECHT.
[0031] Figure 9A shows a Hilbert transform signal that has different values at

the start point and end point of the signal

[0032] Figure 9B shows a Hilbert transform signal that has the same values at
the start point and end point of a signal.

[0033] Figure 9C shows a Hilbert transform signal in which the end of signal
has been moved away from the original end of the sample, to a later point.

[0034] Figures 10A to 10H illustrate aspects of a conventional method for
determining instantaneous phase and amplitude of a natural signal. This conventional
method is inaccurate because it does not correct for distortion due to the Gibbs
phenomenon. For this conventional method: (a) Figure 10A shows a discrete signal
that is a sampling of a natural signal; (b) Figure 10B and Figure 10C show the
amplitude and phase, respectively, of the Fourier transform of the discrete signal; (c)
Figure 10D and Figure 10E show the amplitude and phase, respectively, of the
Fourier transform of the analytic signal; (d) Figure 10F shows the correct and the
computed Hilbert transform signal; (e) Figure 10G shows the correct and the

computed instantaneous amplitude A[n] values near the sample endpoint; and (f)
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Figure 10H shows the correct and the computed instantaneous phase ¢[n]values near
the sample endpoint.

[0035] Figures 11A to 11H illustrate aspects of an "end-padded time domain"
version of ECHT, in an implementation of this invention. This version of ECHT
accurately measures instantaneous phase and amplitude of a natural signal. For this
"end-padded time domain" version of ECHT: (a) Figure 11A shows a zero-padded
signal before and after it is smoothed by a causal filter in the time domain; (b) Figure
11B and Figure 11C show the amplitude and phase, respectively, of the Fourier
transform of the smoothed, padded signal; (c) Figure 11D and Figure 11E show the
amplitude and phase, respectively, of the Fourier transform of the analytic signal; (d)
Figure 11F shows the correct and the computed Hilbert transform signal; (e) Figure
11G shows the correct and the computed instantaneous amplitude A[n] values near
the sample endpoint; and (f) Figure 11H shows the correct and the computed
instantaneous phase ¢[n] values near the sample endpoint.

[0036] Figures 12A to 12E illustrate aspects of a "frequency domain" version
of ECHT, in an implementation of this invention. This version of ECHT accurately
measures instantaneous amplitude and phase of a natural signal. For this "frequency
domain" version of ECHT: (a) Figure 12A and Figure 12B show the amplitude and
phase, respectively, of the Fourier transform of the analytic signal; (b) Figure 12C
shows the correct and the computed Hilbert transform signal; (e) Figure 12D shows
the correct and the computed instantaneous amplitude A[n] values near the sample
endpoint; and (f) Figure 12E shows the correct and the computed instantaneous phase
¢[n] values near the sample endpoint.

[0037] Figure 13 shows a therapeutic signal that reduces the amplitude of a
physiological signal.

[0038] Figure 14 shows a therapeutic signal that increases the amplitude of a
physiological signal.

[0039] Figure 15 shows an example of phase coding.

[0040] The above Figures show some illustrative implementations of this
invention, or provide information that relates to those implementations. However,

this invention may be implemented in many other ways.
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DETAILED DESCRIPTION
Neuromodulator
[0041] Figure 1 is a flowchart of steps in a method of neuromodulation, in an
illustrative implementation of this invention. In the example shown in Figure 1, the
method includes the following steps: A physiological signal (such as neural activity,
or a muscle tremor that is caused by pathological neural activity) occurs in a patient
(Step 101). A sensor takes sensor readings of the physiological activity (Step 103). A
computer performs what we call an Endpoint-Corrected Hilbert Transform (ECHT)
calculation. In this ECHT calculation, the computer determines in real time, based on
the sensor readings, the instantaneous phase and instantaneous amplitude of the
physiological signal (Step 105). A computer performs a control algorithm. In this
algorithm, the computer takes the instantaneous phase and amplitude as an input, and
outputs signals to control stimulation hardware (Step 107). The stimulation hardware
outputs a neuromodulation signal. For example, the neuromodulation signal may
comprise an electrical signal, magnetic signal, light signal, ultrasound signal or haptic
signal. The neuromodulation signal directly or indirectly affects neural activity of the
patient, and thus modifies the physiological signal (Step 109).
[0042] Figure 2 is a diagram of a neuromodulator, in an illustrative
implementation of this invention. In the example shown in Figure 2, the
neuromodulator includes sensors 210, 220, 221, 222, an ADC (analog-to-digital
converter) 202, a computer 201, a DSP (digital signal processor) 207, a DAC (digital-
to-analog converter) 203, a VCCS (voltage controlled current source) 204, drivers
205, and an audio amplifier 206. The DSP is optional. In some cases, computations
are performed by a microcontroller, without using a DSP.
[0043] In the neuromodulator shown in Figure 2, sensors record one or more
physiological signals. For example: (a) one of more external electrodes 210 may take
EEG (electroencephalography) measurements of neural activity; (b) motion sensors
220, 221, 222 may take measurements of motion, such as measurements of a muscle
tremor caused by pathologic neural activity (e.g., due to Parkinson's disease); and (¢)
one or more cameras (e.g., 250) may capture video images of motion, such as a
tremor. For example, each of the motion sensors 220, 221, 222 may comprise a three-
axis digital gyroscope and three-axis digital accelerometer. In some cases, sensors

(such as EEG sensor 210 and motion sensors 220, 221, 222) may output analog
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signals that encode measurements taken by the sensors. In some cases, sensors (such
as camera 250) may output digital signals that encode sensor measurements. For the
sensors that output analog signals, an ADC (analog-to-digital converter) 202 may
convert these analog signals into digital signals.

[0044] In the neuromodulator shown in Figure 2, a computer 201 takes sensor
readings as an input, in digital form. The computer 201 performs an ECHT algorithm
to determine the instantaneous phase and amplitude of one or more physiological
signals (e.g., neural activity or a tremor indicative of neural activity). The computer
201 may also interface with a DSP (digital signal processor) 207 that processes
incoming and outgoing digital signals. The computer outputs digital signals. A DAC
(digital-to-analog converter) 203 converts these digital signals to analog signals.
[0045] In the neuromodulator shown in Figure 2, an analog voltage signal
produced by a DAC 203 may control a VCCS (voltage-controlled current source) 204,
which in turn may output an electrical current that is delivered to a patient via one or
more electrodes. For example, external electrode 211 may deliver transcranial
electrical stimulation to the brain of the patient. Electrodes for delivering electrical
stimulation may be placed in any position on the head or skin of the patient or may be
implanted inside a patient. The electrical current that is delivered to the patient via
these one or more electrodes may comprise an electrical neuromodulation signal.
[0046] In some cases, the VCCS includes one or more OTAs (operational
transconductance amplifiers) or operational amplifiers. In some cases, the VCCS may
be a component of a bi-phasic current source, such as a Digitimer® DS4 Bi-phasic
Stimulus Isolator.

[0047] In the neuromodulator shown in Figure 2, one or more analog signals
from a DAC 203 may control one or more drivers 205. The drivers 205 may in turn
control one or more transducers that output a signal that affects neural activity in the
patient. For example, the transducers may include one or more light sources 251 that
display visual neuromodulation signals to a patient. For instance, the light sources
251 may comprise (i) a computer screen, virtual reality screen, augmented reality
display, or other electronic display screen, or (i1) an array of LEDs (light-emitting
diodes). In some cases, the transducers may include one or more haptic transducers

230, 231, 232 for delivering tactile/haptic neuromodulation signals to a patient.
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[0048] In the neuromodulator shown in Figure 2, one or more analog signals
from a DAC 203 may control one or more audio amplifiers 206. The amplifiers 206
may in turn control one or more audio transducers (e.g., 240). For example, the audio
transducers may include one or more headphones, earbuds, earphones or speakers that
deliver audible neuromodulation signals.

[0049] Figure 3A shows an electrode 301 that both delivers a therapeutic
electrical signal to neural tissue and detects electrical activity produced by neural
tissue, in an illustrative implementation of this invention. For example, the operation
of electrode 301 may time-multiplexed, such that electrode 301 takes sensor readings
at different times than when it delivers electrical stimulation.

[0050] In Figures 3A, 3B, 3C, 3D, 4A, 4B and 5: (a) each arrow 310 signifies
that sensor readings are being output by a sensor; and (b) each arrow 311 signifies
that a signal (e.g., an electrical signal from DAC 203, VCCS 204, drivers 205 or audio
amplifier 206) is being delivered to stimulation hardware.

[0051] Figure 3B shows an implantable electrode 303 and an external
recording electrode 210, in an illustrative implementation of this invention. For
example, the implantable electrode 303 may stimulate brain tissue (cortex or deeper),
or record neural activity, or both. The implantable electrode 303 may be used alone
or together with external recording electrode 210. For example, the recording
electrode 210 may record neural activity that has been affected by stimulation from
implantable electrode 303.

[0052] Figure 3C shows a cuff electrode 320 for recording neural activity
(e.g., of nerve 321), in an illustrative implementation of this invention.

[0053] Figure 3D shows four external electrodes 331 for transcutaneous
stimulation, in an illustrative implementation of this invention. In the example shown
in Figure 3D, the electrodes 331 are positioned on the skin of the back 330 of a
patient.

[0054] Figure 4A shows magnetic coils 401, 403 for magnetic stimulation and
an external recording electrode 210, in an illustrative implementation of this
invention. In the example shown in Figure 4A, magnetic coils 401, 403 deliver
magnetic stimulation to the brain of a patient.

[0055] Figure 4B shows an ultrasound transducer 405 and an external

recording electrode 210, in an illustrative implementation of this invention. In the
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example shown in Figure 4B, ultrasound transducer 405 delivers ultrasound
stimulation to the brain of a patient.

[0056] Figure 5 shows an implantable optic fiber 501 for optogenetic
stimulation and an implantable recording electrode 320, in an illustrative
implementation of this invention. The optic fiber 501 delivers light stimulation 503 to
transfected neural tissue (e.g., 505). The transfected neural tissue has been
optogenetically modified such that exposing the transfected neural tissue to certain
wavelengths of light triggers a response in the tissue, such as stimulation or
suppression of activity of the tissue. The recording electrode 320 may record neural

activity that has been affected by light stimulation from optic fiber 401.

Endpoint-Corrected Hilbert Transform, Generally

[0057] In illustrative implementations of this invention, one or more
computers (e.g., in a neuromodulator) perform what we call "Endpoint Corrected
Hilbert Transform" or "ECHT". The ECHT algorithm corrects distortion due to
Gibbs phenomenon that occurs when calculating instantaneous attributes (e.g.
instantaneous phase and amplitude) of a signal using an FFT/IFFT procedure.

[0058] Advantageously, ECHT is computationally efficient. This
computational efficiency allows ECHT to compute instantaneous phase and amplitude
in real time using inexpensive, off-the-shelf, computer processors.

[0059] The runtime complexity of the conventional Hilbert transform (without
correction for the Gibbs phenomenon) for n samples is O(n log(n)), which is
dominated by the FFT-IFFT operations. Both the FFT (fast Fourier transform) and
the IFFT (inverse fast Fourier transform) have a complexity of O(nlog(n)).
Amelioration of the Gibbs phenomenon using recursive models, such as
autoregression or polynomial fitting, may add a parameters estimation operation (e.g.
Yule-Walker method) with a runtime complexity of O(n®) and known theoretical
limit of O(n?®1). In comparison, in illustrative implementations of this invention,
ECHT adds a simple filtering operation with a runtime complexity of O(n), thus
maintaining an overall O(nlog(n)) complexity of the Hilbert transform.

[0060] In illustrative implementations of this invention, one or more computer
processors perform an ECHT algorithm, thereby achieving zero-phase-lag real-time

computation of the Hilbert transform with minimal computing power. This in turn
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allows sophisticated tracking and closed-loop applications in affordable and portable
hardware.

[0061] The following is a description of three types of ECHT: specifically,
what we call (1) "frequency domain" ECHT; (2) "end-padded time domain" ECHT,
and (3) "front-padded time domain" ECHT.

"Frequency Domain" ECHT

[0062] In some implementations of this invention, one or more computers
(e.g., in a neuromodulator) perform what we call "frequency domain" ECHT. In these
cases, causal smoothing occurs in the frequency domain.

[0063] In some cases, "frequency domain" ECHT corrects the Gibbs
phenomenon by ensuring that a signal will be continuous and differentiable at the
original end of the signal when a replica of the signal is appended to the signal, as
occurs in the DFT of a finite signal. In "frequency domain" ECHT, a computer
applies a causal filter to the frequency domain representation of a signal. This filter is
applied after the DFT that results in the frequency domain representation of the signal,
but before the IDFT step that results in an analytic signal. The causal filtering
preserves the values at the end of the signal while selectively deforming the values at
the beginning of the signal. Thus, in some cases, if a replica of the signal is appended
to the signal at the original end of the signal (as is done during the DFT of a finite
signal), the appended replica is continuously differentiable at the original end of the
signal. By removing the jump discontinuity at that point, a computer eliminates (or
significantly reduces) the Gibbs phenomenon distortions at the end of the analytic
signal that results from taking an IDFT. This allows a computer to accurately
compute instantaneous phase and instantaneous amplitude at the end of the analytic
signal (which corresponds in time to the end of the original signal). In "frequency
domain" ECHT, the start and end values of the causally smoothed signal in the
frequency domain are the same, and thus, after the IDFT, the start and end values of
the Hilbert transform (which is the imaginary component of the analytic signal) are
the same.

[0064] Figure 6 shows a method of "frequency domain" ECHT, in an
illustrative implementation of this invention. In the example shown in Figure 6, the

method includes the following steps: Create a discrete signal that is a sampling of a
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natural signal (Step 601). Calculate the DFT of the discrete signal (Step 602). In the
frequency domain, apply a causal filter to the frequency domain representation of the
signal and remove negative frequency components of that representation, thereby
producing a smoothed signal in the frequency domain (Step 603). Calculate the IDFT
of the smoothed signal, which results in an analytic signal (Step 604). Based on the
analytic signal, calculate an instantaneous phase and instantaneous amplitude of the
discrete signal, such as at the end point of the discrete signal (Step 605).

[0065] In some cases where a "frequency domain smoothing" version of
ECHT is employed, a computer calculates a smoothed signal in the frequency domain.
The smoothed signal is the product of three signals: (1) the frequency domain
representation of the impulse response of a causal filter, (2) what we call a "scrubber
signal" (described in more detail below); and (3) the frequency domain representation
of a discrete signal, which discrete single is a sampling of a natural signal of interest.
Then the computer calculates an analytic signal, which is the IDFT of the smoothed
signal. Then, based on the analytic signal, the computer calculates the instantaneous
phase and amplitude of the natural signal.

[0066] The "scrubber signal" removes negative frequency components.
Specifically, as used herein, a "scrubber signal" means a signal that, when multiplied
by a frequency domain representation of a signal, removes negative frequency
components from that frequency domain representation. Put differently, the product
of a scrubber signal and a frequency domain representation of a signal is another
frequency domain representation that does not have negative frequency components.
C[n] (mentioned below) is an example of a "scrubber signal". Removing negative
frequency components is desirable in the computation of an analytic signal, which has
no negative frequency components.

[0067] In some cases, "frequency domain" ECHT involves causal filtering, in
the frequency domain, of a spectral spread that results from a jump discontinuity
between the two ends of a finite signal in the time domain.

[0068] In some cases, "frequency domain" ECHT reduces the spreading out of
a spectrum that resulted from a jump discontinuity between the two ends of a finite
signal in the time domain. This process of reducing the frequency spreading by

reshaping the spectrum is effectively a filtering process.
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[0069] In some cases, "frequency domain" ECHT includes the following
steps:
[0070] Step A: Calculate X[n] as follows: X[n] = H[n]C[n]X[n], where
0 n<o0
Cln]is: C[n] = {2 0<n<3
1 n=02

2

and where X[n] is the DFT (discrete Fourier transform) of a real-valued, discrete
signal (for example, the discrete signal may comprise a sampled physiological signal,
such as a sampled neural signal), and where H[n] is the DFT of h[n], and where h[n]

is the impulse response of an LTI causal filter such that h[n]=0 for n<0, and where N
is the sample size, and where n is an integer such that —% <n< %

[0071] Step B: Calculate an analytic signal X[n] as follows:

£[n] = IDFT(X[n]) , where IDFT is the inverse discrete Fourier transform operator.
[0072] Step C: Calculate the instantaneous amplitude A of the real-valued
discrete signal x[n] and the instantaneous phase ¢ of the real-valued discrete signal

x[n] as follows:

A[n] = yRe{Z[n]}? + Im{2[n]}?

B Im{Z[n]}
gb[n] = atan (m)

where Re{X[n]} and Im{X[n]} are the real portion and imaginary portion,

respectively, of the complex analytic signal X[n].

"End-Padded Time Domain" ECHT

[0073] In some cases, one or more computers (e.g., in a neuromodulator)
correct the Gibbs phenomenon by performing what we call "end-padded time
domain" ECHT.

[0074] In some cases, in "end-padded time domain" ECHT, the computer
appends a segment of data values (e.g., zeros) of at least one period length to the end
of the signal and then applies a causal filter, which has the directionality property, to
make the padded signal continuous and differentiable at the endpoint of the original
signal without deforming the original end of the signal. By pushing away the end of
the padded signal from the original end before the DFT procedure, the computer

ensures that the Gibbs distortion occurs away from the original end of the signal. This
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allows a computer to accurately compute instantaneous phase and instantaneous
amplitude at t now (the point in the analytic signal that corresponds in time to the end
of the original signal).

[0075] Figure 7 shows a method of "end-padded time domain" ECHT, in an
illustrative implementation of this invention. In the example shown in Figure 7, the
method includes the following steps: Sample a periodic natural signal to create a
periodic discrete signal (Step 701). Create a padded signal by adding a segment of
data values to the end of the periodic discrete signal (Step 702). Truncate the padded
signal, such as by removing, from the beginning of the padded signal, a number of
data points that is equal to the number of data points in the added segment. In the
time domain, create an extrapolated signal by applying a causal filter to the padded
signal. Specifically, convolve (i) the impulse response of the causal filter and (ii) the
padded signal (Step 703). Calculate a DFT of the extrapolated signal. In the
frequency domain, calculate the product of a "scrubber signal" and the frequency
domain representation of the extrapolated signal. Again, the "scrubber signal"
removes negative frequency components (Step 704). Calculate the IDFT of that
product. This IDFT is the analytic signal (Step 705). Based on the analytic signal,
calculate the instantaneous phase and instantaneous amplitude of the natural signal.
(Step 706).

[0076] In "end-padded time domain" ECHT, a padded discrete signal is
created by adding a segment of data points at the end of a real-valued, discrete,
periodic signal. The length of the added segment is greater than or equal to the length
of a period of the original (unpadded) signal. The added segment may consist of
zeroes. An advantage of zeroes is that they do not contain prior information.
Alternatively, the added segment may include non-zero values. For example, the
added segment may include a duplicate of the original signal or a portion of the
original signal.

[0077] In "end-padded time domain" ECHT, the padded signal is casually
smoothed. This may be done to smooth an abrupt transition that would otherwise be
introduced by adding the extra data segment at the end (e.g., by zero padding at the
end). For example, if the original signal is sinusoidal and it is zero padded by adding

zeroes at the original end, then - in the absence of smoothing - a discontinuity would
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occur at the original end of the signal, where the padded signal transitions abruptly
from a sinusoidal curve to a flat line of zeroes.

[0078] In "end-padded time domain" ECHT, casual smoothing is performed in
the time domain, to prevent this problem. Specifically, the padded signal is causally
smoothed, by convolving (i) the impulse response of a causal filter, and (i1) the
padded signal. The causal filter smooths the padded signal, such that a discontinuity
does not occur at the data point that was formerly the end of original signal.

[0079] In some cases, "end-padded time domain" ECHT includes the
following steps:

[0080] Step A'": Zero-pad a sample, which sample is a real-valued discrete
signal x[n]. The zero-padding consists of adding zeros at the end of the sample. For
example, x[n] may comprise a sampling of a natural signal (e.g., a neural signal or a
muscle tremor).

[0081] Step B': Truncate the sample to sample size N.

[0082] Step C': Calculate a convolved signal x'[n] = h[n] * x[n], where h[n]
is the impulse response of a causal filter such that h[n]=0 for n<0 and where "*" is

convolution operator.

[0083] Step D': Calculate X[n] as follows: X[n] = C[n]X'[n], where
0 n<o0
N
Cln]is: C[n] =42 0<n<7
1 n=02%

2

and where X'[n] is the DFT (discrete Fourier transform) of x’[n], N is the sample size

(e.g., number of discrete sampled values in the sample), and n is an integer such that
—§<ns%.

[0084] Step E': Calculate an analytic signal X[n] as follows: X[n] =
IDFT(X[n]), where IDFT is the inverse discrete Fourier transform operator.
[0085] Step F': Calculate the instantaneous amplitude A of the real-valued
discrete signal x[n] and the instantaneous phase ¢ of the real-valued discrete signal

x[n] as follows:
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A[n] = JRe{Z[n]} + Im{Z[n]}?

Im{Z[n]}
gb[n] = atan (m)

where Re{X[n]} and Im{X[n]} are the real portion and imaginary portion,
respectively, of the complex analytic signal X[n].

[0086] In the above example of "end-padded time domain" ECHT, Step B'
(truncating) is optional and may be omitted. In some cases, Step B' (truncating)
consists of removing the first half of the original signal by removing a number of data
values, and Step A' (padding) consists of adding the same number of zeroes at the end
of the original sample. Step B' (truncating) has at least two advantages: (a) it reduces
the size of the sample window (which would otherwise increase due to the padding),
and (b) results in a similar sample window as one would use with conventional

Hilbert transform.

"Front-padded Time Domain" ECHT

[0087] In some implementations of this invention, one or more processors
(e.g., in a neuromodulator) perform what we call "front-padded time domain" ECHT.
[0088] In some cases, "front-padded time domain" ECHT corrects the Gibbs
phenomenon by ensuring that a signal will be continuous and differentiable at the
original end of the signal when a replica of the signal is appended to the signal, as
occurs in the DFT of a finite signal. In "front-padded time domain" ECHT, the
neuromodulator front-pads a sample with a copy of an end segment of the sample,
then applies a causal filter to the padded sample, and then removes the added segment
in the time domain, prior to the DFT and IDFT steps. The correction is made before
the IDFT step that results in an analytic signal. A computer selectively deforms the
beginning of the sample in the time domain and does not deform the end of the
sample. In "front-padded time domain" ECHT, the value of the end of the sample is
not changed, but the value of the beginning of the sample is changed, such that the
value of the signal at the beginning and end of the signal is the same. Thus, in some
cases, if a replica of the sample is appended to the sample at the original end of the
sample (as is done during the DFT of a finite sample), the padded sample is
continuously differentiable at the original end of the sample. By removing the jump

discontinuity at that point, a computer eliminates (or significantly reduces) the Gibbs
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phenomenon distortions at the end of the analytic signal that results from taking an
IDFT. This allows a computer to accurately compute instantaneous phase and
instantaneous amplitude at the end of the analytic signal (which corresponds in time
to the end of the original sample). In "front-padded time domain" ECHT, the start
and end values of the causally smoothed signal in the frequency domain are the same,
and thus, after the IDFT, the start and end values of the Hilbert transform (which is
the imaginary component of the analytic signal) are the same.

[0089] In these cases: (a) a signal that starts at t_start is front-padded with a
copy of an end segment of the signal, (b) then the padded signal is causally smoothed
in the time domain, and (c) then the padded signal is truncated by removing the
segment that was added. This procedure results in a modified signal that, like the
original signal, starts at t_start. The modified signal has the same value at its
beginning point (t_start) as at its end point. (This is because the causal smoothing
distorts the beginning point of the original signal, such that it fits the added segment
that was padded in front of it and which was a copy of the end segment).

[0090] Figure 8 shows a method of "front-padded time domain" ECHT, in an
illustrative implementation of this invention. In the example shown in Figure 8, the
method includes the following steps: Create a periodic discrete signal (the original
discrete signal) by sampling a periodic natural signal (Step 801). Create a padded
signal by adding a segment of data values at the beginning of the original discrete
signal, which added segment is a copy of an end segment of the original signal (Step
802). Apply a causal filter to the padded signal (by convolving (i) the impulse
response of the causal filter and (ii) the padded signal), such that the front portion of
the original signal is smoothed to fit the added segment (Step 803). Then produce a
modified signal, by removing the added segment (at the beginning of the padded
signal) before the DFT is performed (Step 804). Calculate a DFT of the modified
signal. In the frequency domain, calculate the product of a "scrubber signal" and the
frequency domain representation of the modified signal. The "scrubber signal"
removes negative frequency components of the frequency domain representation
(Step 805). Calculate the IDFT of that product. This IDFT is the analytic signal (Step
806). Based on the analytic signal, calculate the instantaneous phase and

instantaneous amplitude of the natural signal. (Step 807).
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More Details Regarding ECHT

[0091] A common feature of all three methods discussed above - "frequency
domain" ECHT, "end-padded time domain" ECHT, and "front-padded time domain"
ECHT - is that a causal filter is applied to a signal. In each of these methods, the
causal filter may comprise, for example, a causal IIR (infinite impulse response) filter
or causal FIR (finite impulse response) filter. For instance, either the IIR filter or the
FIR filter may comprise a causal Butterworth filter, causal Chebyshev filter or causal
Bessel filter. The causal filter may be an LTI (linear and time-invariant) bandpass
filter.

[0092] In some implementations of this invention, the causal filter: (a) reduces
distortion of amplitude and phase of the signal inside a passband and (b) suppresses
frequencies outside of the passband. The passband may be the range of frequencies
of the natural signal.

[0093] Figure 9A shows a Hilbert transform signal 901 that has different
values at the start point 902 and end point 903 of the signal.

[0094] Figure 9B shows a Hilbert transform signal 911 that has the same
values at the start point 912 and end point 913 of the signal.

[0095] In some cases in "frequency domain" ECHT, a causal filter is applied
to the frequency domain representation of a signal, before the IDFT step. This
correction in the frequency domain is such that the later IDFT step results in an
analytic signal, in which the imaginary component (i.e., the Hilbert transform signal)
has the same values at its start point and end point (such as the example shown in
Figure 9B).

[0096] In some cases in "front-padded time domain" ECHT, corrective steps
are taken in the time domain, before the DFT/ IDFT process. These corrective steps
include (1) front-padding a discrete time signal (the original signal) with an added
segment, which added segment is a copy of an end segment of the original discrete
signal, (i) then applying a causal filter that distorts the beginning of the original
signal such that it fits the end of the added segment, and (iii) then removing the added
segment. These corrective steps in the time domain are such that the later DFT/IDFT
process results in an analytic signal, in which the imaginary component (i.e., the
Hilbert transform signal) has the same values at its start point and end point (such as

the example shown in Figure 9B).
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[0097] Figure 9C shows a Hilbert transform signal 921 in which the end point
922 of signal has been moved away from t now 923, in an illustrative implementation
of this invention. T now 923 is the point of the analytic signal (and of the Hilbert
transform) that corresponds in time to the endpoint of the original discrete signal from
which the analytic signal was derived.

[0098] In some cases in "end-padded time domain" ECHT, corrective steps
are made in the time domain, before the DFT and IDFT steps. These corrective steps
include (i) end-padding a discrete time signal (the original sample) with an added
segment, such as a segment of zeroes, in order to produce a padded sample; and (i1)
causal smoothing the padded sample. Due to an abrupt transition between the end of
the original sample and the added segment, the causal filter produces ringing artifacts
that smooth the added segment to fit the original sample. These corrective steps in the
time domain result in an end-padded, casually smoothed time domain sample, in
which the end point of the padded, smoothed sample is located at a distance from (and
represents a point in time later than) the end point of the original sample. These
corrective steps in the time domain are such that the later DFT/IDFT process results in
a Hilbert transform signal in which the end point is at a distance from the end of the
original sample (such as the example shown in Figure 9C). The Hilbert transform is
the imaginary part of the analytic signal.

[0099] Preferably, in "end-padded time domain" ECHT, the distance between
the endpoint of the original sample (that is, t now 923) and the end point 922 of the
padded sample is equal to at least a period of the analytic signal. This causes the
Gibbs effect to be insignificant at t now. In some cases, the distance between t now
923 and end point 922 is equal to at least three-quarters of a period of the analytic
signal. The analytic signal has the same period as the original signal.

[00100] Advantageously, in illustrative implementations, ECHT allows a
computer to accurately compute instantaneous phase over a selected range of
frequencies. For example, in some cases, ECHT is accurate over a range of
frequencies that is centered on, and equal in width to one half of, the main frequency
of the natural signal. In some cases, the bandpass of the causal filter in ECHT is
selected such that it is the same as that range of frequencies. For example, in some

cases: (a) if the main frequency of the natural signal is 8 Hz, then ECHT is accurate in
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the range of 6-10 Hz; and (b) if the main frequency of the natural signal is known to
be or measured as 8 Hz, the bandpass of the causal filter may be set to 6-10 Hz.
[00101] The ability to accurately measure instantaneous phase over a range of
frequencies is helpful where the frequency of the natural signal being measured varies
over time. For example, brain signals often have multiple time-varying frequencies
with power-law distributions.

[00102] In Figures 10A-12E, the discrete increments of discrete signals are so
small that the signals appear to be continuous. In Figures 10A, 10F, 11A, 11F and
12C, horizontal axis 1000 is time and the vertical axis 1010 is the value of the signal
(e.g., volts, if the signal is a voltage signal).

[00103] Figures 10A to 10H illustrate aspects of a conventional method for
determining instantaneous phase and amplitude of a natural signal. This conventional
method is inaccurate because it does not correct for distortion due to the Gibbs
phenomenon.

[00104] For this conventional (prior art) method, Figure 10A shows a discrete
signal 1001 that is a sampling of a natural signal. Signal 1001 starts at start point
1002 and ends at end point 1004. Figure 10A illustrates that signal 1001 differs in
value at start point 1002 and end point 1004, and thus there is a jump discontinuity
between these two points.

[00105] For this conventional method, Figure 10B and Figure 10C show the
amplitude 1021 and phase 1029, respectively, of the Fourier transform of the discrete
signal. Figure 10D and Figure 10E show the amplitude 1028 and phase 1030,
respectively, of the Fourier transform of the analytic signal. These figures also show
center frequency 1023. Frequencies 1024 and 1025 are equal to the center frequency
plus or minus, respectively, half of the center frequency.

[00106] For this conventional method, Figure 10F shows (a) the correct Hilbert
transform signal 1043, which starts at start point 1045 and ends at end point 1046; and
(b) the computed Hilbert transform signal 1040, which starts at start point 1041 and
ends at end point 1042. Signals 1040 and 1043 overlap over much of their length.
[00107] For this conventional (prior art) method, Figure 10G shows the correct
instantaneous amplitude A[n] values 1051 near their endpoint 1054 and the computed
instantaneous amplitude A[n] values 1053 near their endpoint 1052. The large

difference between the actual endpoint and computed endpoint indicates that

21



WO 2017/015428 PCT/US2016/043259

instantaneous amplitude is not measured accurately at the end of the signal, in the
conventional approach shown in Figure 10G.

[00108] For this conventional (prior art) method, Figure 10H shows the correct
instantaneous phase ¢[n] values 1063 near their endpoint 1064 and the computed
instantaneous phase ¢[n] values 1061 near their endpoint 1062. Curves 1061 and
1063 overlap over much of their length. The large difference between the actual
endpoint and computed endpoint indicates that instantaneous phase is not measured
accurately at the end of the signal, in the conventional approach shown in Figure 10H.
[00109] Figures 11A to 11H illustrate aspects of an "end-padded time domain"
version of ECHT, in an implementation of this invention. This version of ECHT
accurately measures instantaneous phase and amplitude of a natural signal.

[00110] For this "end-padded time domain" version of ECHT, Figure 11A
shows a zero-padded signal before and after it is smoothed by a causal filter in the
time domain (the "before" signal is 1101, the "after" signal is 1105) The signal is
zero-padded after point 1004 which occurs at time t now 1018. Signal 1101 starts at
start point 1102 and ends at end point 1003. Signal 1105 starts at start point 1106 and
ends at end point 1003.

[00111] For this "end-padded time domain" version of ECHT, Figure 11B and
Figure 11C show the amplitude 1124 and phase 1129, respectively, of the Fourier
transform of the discrete signal. Figure 11D and Figure 11E show the amplitude 1128
and phase 1130, respectively, of the Fourier transform of the analytic signal. These
figures also show center frequency 1123. Frequencies 1120 and 1121 are equal to the
center frequency plus or minus, respectively, half of the center frequency.

[00112] For this "end-padded time domain" version of ECHT, Figure 11F
shows (a) the correct Hilbert transform signal 1141, which starts at start point 1142
and ends at end point 1143; and (b) the computed Hilbert transform signal 1145,
which starts at start point 1146 and ends at end point 1143. Signals 1141 and 1145
overlap in some areas. Pointt now 1144 is at time 1018 and corresponds in time to
the end of the original signal, before zero-padding.

[00113] For this "end-padded time domain" version of ECHT, Figure 11G
shows correct instantaneous amplitude A[n]values 1151 near their endpoint 1152.

The correct and computed instantaneous amplitude A[n] values overlap with each
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other, indicating that instantaneous amplitude is measured accurately near endpoint
1152, in "end-padded time domain" ECHT.

[00114] For this "end-padded time domain" version of ECHT, Figure 10H
shows the correct instantaneous phase ¢[n] values 1163 near their endpoint 1164 and
the computed instantaneous phase ¢ [n] values 1161 near their endpoint 1162. Curves
1161 and 1163 are close to each other over much of their length. This indicates that
instantaneous phase is measured accurately near endpoint 1162, in "end-padded time
domain" ECHT.

[00115] Figures 12A to 12E illustrate aspects of a "frequency domain" version
of ECHT, in an implementation of this invention. This version of ECHT accurately
measures instantaneous phase and amplitude of a natural signal.

[00116] For this "frequency domain" version of ECHT, Figure 12A and Figure
12B show the amplitude 1228 and phase 1230, respectively, of the Fourier transform
of the analytic signal. These figures also show center frequency 1223.

[00117] For this "frequency domain" version of ECHT, Figure 12C shows (a)
the correct Hilbert transform signal 1241, which starts at start point 1242 and ends at
end point 1243; and (b) the computed Hilbert transform signal 1245, which starts at
start point 1246 and ends at end point 1243. Signals 1241 and 1245 overlap in some
areas.

[00118] For this "frequency domain" version of ECHT, Figure 12D shows
correct instantaneous amplitude A[n] values 1253 near their endpoint 1254, and
shows computed instantaneous amplitude values A[n] 1251 near their endpoint 1252.
The correct and computed instantaneous amplitude A[n] values overlap with or are
close to each other, indicating that instantaneous amplitude is measured accurately
near endpoint 1252, in "frequency domain" ECHT.

[00119] For this " frequency domain" version of ECHT, Figure 12E shows the
correct instantaneous phase ¢ [n] values 1263 near their endpoint 1264 and the
computed instantaneous phase ¢[n] values 1261 near their endpoint 1262. Curves
1261 and 1263 are close to each other. This indicates that instantaneous phase is
measured accurately near endpoint 1262, in "frequency domain" ECHT.

[00120] In illustrative implementations of this invention, ECHT is not limited
to measuring a physiological signal that is indicative of neural tissue activity. Instead,

ECHT may be used to accurately measure, in real-time, the instantaneous phase and
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the instantaneous amplitude of any signal, including any physiological signal, or any
seismological signal. For example, the signal that is processed by ECHT may
comprise measurements taken by any sensor, including any electrical sensor (e.g.,
EEG sensor, ECG sensor, voltmeter, or current sensor), motion sensor (e.g.,
gyroscope, accelerometer or inertial measurement unit) magnetic sensor, light sensor,
optical sensor, camera, acoustic sensor (e.g., microphone, geophone, hydrophone),

pressure sensor, proximity sensor, or chemical sensor.

More Detail on Neuromodulation

[00121] As used herein, to say that a first signal is "phase-locked" with a
second signal means that the phase of the first signal is equal to the phase of the
second signal.

[00122] As used herein, to say that a first signal is "phase-difference-locked"
with a second signal means that the difference between the phase of the first signal
and the phase of the second signal is constant. For example, two signals that are anti-
phasic relative to each other (i.e., 180 degrees in phase apart from each other) are
"phase-difference-locked".

[00123] As used herein, to say that a first signal is "phase-coordinated" with a
second signal means that the full width at half maximum (FWHM) of a histogram is
less than 0.314159 radians, where (1) the histogram is a histogram of the difference, in
radians, between (A) the instantaneous phase of the first signal and (B) the
instantaneous phase of a shifted version of the second signal, which shifted version is
shifted to the extent needed to cause the first signal and shifted signal to have the
same phase at the first point in time that is taken into account in the histogram. Thus,
loosely speaking, when a first and second signal are "phase-coordinated", the
variation in difference in phase between the first and second signals is limited and the
drift of the first and second signals relative to each other is limited.

[00124] Figure 13 shows a therapeutic signal 1302 that is anti-phasic to a
physiological signal 1301, in an illustrative implementation of this invention. This
reduces the amplitude of physiological signal 1301, resulting in physiological signal
1303.

[00125] Figure 14 shows a therapeutic signal 1402 that is phase-locked with a

physiological signal 1401, in an illustrative implementation of this invention. This
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reduces the amplitude of physiological signal 1401, resulting in physiological signal
1403.

[00126] Figure 15 shows an example of phase coding, in an illustrative
implementation of this invention. In Figure 15, a therapeutic signal 1510 includes
short bursts 1512, 1513, 1514 that are phase-locked with a physiological signal 1500.
These short bursts at high frequency occur only during a narrow phase range, e.g.,
1522, 1523, 1524, of each period of the physiological signal 1500. In the example
shown in Figure 15, these short bursts occur at the peaks 1502, 1503, 1501 of the
physiological signal 1500.

[00127] In Figures 13, 14 and 15, each therapeutic signal (1302, 1402, 1510) is
phase-coordinated with the physiological signal (1301, 1401, 1500, respectively)

Computers

[00128] In exemplary implementations of this invention, one or more electronic
computers (e.g., servers, network hosts, client computers, integrated circuits,
microcontroller, controllers, field-programmable-gate arrays, personal computers, or
other onboard or remote computers) are programmed and specially adapted: (1) to
control the operation of, or interface with, hardware components of a neuromodulator,
including any transducer or sensor; (2) to control the operation of, or interface with,
hardware components of any sensor; (3) to perform any calculation to correct
distortion due to Gibbs phenomenon, including to perform any "frequency domain"
ECHT algorithm, "end-padded time domain" ECHT algorithm, or any "front-padded
time domain" ECHT; (4) to control a transducer such that the transducer outputs a
first signal that is phase-coordinated with a second signal; (5) to perform any other
calculation, computation, program, algorithm, or computer function described or
implied above; (6) to receive signals indicative of human input; (7) to output signals
for controlling transducers for outputting information in human perceivable format; or
(8) to process data, to perform computations, to execute any algorithm or software,
and to control the read or write of data to and from memory devices (items 1-8 of this
sentence referred to herein as the "Computer Tasks"). The one or more computers
(e.g., 201) communicate with each other or with other components of the system
either: (a) wirelessly, (b) by wired connection, (¢) by fiber-optic link, or (d) by a

combination of wired, wireless or fiber optic links.
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[00129] In exemplary implementations, one or more computers (e.g., 201) are
programmed to perform any and all calculations, computations, programs, algorithms,
computer functions and computer tasks described or implied above. For example, in
some cases: (a) a machine-accessible medium has instructions encoded thereon that
specify steps in a software program; and (b) the computer accesses the instructions
encoded on the machine-accessible medium, in order to determine steps to execute in
the program. In exemplary implementations, the machine-accessible medium
comprises a tangible non-transitory medium. In some cases, the machine-accessible
medium comprises (a) a memory unit or (b) an auxiliary memory storage device. For
example, in some cases, a control unit in a computer fetches the instructions from
memory.

[00130] In illustrative implementations, one or more computers (e.g., 201)
execute programs according to instructions encoded in one or more tangible, non-
transitory, computer-readable media. For example, in some cases, these instructions
comprise instructions for a computer to perform any calculation, computation,
program, algorithm, or computer function described or implied above. For example,
in some cases, instructions encoded in a tangible, non-transitory, computer-accessible

medium comprise instructions for a computer to perform the Computer Tasks.

Network Communication

[00131] In illustrative implementations of this invention, one or more electronic
devices are configured for wireless or wired communication with other electronic
devices in a network.

[00132] For example, in some cases, there are multiple devices in a network.
Each of the devices may include a wireless communication module for wireless
communication with other electronic devices in a network. Each wireless
communication module may include (a) one or more antennas, (b) one or more
wireless transceivers, transmitters or receivers, and (c) signal processing circuitry.
The wireless communication module may receive and transmit data in accordance
with one or more wireless standards.

[00133] In some cases, one or more of the following hardware components are

used for network communication: a computer bus, a computer port, network
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connection, network interface device, host adapter, wireless module, wireless card,
signal processor, modem, router, computer port, cables or wiring.

[00134] In some cases, one or more computers (e.g., 210) are programmed for
communication over a network. For example, in some cases, one or more computers
are programmed for network communication: (a) in accordance with the Internet
Protocol Suite, or (b) in accordance with any other industry standard for
communication, including any USB standard, ethernet standard (e.g., IEEE 802.3),
token ring standard (e.g., IEEE 802.5), wireless standard (including IEEE 802.11 (wi-
f1), IEEE 802.15 (bluetooth/zigbee), IEEE 802.16, IEEE 802.20 and including any
mobile phone standard, including GSM (global system for mobile communications),
UMTS (universal mobile telecommunication system), CDMA (code division multiple
access, including IS-95, IS-2000, and WCDMA), or LTS (long term evolution)), or

other IEEE communication standard.

Definitions

[00135] The terms "a" and "an", when modifying a noun, do not imply that
only one of the noun exists.

[00136] To compute "based on" specified data means to perform a computation
that takes the specified data as an input.

[00137] The term "comprise" (and grammatical variations thereof) shall be
construed as if followed by "without limitation". If A comprises B, then A includes B
and may include other things.

[00138] The term "computer" includes any computational device that performs
logical and arithmetic operations. For example, in some cases, a "computer"
comprises an electronic computational device, such as an integrated circuit, a
microprocessor, a mobile computing device, a laptop computer, a tablet computer, a
personal computer, or a mainframe computer. In some cases, a "computer"
comprises: (a) a central processing unit, (b) an ALU (arithmetic logic unit), (¢) a
memory unit, and (d) a control unit that controls actions of other components of the
computer so that encoded steps of a program are executed in a sequence. In some
cases, a "computer" also includes peripheral units including an auxiliary memory
storage device (e.g., a disk drive or flash memory), or includes signal processing

circuitry. However, a human is not a "computer”, as that term is used herein.
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[00139] As used herein, to say that a discrete signal is "continuous" and
"differentiable" at a given point means that a second, continuous, signal exists such
that: (a) the second signal is differentiable and continuous at the given point; and (b)
the values and spectrum of the discrete signal approximate the values and spectrum of
the second signal.

[00140] To "correct" means (i) to correct, (ii) to prevent, (iii) to mitigate or
ameliorate, or (iv) to compensate for. A non-limiting example of correcting a
distortion is to compensate for the distortion before, after or concurrently with the
distortion.

[00141] To say that a first data point of a first signal "corresponds in time" to a
second data point of a second signal means that the first and second data points are
associated with the same moment in time. For example, if a first signal is x(t) and a
second signal is y(t), where t is time, and both signals start at the same time and have
the same unit of time, then x(3) and y(3) "correspond in time" to each other.

[00142] "Defined Term" means a term or phrase that is set forth in quotation
marks in this Definitions section.

[00143] To say that a second point of a signal is "later" than a first point of the
signal means that the second point is closer to the endpoint of the signal than the first
point is.

[00144] For an event to occur "during" a time period, it is not necessary that the
event occur throughout the entire time period. For example, an event that occurs
during only a portion of a given time period occurs "during" the given time period.
[00145] The term "e.g." means for example.

[00146] To "end-pad" a signal which has a given point that is the endpoint of
the signal means to add one or more data values to the signal after the given point,

such that the given point is no longer the endpoint of the signal.

[00147] The "endpoint" of a discrete signal means the final data value in the
signal.
[00148] An "end-segment" of a discrete signal means a segment of the signal

that includes the endpoint of the signal.
[00149] The fact that an "example" or multiple examples of something are
given does not imply that they are the only instances of that thing. An example (or a

group of examples) is merely a non-exhaustive and non-limiting illustration.
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[00150] To "filter" a signal or to "apply a filter" to a signal includes: (a) to
digitally apply a filter to the signal in the time domain, by convolving (i) an impulse
response of the filter and (i1) the signal; (b) to digitally apply a filter to the signal in
the Fourier frequency domain, by multiplying (i) a Fourier transform of the impulse
response of the filter and (ii) a Fourier transform of the signal; or (c) to filter the
signal with an analog filter.

[00151] To "apply a causal filter" or to "casually filter" or to "casually smooth"
a signal includes (a) to reverse the order of data values in the signal, such that the start
of the signal becomes the end of the signal and the end of the signal becomes the start
of the signal, and then (b) to apply an anti-causal filter to the reversed signal.
Likewise, any description of an algorithm that involves applying a causal filter shall
be construed as also describing an alternative version in which: (a) the signal is
reversed and an anti-causal filter is applied, as described in the preceding sentence;
and (b) the algorithm is modified, mutatis mutandis, to accommodate the reversed
order, such as, for example, by replacing end-padding with front-padding.

[00152] Unless the context clearly indicates otherwise: (1) a phrase that
includes "a first" thing and "a second" thing does not imply an order of the two things
(or that there are only two of the things); and (2) such a phrase is simply a way of
identifying the two things, respectively, so that they each may be referred to later with
specificity (e.g., by referring to "the first" thing and "the second" thing later). For
example, unless the context clearly indicates otherwise, if an equation has a first term
and a second term, then the equation may (or may not) have more than two terms, and
the first term may occur before or after the second term in the equation. A phrase that
includes a "third" thing, a "fourth" thing and so on shall be construed in like manner.
[00153] "For instance" means for example.

[00154] To "front-pad" a signal which has a given point that is the start point of
the signal means to add one or more data values to the signal before the given point,
such that the given point is no longer the start point of the signal.

[00155] A "front-segment” of a discrete signal means a segment of the signal
that includes the start point of the signal.

[00156] "Herein" means in this document, including text, specification, claims,

abstract, and drawings.
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[00157] As used herein: (1) "implementation" means an implementation of this
invention; (2) "embodiment" means an embodiment of this invention; (3) "case"
means an implementation of this invention; and (4) "use scenario" means a use
scenario of this invention.

[00158] The term "include" (and grammatical variations thereof) shall be
construed as if followed by "without limitation".

[00159] "LTI" means linear and time-invariant.

[00160] To "multiply" includes to multiply by an inverse. Thus, to "multiply"
includes to divide.

[00161] The term "or" is inclusive, not exclusive. For example, A or B is true
if A is true, or B is true, or both A or B are true. Also, for example, a calculation of A
or B means a calculation of A, or a calculation of B, or a calculation of A and B.
[00162] A parenthesis is simply to make text easier to read, by indicating a
grouping of words. A parenthesis does not mean that the parenthetical material is

optional or may be ignored.

[00163] The term "phase-locked" is defined elsewhere in this document.
[00164] The term "phase-locked" is defined elsewhere in this document.
[00165] The term "phase-coordinated" is defined elsewhere in this document.
[00166] As used herein, the term "set" does not include a group with no

elements. Mentioning a first set and a second set does not, in and of itself, create any

implication regarding whether or not the first and second sets overlap (that is,

intersect).
[00167] "Some" means one or more.
[00168] As used herein, a "subset" of a set consists of less than all of the

elements of the set.

[00169] The "start point" of a discrete signal means the beginning data value in
the signal.

[00170] The term "such as" means for example.

[00171] The term "time t now" is merely a way to identify a particular time,

such that the particular time or data point may be referred to with specificity later.
For example, "t now" may in some cases be a past or present moment in time that is
being identified, so that it may be referred to with specificity later. A "pointt now" is

a data point of a signal, which data point is the value of the signal at time t now.
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[00172] To say that a machine-readable medium is "transitory" means that the
medium is a transitory signal, such as an electromagnetic wave.

[00173] Except to the extent that the context clearly requires otherwise, if steps
in a method are described herein, then the method includes variations in which: (1)
steps in the method occur in any order or sequence, including any order or sequence
different than that described; (2) any step or steps in the method occurs more than
once; (3) different steps, out of the steps in the method, occur a different number of
times during the method, (4) any combination of steps in the method is done in
parallel or serially; (5) any step or steps in the method is performed iteratively; (6) a
given step in the method is applied to the same thing each time that the given step
occurs or is applied to different things each time that the given step occurs; or (7) the
method includes other steps, in addition to the steps described.

[00174] This Definitions section shall, in all cases, control over and override
any other definition of the Defined Terms. For example, the definitions of Defined
Terms set forth in this Definitions section override common usage or any external
dictionary. If a given term is explicitly or implicitly defined in this document, then
that definition shall be controlling, and shall override any definition of the given term
arising from any source (e.g., a dictionary or common usage) that is external to this
document. If this document provides clarification regarding the meaning of a
particular term, then that clarification shall, to the extent applicable, override any
definition of the given term arising from any source (e.g., a dictionary or common
usage) that is external to this document. To the extent that any term or phrase is
defined or clarified herein, such definition or clarification applies to any grammatical
variation of such term or phrase, taking into account the difference in grammatical
form. For example, the grammatical variations include noun, verb, participle,
adjective, and possessive forms, and different declensions, and different tenses. In
each case described in this paragraph, the Applicant or Applicants are acting as his,

her, its or their own lexicographer.

Variations
[00175] This invention may be implemented in many different ways.
[00176] Here are thirty-five non-limiting examples of implementations of this

invention (Examples 1 - 35):
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[00177] Example 1: A method comprising, in combination: (a) a sensor
taking measurements of a periodic physiological signal, which physiological signal is
indicative of activity of neural tissue; (b) one or more computers performing
calculations that include (1) computing a periodic discrete signal, which periodic
discrete signal comprises a sampling of the measurements, (i1) based on the periodic
discrete signal, computing a Hilbert transform and an analytic signal, the Hilbert
transform being the imaginary component of the analytic signal, (iii) based on the
analytic signal, computing an instantaneous phase at the end point of the analytic
signal, (iv) based on the instantaneous phase, outputting instructions; and (c) one or
more transducers outputting, based on the instructions, a signal that affects the activity
of neural tissue; wherein (1) the Hilbert transform has a point, t now, that
corresponds in time to the end of the periodic discrete signal, and (2) the Hilbert
transform ends at t now and the value of the Hilbert transform at t now is equal to the
value of the Hilbert transform at the start point of the Hilbert transform.

[00178] Example 2:  The method of Example 1, wherein the physiological
signal is an electrical signal.

[00179] Example 3:  The method of Example 1, wherein the physiological
signal is motion caused by a physiological tremor.

[00180] Example 4:  The method of Example 1, wherein the calculations
include computing a discrete Fourier transform of the periodic discrete signal and then
applying a causal filter to the discrete Fourier transform.

[00181] Example 5:  The method of Example 1, wherein the calculations
include: (a) front-padding the periodic discrete signal with a copy of an end segment
of the periodic discrete signal to create a padded signal; (b) then applying a causal
filter to the padded signal; and (c¢) then removing a front segment of the padded
signal.

[00182] Example 6: The method of Example 1, wherein the signal that affects
the activity of neural tissue is phase-coordinated with the physiological signal.
[00183] Example 7:  Apparatus comprising: (a) a sensor for taking
measurements of a physiological signal, which physiological signal is indicative of
activity of neural tissue; (b) one or more computers that are programmed to perform
calculations that include (1) computing a periodic discrete signal, which periodic

discrete signal comprises a sampling of the measurements, (i1) based on the periodic
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discrete signal, computing a Hilbert transform and an analytic signal, the Hilbert
transform being the imaginary component of the analytic signal, (iii) based on the
analytic signal, computing an instantaneous phase at the end point of the analytic
signal, (iv) based on the instantaneous phase, outputting instructions; and (c) one or
more transducers for outputting, based on the instructions, a signal that affects the
activity of neural tissue; wherein (1) the Hilbert transform has a point, t now, that
corresponds in time to the end of the periodic discrete signal, and (2) the Hilbert
transform ends at t now and the value of the Hilbert transform at t now is equal to the
value of the Hilbert transform at the start point of the Hilbert transform.

[00184] Example 8:  The apparatus of Example 7, wherein the physiological
signal is an electrical signal.

[00185] Example 9:  The apparatus of Example 7, wherein the physiological
signal is motion caused by a physiological tremor.

[00186] Example 10: The apparatus of Example 7, wherein the calculations
include computing a discrete Fourier transform of the periodic discrete signal and then
applying a causal filter to the discrete Fourier transform.

[00187] Example 11: The apparatus of Example 7, wherein the calculations
include: (a) front-padding the periodic discrete signal with a copy of an end segment
of the periodic discrete signal to create a padded signal; (b) then applying a causal
filter to the padded signal; and (c¢) then removing a front segment of the padded
signal.

[00188] Example 12: The apparatus of Example 7, wherein the signal that
affects the activity of neural tissue is phase-coordinated with the physiological signal.
[00189] Example 13: A method comprising, in combination: (a) a sensor
taking measurements of a physiological signal, which physiological signal is
indicative of activity of neural tissue; (b) one or more computers performing
calculations that include (1) computing a periodic discrete signal, which periodic
discrete signal comprises a sampling of the measurements, (i1) based on the periodic
discrete signal, computing a Hilbert transform and an analytic signal, the Hilbert
transform being the imaginary component of the analytic signal, (iii) based on the
analytic signal, computing instantaneous phase of the analytic signal, (iv) based on the
instantaneous phase, outputting instructions; and (c¢) one or more transducers

outputting, based on the instructions, a signal that affects the activity of neural tissue;
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wherein (1) the Hilbert transform has a point, t now, that corresponds in time to the
end of the periodic discrete signal, (2) the Hilbert transform ends later than t now, at
a distance from t now that is equal to at least three-quarters of the period of the
periodic discrete signal, and (3) the calculations include end-padding the periodic
discrete signal to produce a padded signal and then smoothing the padded signal with
a causal filter that introduces ringing artifacts into the padded signal.

[00190] Example 14: The method of Example 13, wherein the physiological
signal is an electrical signal.

[00191] Example 15: The method of Example 13, wherein the physiological
signal is motion caused by a physiological tremor.

[00192] Example 16: The method of Example 13, wherein the signal that
affects the physiological signal is phase-coordinated with the physiological signal.
[00193] Example 17: Apparatus comprising: (a) a sensor for taking
measurements of a physiological signal, which physiological signal is indicative of
activity of neural tissue; (b) one or more computers that are programmed to perform
calculations that include (1) computing a periodic discrete signal, which periodic
discrete signal comprises a sampling of the measurements, (i1) based on the periodic
discrete signal, computing a Hilbert transform and an analytic signal, the Hilbert
transform being the imaginary component of the analytic signal, (iii) based on the
analytic signal, computing instantaneous phase of the analytic signal, (iv) based on the
instantaneous phase, outputting instructions; and (c¢) one or more transducers for
outputting, based on the instructions, a signal that is phase-coordinated with the
physiological signal and that affects the activity of neural tissue; wherein (1) the
Hilbert transform has a point, t now, that corresponds in time to the end of the
periodic discrete signal, (2) the Hilbert transform ends later than t now, at a distance
from t_now that is equal to at least three-quarters of the period of the periodic discrete
signal, and (3) the calculations include end-padding the periodic discrete signal to
produce a padded signal and then smoothing the padded signal with a causal filter that
introduces ringing artifacts into the padded signal.

[00194] Example 18: The apparatus of Example 17, wherein the physiological
signal is an electrical signal.

[00195] Example 19: The apparatus of Example 17, wherein the physiological

signal is motion caused by a physiological tremor.
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[00196] Example 20: The apparatus of Example 17, wherein the signal that
affects the physiological signal is phase-coordinated with the physiological signal.
[00197] Example 21: A method comprising, in combination: (a) a sensor taking
measurements of a periodic natural signal; and (b) one or more computers performing
calculations that include (1) computing a periodic discrete signal, which periodic
discrete signal comprises a sampling of the measurements, (i1) based on the periodic
discrete signal, computing a Hilbert transform and an analytic signal, the Hilbert
transform being the imaginary component of the analytic signal; and (ii1) based on the
analytic signal, computing instantaneous phase of the analytic signal; wherein (1) the
Hilbert transform has a point, t now, that corresponds in time to the end of the
periodic discrete signal, and (2) either (1) the Hilbert transform ends at t now and the
value of the Hilbert transform at t now is equal to the value of the Hilbert transform
at the start point of the Hilbert transform, or (i) (A) the Hilbert transform ends later
than t now at a distance from t now that is equal to at least three-quarters of the
period of the periodic discrete signal, and (B) the calculations include end-padding the
periodic discrete signal to produce a padded signal and then smoothing the padded
signal with a causal filter that introduces ringing artifacts into the padded signal.
[00198] Example 22: The method of Example 21, wherein: (a) the Hilbert
transform ends at t now and the value of the Hilbert transform at t now is equal to the
value of the Hilbert transform at the start point of the Hilbert transform; and (b) the
calculations include computing a discrete Fourier transform of the periodic discrete
signal and then applying a causal filter to the discrete Fourier transform.

[00199] Example 23: The method of Example 21, wherein: (a) the Hilbert
transform ends at t now and the value of the Hilbert transform at t now is equal to the
value of the Hilbert transform at the start point of the Hilbert transform; and (b) the
calculations include (i) front-padding the periodic discrete signal with a copy of an
end segment of the periodic discrete signal to create a padded signal, (i1) then
applying a causal filter to the padded signal, and (iii) then removing a front segment
of the padded signal.

[00200] Example 24. The method of Example 21, wherein: (a) the Hilbert
transform ends later than t now, at a distance from t now that is equal to at least
three-quarters of the period of the periodic discrete signal; and (b) the calculations

include end-padding the periodic discrete signal to produce a padded signal and then
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smoothing the padded signal with a causal filter that introduces ringing artifacts into
the padded signal.

[00201] Example 25: The method of Example 21, wherein: (a) the natural
signal comprises a physiological signal that is indicative of activity of neural tissue;
(b) the computer outputs, based on the instantaneous phase, signals for controlling one
or more transducers; and (c) the one or more transducers output a signal that affects
the activity of neural tissue.

[00202] Example 26: The method of Example 25, wherein the physiological
signal is an electrical signal.

[00203] Example 27: The method of Example 25, wherein the signal that
affects the activity of neural tissue is phase-coordinated with the physiological signal.
[00204] Example 28: An apparatus comprising: (a) a sensor for taking
measurements of a periodic natural signal; and (b) one or more computers that are
programmed to perform calculations that include (i) computing a periodic discrete
signal, which periodic discrete signal comprises a sampling of the measurements, (ii)
based on the periodic discrete signal, computing a Hilbert transform and an analytic
signal, the Hilbert transform being the imaginary component of the analytic signal;
and (ii1) based on the analytic signal, computing instantaneous phase of the analytic
signal; wherein (1) the Hilbert transform has a point, t now, that corresponds in time
to the end of the periodic discrete signal, and (2) either (i) the Hilbert transform ends
att now and the value of the Hilbert transform at t now is equal to the value of the
Hilbert transform at the start point of the Hilbert transform, or (i1) (A) the Hilbert
transform ends later than t now at a distance from t now that is equal to at least three-
quarters of the period of the periodic discrete signal, and (B) the calculations include
end-padding the periodic discrete signal to produce a padded signal and then
smoothing the padded signal with a causal filter that introduces ringing artifacts into
the padded signal.

[00205] Example 29: The apparatus of Example 28, wherein: (a) the Hilbert
transform ends at t now and the value of the Hilbert transform at t now is equal to the
value of the Hilbert transform at the start point of the Hilbert transform; and (b) the
calculations include computing a discrete Fourier transform of the periodic discrete

signal and then applying a causal filter to the discrete Fourier transform.
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[00206] Example 30: The apparatus of Example 28, wherein: (a) the Hilbert
transform ends at t now and the value of the Hilbert transform at t now is equal to the
value of the Hilbert transform at the start point of the Hilbert transform; and (b) the
calculations include (i) front-padding the periodic discrete signal with a copy of an
end segment of the periodic discrete signal to create a padded signal, (i1) then
applying a causal filter to the padded signal, and (iii) then removing a front segment
of the padded signal.

[00207] Example 31: The apparatus of Example 28, wherein: (a) the Hilbert
transform ends later than t now, at a distance from t now that is equal to at least
three-quarters of the period of the periodic discrete signal; and (b) the calculations
include end-padding the periodic discrete signal to produce a padded signal and then
smoothing the padded signal with a causal filter that introduces ringing artifacts into
the padded signal.

[00208] Example 32: The apparatus of Example 28, wherein: (a) the natural
signal comprises a physiological signal that is indicative of activity of neural tissue;
(b) the computer outputs, based on the instantaneous phase, signals for controlling one
or more transducers; and (c) the one or more transducers output a signal that is phase-
coordinated with the physiological signal and that affects the activity of neural tissue.
[00209] Example 33: The apparatus of Example 32, wherein the physiological
signal is an electrical signal.

[00210] Example 34: The apparatus of Example 32, wherein the physiological
signal is motion caused by a physiological tremor.

[00211] Example 35: The apparatus of Example 32, wherein the signal that
affects the activity of neural tissue is phase-coordinated with the physiological signal.
[00212] The above description (including without limitation any attached
drawings and figures) describes illustrative implementations of the invention.
However, the invention may be implemented in other ways. The methods and
apparatus which are described above are merely illustrative applications of the
principles of the invention. Other arrangements, methods, modifications, and
substitutions by one of ordinary skill in the art are therefore also within the scope of
the present invention. Numerous modifications may be made by those skilled in the

art without departing from the scope of the invention. Also, this invention includes
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without limitation each combination and permutation of one or more of the

abovementioned implementations, embodiments and features.
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CLAIMS

What is claimed is:
1. A method comprising, in combination:
(a) a sensor taking measurements of a periodic natural signal; and
(b) one or more computers performing calculations that include
(1) computing a periodic discrete signal, which periodic discrete signal
comprises a sampling of the measurements,
(i1) based on the periodic discrete signal, computing a Hilbert
transform and an analytic signal, the Hilbert transform being the imaginary
component of the analytic signal; and
(iii) based on the analytic signal, computing instantaneous phase of the
analytic signal;
wherein

(1) the Hilbert transform has a point, t now, that corresponds in time to the
end of the periodic discrete signal, and

(2) either

(1) the Hilbert transform ends at t now and the value of the Hilbert
transform att now is equal to the value of the Hilbert transform at the start
point of the Hilbert transform, or

(i1) (A) the Hilbert transform ends later than t now at a distance from
t_now that is equal to at least three-quarters of the period of the periodic
discrete signal, and (B) the calculations include end-padding the periodic
discrete signal to produce a padded signal and then smoothing the padded
signal with a causal filter that introduces ringing artifacts into the padded
signal.

2. The method of claim 1, wherein:

(a) the Hilbert transform ends at t now and the value of the Hilbert
transform att now is equal to the value of the Hilbert transform at the start
point of the Hilbert transform; and

(b) the calculations include computing a discrete Fourier transform of
the periodic discrete signal and then applying a causal filter to the discrete
Fourier transform.

3. The method of claim 1, wherein:

39



WO 2017/015428 PCT/US2016/043259

(a) the Hilbert transform ends at t now and the value of the Hilbert
transform att now is equal to the value of the Hilbert transform at the start
point of the Hilbert transform; and

(b) the calculations include

(1) front-padding the periodic discrete signal with a copy of an
end segment of the periodic discrete signal to create a padded signal,
(i) then applying a causal filter to the padded signal, and
(iii) then removing a front segment of the padded signal.
4. The method of claim 1, wherein:

(a) the Hilbert transform ends later than t now, at a distance from
t_now that is equal to at least three-quarters of the period of the periodic
discrete signal; and

(b) the calculations include end-padding the periodic discrete signal to
produce a padded signal and then smoothing the padded signal with a causal
filter that introduces ringing artifacts into the padded signal.

5. The method of claim 1, wherein:
(a) the natural signal comprises a physiological signal that is indicative
of activity of neural tissue;
(b) the computer outputs, based on the instantaneous phase, signals for
controlling one or more transducers; and
(c) the one or more transducers output a signal that affects the activity
of neural tissue.
6. The method of claim 5, wherein the physiological signal is an electrical signal.
7. The method of claim 5, wherein the signal that affects the activity of neural
tissue is phase-coordinated with the physiological signal.
8. An apparatus comprising:

(a) a sensor for taking measurements of a periodic natural signal; and

(b) one or more computers that are programmed to perform calculations that
include

(1) computing a periodic discrete signal, which periodic discrete signal
comprises a sampling of the measurements,

(i1) based on the periodic discrete signal, computing a Hilbert
transform and an analytic signal, the Hilbert transform being the imaginary

component of the analytic signal; and
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(iii) based on the analytic signal, computing instantaneous phase of the

analytic signal;

wherein

(1) the Hilbert transform has a point, t now, that corresponds in time to the

end of the periodic discrete signal, and

10.

11.

(2) either

(1) the Hilbert transform ends at t now and the value of the Hilbert
transform att now is equal to the value of the Hilbert transform at the start
point of the Hilbert transform, or

(i1) (A) the Hilbert transform ends later than t now at a distance from
t_now that is equal to at least three-quarters of the period of the periodic
discrete signal, and (B) the calculations include end-padding the periodic
discrete signal to produce a padded signal and then smoothing the padded
signal with a causal filter that introduces ringing artifacts into the padded
signal.

The apparatus of claim 8, wherein:

(a) the Hilbert transform ends at t now and the value of the Hilbert
transform att now is equal to the value of the Hilbert transform at the start
point of the Hilbert transform; and

(b) the calculations include computing a discrete Fourier transform of
the periodic discrete signal and then applying a causal filter to the discrete
Fourier transform.

The apparatus of claim 8, wherein:

(a) the Hilbert transform ends at t now and the value of the Hilbert
transform att now is equal to the value of the Hilbert transform at the start
point of the Hilbert transform; and

(b) the calculations include

(1) front-padding the periodic discrete signal with a copy of an
end segment of the periodic discrete signal to create a padded signal,

(i1) then applying a causal filter to the padded signal, and

(iii) then removing a front segment of the padded signal.

The apparatus of claim 8, wherein:
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12.

13.
signal.

14.

(a) the Hilbert transform ends later than t now, at a distance from
t_now that is equal to at least three-quarters of the period of the periodic
discrete signal; and

(b) the calculations include end-padding the periodic discrete signal to
produce a padded signal and then smoothing the padded signal with a causal
filter that introduces ringing artifacts into the padded signal.

The apparatus of claim 8, wherein:

(a) the natural signal comprises a physiological signal that is indicative
of activity of neural tissue;

(b) the computer outputs, based on the instantaneous phase, signals for
controlling one or more transducers; and

(c) the one or more transducers output a signal that is phase-
coordinated with the physiological signal and that affects the activity of neural
tissue.

The apparatus of claim 12, wherein the physiological signal is an electrical

The apparatus of claim 12, wherein the physiological signal is motion caused

by a physiological tremor.

15.

The apparatus of claim 12, wherein the signal that affects the activity of neural

tissue is phase-coordinated with the physiological signal.
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