APPLICATION OF SIGNAL ADVANCE TECHNOLOGY
TO ELECTROPHYSIOLOGY

by
Chris M. Hymel, B.S., M.Eng.
Houston, Texas

APPROVED:

e N

Khader M. Hasan, Ph. D., Supervisory Professor

Ghunen 4. Bk

}%7( :Soi, Ph. D.

Victoria P. Knutson, Ph. D

MNoblil s fodiy.

Nikhil S. Padhye, Ph.D.

Edgar‘FWalters, Ph.D.

S e

Richard E. Wendt, Ph. D.

APPROVED:

8%%4)
eorge C. Stancel, Ph.D.

Dean, The University of Texas
Graduate School of Biomedical Sciences at Houston




APPLICATION OF SIGNAL ADVANCE TECHNOLOGY
TO ELECTROPHYSIOLOGY

by
Chris M. Hymel, B.S., M.Eng.

Houston, Texas

We have guided and mentored Mr. Hymel through the design, implementation and
analysis of his dissertation. We are pleased to be recognized for the part we have
played in his scientific development.

A A"

Michael E. Brandt, Ph.D.

Malcolm Skolnick, Ph.D., J.D.




APPLICATION OF SIGNAL ADVANCE TECHNOLOGY
TO ELECTROPHYSIOLOGY

A
DISSERTATION

Presented to the Faculty of
The University of Texas
Health Science Center at Houston
and
The University of Texas
M. D. Anderson Cancer Center
Graduate School of Biomedical Sciences

in Partial Fulfillment
of the Requirements
for the Degree of

DOCTOR OF PHILOSOPHY

by

Chris M. Hymel, B.S., M.Eng.
Houston, Texas

August, 2010



Copyright © 2010

Chris M. Hymel

All rights reserved.

No part of this document may be reproduced or
transmitted in any form or by any means, electronic,
mechanical, photocopying, recording, or otherwise,

without prior written permission.



Dedication

To G _d,
His Son,

the Holy Spirit,

and Milinda



Acknowledgements

| have come to realize that the completing the dissertation is so much more and an

individual effort T it took a team of caring and dedicated people.

I would first like to express my heartfelt appreciation for the support provided by Michael
Brandt and Malcolm Skolnick. You spent countless hours providing inspiration, guidance,
insight and support over the years, well beyond serving in any official capacity. You
encouraged and motivated me to strive for excellence and without your selfless

commitment, this work may never have been completed.

| also wish to thank my advisor, Hasan Khader and the other members of my supervisory
committee, James Bankson, Victoria Knutson, Nikhil Padhye, Edgar T. Walters and Richard
Wendt Ill. You generously gave your time and guidance and pushed me further than |
thought possible under challenging circumstances. Your collective input greatly improved
the dissertation.

| further wish to thank Ron Stubbers, H. Martin Blacker, Harold Russell and Jon Wiener for

your encouragement and assistance through this process.

To my mom, dad and siblings, thank you for your continued encouragement.

To my daughters Andrea, Ashley, Emma and Evan, thank you for your love and support.

To my wife, Milinda, please know just how much | appreciate your unyielding and

unconditional love and patience, and the sacrifices made to allow me to finish this work i

often believing in me when | struggled to believe in myself. | love you all.

vi



Abstract

Medical instrumentation used in diagnosis and treatment relies on the accurate
detection and processing of various physiological events and signals. While signal detection
technology has improved greatly in recent years, there remain inherent delays in signal
detection/ processing. These delays may have significant negative clinical consequences
during various pathophysiological events. Reducing or eliminating such delays would
increase the ability to provide successful early intervention in certain disorders thereby

increasing the efficacy of treatment.

In recent years, a physical phenomenon referred to as Negative Group Delay
(NGD), demonstrated in simple electronic circuits, has been shown to temporally advance
the detection of analog waveforms. Specifically, the output is temporally advanced relative
to the input, as the time delay through the circuit is negative. The circuit output precedes
the complete detection of the input signal. This process is referred to as signal advance
(SA) detection.

An SA circuit model incorporating NGD was designed, developed and tested. It
imparts a constant temporal signal advance over a pre-specified spectral range in which the

output is almost identical to the input signal (i.e., it has minimal distortion).

Certain human patho-electrophysiological events are good candidates for the
application of temporally-advanced waveform detection. SA technology has potential in
early arrhythmia and epileptic seizure detection and intervention. Demonstrating reliable
and consistent temporally advanced detection of electrophysiological waveforms may
enable intervention with a pathological event (much) earlier than previously possible. SA
detection could also be used to improve the performance of neural computer interfaces,

neurotherapy applications, radiation therapy and imaging.

In this study, the performance of a single-stage SA circuit model on a variety of
constructed input signals, and human ECGs is investigated. The data obtained is used to
guantify and characterize the temporal advances and circuit gain, as well as distortions in

the output waveforms relative to their inputs.

Vii



This project combines elements of physics, engineering, signal processing, statistics
and electrophysiology. Its success has important consequences for the development of
novel interventional methodologies in cardiology and neurophysiology as well as significant

potential in a broader range of both biomedical and non-biomedical areas of application.
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Chapter |

Introduction

There are numerous biomedical applications where an electrophysiological signal is
transduced, analyzed and then returns information that is useful therapeutically or
diagnostically for the purpose of interventional or therapeutic control. The process of
acquiring and utilizing physiological data requires its detection as an analog signal typically
followed by additional processing steps such as signal amplification, filtering, conversion to
digital form, signal interpretation and response generation. Each of these steps takes a
certain amount of time to perform, thereby delaying the use of the acquired signal for

possible treatment or as an intervention.

In addition, a number of responsive biomedical applications rely on the ability to
separate electrophysiological signal features or components based on specific spectral
characteristics. Often, features of interest overlap or are masked by other activity in the
bioelectric waveform complicating needed feature extraction. As with any signal processing
operation, spectral separation delays the use of the processed data, thus potentially

reducing its effective use in a responsive biomedical system.

The performance of signal acquisition technology used in electronic systems to
acquire and process signals continues to improve. The inherent delays between the
detection of electrophysiologically generated signals, their subsequent processing and use

however, remain an obstacle with respect to further progress in treatment-intervention.



To address this problem and provide a possible method for improving responsive
system performance, this dissertation describes the development of a circuit model, based
on a phenomenon in physics referred to as Negative Group Delay (NGD) that can be used
to offset signal processing delays by temporally advancing the detection of

electrophysiological signals.

In Chapter Il (Background and Significance) the subject of NGD which signifies the
temporal advance of a circuit transit time in electronics, is introduced. Electronic circuitry
has been developed to produce an NGD that has been shown to temporally advance (i.e.
reduce or negate the time delay) the detection of a range of signals including Gaussian
pulses, sine waves and audio signals that contain multiple frequency components. Further,
this effect has been demonstrated in both narrow and broad frequency bands using

electronic circuitry.

Given the counterintuitive nature of the concept of temporally advancing signal
detection, the issue of causality/superluminality is also addressed in Chapter Il. Further, the
possibility of increasing the temporal advance through the cascading of multiple single-
stage signal advance (SA) circuits is discussed. Experimental results from a number of
studies for signals ranging in frequency from 0.2 to over 3,000 Hertz (Hz) are summarized,

compared and used to project anticipated results for the present study.

The circuit response results obtained fromt h e i n v e eatlyi phyaidalocircbits
and preliminary theoretical circuit models are presented, including circuit models designed
for different frequency ranges. A practical discussion of SA utility based on the performance
and response times of current analog and digital electronics is also presented. Finally, a
rationale for development of an SA circuit designed to operate over the spectral range of 1
to 25 Hz for the purpose of temporally advancing the detection of electrocardiograms (ECG)

is provided.

In order to take advantage of current feature selection methodologies used in online
signal processing systems, any temporally advanced output must have minimal signal
distortion of the features of interest. In the case of electrocardiology, a number of clinical

indications are related to variations in the timing of events, as well as ECG amplitude



variations. As such, the timing of signal components and signal distortion are important

considerations.

Hypotheses

Based on the background information, results of previous studies and the
i nvest iprgliminaoyreduts, the following working hypothesis is put forth:

ECG waveform detection (specifically, individual heartbeats) can be temporally
advanced at least 5 ms (+ 5%/0.25 ms) using a single-stage SA circuit model. In addition,
the output signal distortion with respect to the input signal will be ten percent or less.

Stated as a null hypothesis, ECG waveform detection temporal advance obtained
using a single-stage SA circuit model is less than or equal to 4.75 ms and the output

distortion is greater than 10%.

In order to test these hypotheses, the SA circuit model should meet the following

performance goals:

1) Temporal advance of ECG waveforms by 5 ms (+ 0.25 ms) with a coefficient of

variation (Cv) of less than 5%,
2) Mean gain of 1.0 + 10% with a Cv of less than 10%,
3) Distortion ratio of less than 10%,

4) A statistically insignificant increase in variance (based on the F-test comparing

multiple input and output ECG waveform features),

5) Input/output waveform dissimilarity of less than 1%



In order to achieve these goals, it is necessary to quantify the effects of temporally
advanced signal detection in terms of the actual advance achieved and any resulting signal
distortions. This is accomplished by comparing the temporally advanced output waveforms

to their respective inputs. The specific objectives of this study are:

Objective 1

To design and develop a single stage, SA circuit model optimized for the
frequency range of 1 to 25 Hz using circuit analysis/simulation software. Preliminary testing
of the SA circuit model is performed using the following input test signals: 1) Gaussian
pulses with half amplitude pulse widths of > 0.2 s (1/2 period of 25 Hz sinusoids) and 2)
single frequency sinusoidal waveforms between 1 and 25 Hz. The results obtained will be
used to confirm performance of the SA circuit model design and evaluate adequacy of the
constructed input test signals.

Objective 2

To test the SA circuit model using the following constructed test signals: 1) Twenty-
five Gaussian pulses with widths of 0.2 to 5.0 s (1/2 period of 1 to 25 Hz sinusoids), 2)
Twenty-five single frequency sinusoids ranging from 1 to 25 Hz; 3) Twenty-five tri-
frequency waveforms constructed of three superposed sinusoids of varying amplitudes and

frequencies.

The results are analyzed in the time-domain in order to quantify and characterize
the duration and constancy of both the temporal advance and the gain of the SA circuit
output with respect to its input as well as any resultant signal distortion. Cross-correlation
analyses will be employed to objectively determine the temporal advance obtained based

on the time associated with the maximum correlation.

The input and output signals are then subjected to spectral analysis in order to 1)

characterize signal distortion in the output waveforms, 2) calculate the gain relative to



frequency for the triple frequency test signals and 3) apply correlation analysis to compare

the spectral content of the outputs with their respective inputs.

Objective 3

To test the effects of SA circuitry on pre-recorded human electrocardiography
(ECG) waveforms (specifically individual
from subjects exhibiting normal sinus rhythms and two from subjects exhibiting tachycardia.
The results are analyzed in both the time (temporal advance and gain) and frequency
domains (signal distortion) using the analyses described in Objective 2. Cross-correlation
analyses are employed to quantify the temporal advance achieved. Input/output distortion
ratios are calculated and Fourier and correlation analyses are used to quantify
morphological shape distortion.

Achieving these objectives enables the requisite results to quantify the signal
detection temporal advance and characterize the effect of the SA circuitry on the ECG
signals.

In Chapter Ill (SA Circuit Model Design and Initial Testing) the methods employed in
theoretical circuit model design using SPICE circuit development and analysis software are
discussed and the theoretical circuit response characteristics in terms of gain, phase and
group delay with respect to frequency are presented. In addition, composition of the
preliminary test signals (Gaussian pulse and sine waves) and methods used to construct

them, and the initial results of their application to the SA circuit model are reviewed.

Chapter IV (SA Circuit Model Testing and Results Analyses) describes the methods
for rigorous testing of the SA circuit model using constructed input test signals (Gaussian
pulses, single frequency sine waves and triple frequency signals). The test signal
construction and application to the SA circuit model is described. The transformation of the
time domain signals into the frequency domain is explained. Finally, input and output
signals are compared and analyzed in both the time and frequency domain and detailed

experimental results are provided including:

S

nus



e output variability relative to the input,

¢ the constancy and amplitude of the gain relative to frequency,

e the constancy and duration of the signal detection temporal advance,
e overall distortion, and

e waveform dissimilarity.

In Chapter V (Application to ECG Signals) the preparation and application of ECG
test signals (specifically individual heartbeats) to the SA circuit model is discussed. The
time and frequency domain analyses and the experimental results are also provided. Also,
assumptions regarding the spectral content of the ECG signals are tested and additional

variability results are presented.

In Chapter VI (Discussion) the results obtained are summarized and interpreted with
respect to the original hypotheses and the SA circuit model performance goals. A number
of potential applications of SA technology are described that represent both near- and long-
term opportunities to potentially improve system performance. In addition, some of the
study limitations and deficiencies are discussed as well as recommendations for
remediation. And finally, a number of possible future studies are briefly described that
address some of the study deficiencies and that may build on the results obtained in this

investigation.



Chapter Il

Background and Significance

Negative Group Delay

A phenomenon referred to as negative group delay (NGD) has recently been

demonstrated in simple electronic circuits [1-5]. Typically, the group delay of a waveform

propagating through a circuit or medium provides a measure of the transit time of the

waveform envelope as it progresses
through it. Thus, NGD, a counterintuitive
concept, refers to a temporally advanced
circuit transit time for a range of signals
(i.e., the time delay is negated or

reduced). Figure 2.1 shows results

which demonstrate the relationship
between the output of such a circuit
relative to a Gaussian pulse input. Note
that the detection of the output peak
actually precedes the complete input

signal peak detection.

1.50

Amplitude (V)

-

o

=3
.

o

[

o
"

=== nput
=== Qutput - Stage 1
== Qutput - Stage 2

0.0 2.0 4.0 6.0 8.0
Time (sec)

Figure 2.1: Input/advanced output



A simplified block diagram of a circuit that

exhibits NGD is shown in Figure 2.2. The circuit consists Z(mr) + "
of a high-gain operational amplifier (op amp) whose _}.(l)
output is fed back to its inverting input (negative -

feedback) after passing through a passive linear

feedback circuit. This passive linear feedback circuit P

consists of a combination of resistive, capacitive, or Circa

inductive components.

Figure 2.2: Simplified circuit
A signal applied to a passive linear circuit block diagram.
typically exhibits a temporal delay as the energy from the signal is stored in the electric field
of the capacitors and the magnetic field of the inductors while it passes through these circuit
components. High-gain operational amplifiers function to reduce the difference between the
respective signals applied to their inverting (-) and non-inverting (+) inputs. In this circuit
configuration, the output signal from the op amp passes through the feedback circuit
incurring a time delay before being applied to the inverting input. This slightly delayed and
inverted output recursively (repeatedly) applied to the inverting input results in the leading
or foremost portions of the input waveform being differentially amplified, while the lagging

portions are attenuated.

The number of repeated cycles and the delay in the feedback loop are a function of
the op amp response time and the overall impedance of the passive linear circuit. For a
given op amp, the values of the components comprising the passive linear circuit in the
feedback loop determine the overall signal transforming characteristics of the temporal

advance circuitry.

Alternate explanations for NGD have been offered by other investigators. For

example,

Anéfor operational ampl i f i efeeslback iprodoct, a s uf f i

the voltage difference between the two input signals arriving at the inverting
and non-inverting inputs of the amplifier must remain small at all times. The

operational amplifier must therefore supply a signal with a negative group

ci



delay at its output, such that the positive delay from the passive filter is

exactly canceled out by this negative delay at the inverting(-) i nput port. o [ 3

and

féthere is suff i the eanytportionnof any analytid voltage i n

wave form to reproduce the entire waveform earlier in time.d [6].

Empirically, the net result is that it hi s negative feedback <circ
output pulse whose peak leaves the output port of the circuit before the peak of the input
pul se arrives at the input port of this circuit

Op amp configurations t hat effectively rewv
(mathematical representation of the relationship, as a function of frequency, between the
input and output of a circuit) are not uncommon. For example, a negative impedance
converter transforms a resistive load to its negative. Gyrator circuits use capacitive
impedance to simulate large inductive impedances [7,8]. Thus, gyrators can be used to

replace the large physical coils previously used to achieve large inductive impedance.

At first glance, the behavior of these circuits is counter-intuitive. It appears to violate
causality since the temporally advanced output signal occurs before the input signal has
been completely detected. This seemingly contradictory circuit behavior may be understood
by recognizing that electromagnetic propagation is characterized by five different signal

velocities as described by the physicist Léon Brillouin [9]. These are

¢ Phase velocity - the speed at which the phase of any one spectral frequency
component of the wave travels.

e Group velocity - the speed at which the variations in the shape of the wave's
amplitude (known as the modulation or envelope of the wave) propagates.

e Front velocity - the speed of an abrupt signal discontinuity (signal abruptly turned on
or off).

e Velocity of energy transport - the speed of energy transfer.

e Signal velocity- the speed of information transfer, which, under various conditions,

may be equivalent to one or more of the above four velocities.



According to Brillouin, the Afront velocity
very first, extremely small (perhaps invisible) vibrations will occur, while the signal velocity
yields the arrival of the main signal, with intensities on the order of the magnitude of the

i nput signal .o [9].

Typically, the signal velocity is equivalent to both the group and energy transport
velocities. While the front velocity cannot exceed the speed of light, in special cases (e.g.,
media or circuitry which amplifies the initial or anterior-most portion of a waveform and
attenuates the posterior portion), né the group
of light c,can be infinite and even negative!o [9].
waveform at the output can precede its complete detection at the input. During the time
interval between the arrival of the wave-front (front velocity) and the actual detection of the
group waveform, electromagnetic energy begins to propagate through the circuit, the
magnitude of which is not detectable until the oscillations achieve sufficient amplitude
(Figure 2.3).

Group
Velocity

L A.A/\V

Amplitude

I |~<=——— Forerunners ———» \{

Signal / A
Front Detection Group -~ ___ ¥ __ V.

Velocity Envelope

Figure 2.3: Front velocity and group velocity.

These very early, very low energy (typically undetected) perturbations (called
forerunners by Brillouin) actually contain sufficient information to reproduce a temporally
advanced signal. Thus, temporally advanced signal detection is accomplished by using a
high-gain oscillator to amplify these earliest signal deflections. [1-3,10]. A signal temporal
advance may not exceed the front velocity thereby establishing a theoretical signal
detection or group velocity advance upper limit [1,3,9]. Electrophysiological signals are

typically characterized by a waveform amplitude envelope that propagates at the group

10



velocity. Thus, for most bioelectric waveforms, the signal velocity is equivalent to the group

velocity.

Causality/Superluminality

A number of articles refer to NGD as superluminal (faster than the speed of light)
signal propagation [3,5,6], which raisest he questi on, AfDoes NGD viol a
guestion of superluminality and causality were addressed in studies in which the input
signal was suddenly discontinued. This resulted in a simultaneous (rather than advanced)
discontinuity (signal or waveform abruption) in the output demonstrating a causal
relationship between the input and output waveforms [1,3,5]. The causality issue was
further examined in a study in which detection of the temporally advanced output peak was
used as a trigger to abruptly discontinue the input signal before reaching its peak amplitude
[2] which resulted in a damped oscillation in the temporally advance output waveform, again

satisfying causality.

NGD circuitry essentially imparts a phase shift to the input signal thereby advancing
its detection without violating causality. NGD has been demonstrated with both sinusoidal
and fAcompl engaultple specipal corsponents) audio signal inputs in which, over
a band-limited spectral range, the phase has a positive linear slope with respect to

frequency [5].

Group delay is defined as the negative of the rate of change of phase with respect
to frequency, denoted mathematically as [11]:

¥)=-u@(¥) U, (2.1)
where ¥ is the frequency in radians and @ is the signal phase.

As such, the negative of the derivative of a function with a positive linear slope

yields an NGD that is constant over a specific frequency range.
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Utilizing Fourier analysis, any signal may be decomposed into a sum of sine waves
of different frequencies. Further, the output of any linear, time-invariant system is equal to
the sum of the responses of the system to each of its inputs [12]. Circuitry designed to
impart a linear phase shift (with respect to frequency) will produce a constant temporal
advance to all of the sine wave group velocities (over a limited spectral range). The result is
equivalent to detecting the signal earlier than can currently be achieved with state-of-the art
electronics technology. In the remainder of this work this temporally advanced signal
detection effect is referred to as Signal Advance (SA).

Circuit Cascading

The signal detection temporal
advance that may be achieved in a single
circuit stage appears to be limited to a
fraction of the narrowest half-cycle pulse

AMPLITUDE

width of its input analog signal [1,4,5,13].

Serial cascading of SA circuit stages (Figure

2.4) to increase the overall temporal advance ) _ o
Figure 2.4: Cascading SA circuits.
has also been demonstrated. It has further
been suggested that the resulting advance could exceed the narrowest input pulse width
[3,4,13] but is likely limited to a few pulse rise times [10]. As the temporal advance
increases through the cascading of multiple stages, signal distortion tends to increase due
possi bl y 1 the geneiatioryaf mghar frequency components closetot he ci rcui t 6

resonant frequency.

The phrase fa fewsp Period
interpreted as two to four pulse rise times, and

a puise rise timed  ang half of a pulse width

suggests that the overall advance that may be

obtained, even with sequential cascading,

;
|
|
|

I |

(one fourth the period - Figure 2.5). This [ :

' |
|
|
|

may be limited to about one full period of the

highest frequency component of the signal. Figure 2.5: Pulse width vs. period.
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Cao, et al, [13] demonstrated that cascading could increase temporal advance of
the signal within a narrow bandwidth with waveform distortion limited to pulse-width
compression. However, this required highly filtered input waveforms [4,13]. It has been
further demonstrated that multi-pole (i.e., having multiple resonances or characteristic
frequencies) NGD circuitry may be designed that exhibits a relatively constant temporal
advance and gain for band-limited signals [5].

A functional block diagram of a single SA circuit is shown in Figure 2.6. Depending
on the specific application, an SA circuit may include the following sub-stages:

1. A pre-filter/signal conditioning stage (analog only),
2. Atemporal advance circuit stage (analog), and
3. A post-filter/signal conditioning stage (analog or digital).

x(?) P’:' Multi-Pole Post- V()
Filter / Signal Temporal Filter / Signal
D_'> Conditioning _> Advance _> Conditioning : >
Circuitry
(\/ (Analog) (Analog or (v,,)

Digital)

Figure 2.6 SA circuit with pre- and post- filtering/signal conditioning.

It is important to note that the pre-filter/signal conditioning stage consists of analog
circuitry (not digital), whereas the post-filter/signal conditioning stage may be implemented
using either analog or digital electronics. Recall that the temporal advance circuitry
functions to selectively amplify the very early, signal perturbations (referred to as
forerunners [9]) effectively imparting a temporal advance to the analog signal detection. If
the input signal is subjected to digital filtering/signal conditioning prior to its application to
the temporal advance circuit, these early, low amplitude perturbations would be lost during
the conversion from analog to digital.

Pre-filtering may be used to band-limit the incoming signals and, in the case of

cascaded SA circuits, reduce or eliminate distorting noise from preceding stages. Post-
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filtering may be used to eliminate distortions resulting from the temporal advance circuit

sub-stage.

It should also be noted that in order to achieve an overall signal detection temporal
advance, any required pre- and/or post-fiter stage must operate in less time than the
temporal advance achieved by the SA circuit stage. Electronics technology that exhibits
sufficiently short response times to achieve this will be discussed in more detail later.

Parallel arrays of narrowband SA circuits (where single SA circuits are additionally
cascaded) can be configured to generate a more application specific input-output response
(Figure 2.7). This parallel arrangement provides a mechanism to achieve a temporal signal
advance over specific spectral frequency bands tuned to detect certain aspects of the

incoming analog signal.

SA Branch 1

SA Ckt 1

SA B h 2
INPUT SA Ckt 2a SA Ckt 2b e -y

SA Branch M

SA Ckt Na SA Ckt Nb =1SA Ckt Nn

\

Figure 2.7: Parallel SA circuit array.

In general, the narrower the spectral band over which the SA circuit operates, the
less complicated the SA circuit design. In addition, the lower the maximum frequency the
greater the detection advance that can be achieved per stage, thus fewer cascade stages
might be required as the obtainable advance is a function of the highest frequency

(narrowest half-cycle pulse width) in the input signal.
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Parallel configurations using narrowband SA circuits could yield a more linear input-
output response in terms of gain and temporal advance over narrow spectral ranges of
interest. Alternatively, they could be configured to impart varying delays/advances over
certain spectral ranges, effectively acting as spectral filters resulting in temporal separation

of waveform components based on their spectral content.

A number of practical applications have been described in the literature in which the
use of NGD purportedly improves operational efficiency and system performance in several
domains including: integrated circuit internal clocking [14,15], transistor-transistor
communication [3], signal sampling and processing [16,17], microwave applications [18,19]
and signal cable transmission [20]. Thus far, no references in the literature have been
found reporting bioelectric applications of NGD. Moreover, the cited applications do not
operate over spectral ranges that generally include electrophysiological signals nor do they
exhibit response characteristics suitable for such applications. Thus, application of NGD or
temporal advance to physiological signals provides a fresh and open field of investigation

that may have application in interventional, control or other responsive systems.

Review of Previous NGD Investigations

The results of a number of studies investigating NGD over a range of input signals
reveal a consistent relationship between their primary wavelength/pulse widths and the
temporal advance that was achieved. For studies in which the input signal was sinusoidal,
the period of the signaldéds highest frequ
width of the signal) was defined as the pulse width at one half amplitude of a raised cosine

with a period equal to the inverse of the frequency of the sinusoid (Figure 2.5).

Table 2.1 summarizes these results for inputs with half amplitude pulse widths
ranging from about 2 s to 150 ps, which corresponds to a spectral range of 0.2 Hz to 3.3

kHz. The summary shows the duration of the temporal advance obtained as a percentage

of the input pulse width.

These results are depicted graphically in Figure 2.8. The advance achieved in a

single stage relative to the input pulse width ranges from 30 to 40 percent; averaging about

15

ency
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35%. For example, for a bioelectric waveform in which the range of spectral content of
interest is less than 100 Hz and the period is 10 ms, thus the half amplitude pulse width is 5
ms. As such, the signal detection temporal advance expected from a single SA circuit stage
is about 1.5 ms. Similarly, for an SA circuit model designed for signals with spectral content

less than 25 Hz, the expected detection temporal advance would be around 5 ms.

Table 2.1: Input pulse width/frequency and temporal advance.

Study Pulse Width Ef‘euqizzlﬁg; Advance :(i;gﬁgg
Hymel (2007)* 244 s 0.20 Hz 09s 36.9%
Kitano, et al., [4] 1.95s 0.26 Hz 05s 25.6%
Chaio, et al., [3] 37.5x10%s 13 Hz 12.1 x103s 32.3%
Hymel (2008)** 20.0x 10°s 25 Hz 53x10%s 26.5%
Hymel (2008)* 5.0 x 10°s 100 Hz 1.53x10%s 30.6%
Zhilu, et al., [16] 1.57x103s 320 Hz 0.66 x 10°s 42.0%
Hymel (2008)* 0.67 x 10°s 750 Hz 0.31x10%s 46.5%
Munday, et al [5] 0.17 x 10°s 3000 Hz 0.078 x 10°s 46.8%
Erickson, et al. [19] 0.15x107s 3300 Hz 0.047 x 10°s 31.7%

* See Preliminary Results (this chapter) ** See Chapter 4 - Temporal Advance Results

60% -
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3 o [T
g 40% e
> @ ____—-—-——'—'___——__—
=] _._,.-.-—-'-.—-"'""'__- "
< 30% S T ®
'E @ @
S 20%
8
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0% .
10s 1s 01s 10 ms 1ms 0.1 ms
(0.05 Hz) (0.5 Hz) (5 Hz) (50 Hz) (500 Hz) (5k Hz)
Input Pulse Width
(Frequency) @ Investigator Results

Figure 2.8: Percent advance relative to input pulse width.
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Preliminary Results

Initial development efforts involved replicating and then later improving the response
of NGD circuits described in the literature [3,4,5] using the Super-SPICE Gold Professional
Circuit Analysis software package. These designs were tested using Gaussian pulse inputs
and later, Gaussian-windowed sine waves. Gaussian-windowing (or filtering) was selected
since the majority of the NGD studies employed Gaussian waveforms due to their rapid
spectral roll-off and mathematical simplicity. Use of Gaussian-windowing also facilitates any
future time-frequency analyses since the derivative of a Fourier transform of a Gaussian

window is also a Gaussian function.

Based on the simulated design results, a
two-stage SA circuit board (Figure 2.9) was
constructed. To facilitate visual inspection, the
circuit was tested using a Gaussian pulse with a
half amplitude pulse width of two seconds as the

input signal. Figure 2.10 is a time-lapsed image of

a dual-trace oscilloscope (timescale: 0.5 s/div)

Figure 2.9: SA circuit board.

showing the temporally advanced
output pulse relative to the input. The
signal detection advance achieved in
each stage was roughly 0.45 s
resulting in a 0.9 s overall advance.

Note the output distortion (narrowed

pulse width and skewing) relative to
Figure 2.10: Actual SA output vs. input. the input.

While the temporal advance obtained was over 0.5 s, it varied as a function of
frequency (Figure 2.11) becoming positive (indicative of a time delay) as the frequency
approached 0.45 Hz. Although these efforts convincingly demonstrate that a signal
temporal advance design using NGD can be implemented in electronics, the response
characteristics of this particular design would be of little utility in electrophysiology.
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In order to achieve a constant temporal 1
advance (or negative group delay) over a specific
spectral range, the phase response must have a
positive linear slope relative to frequency over the

desired frequency range [5]. Subsequent SA

Group Delay (s)
o

circuit design efforts focused on establishing a

relatively constant gain and temporal advance

]
—

i i i i '} i ' 2 i
0 0.25 0.5

response over a spectral range relevant for Frequency (Hz)

electro-physiological signals (less than 1 kHz) that

required a multi-pole design in order to linearize Figure 2.11: Delay vs. frequency.
the circuit responses. Figure A.1 (Appendix A) is a general schematic diagram for a three
stage (including a resistor voltage divider), quadruple zero and quadruple pole SA circuit
(without any pre- or post-filtering). The transfer function out/ in) for this circuit may

be expressed as

1 1 1 1 Roo _
|:l+(|:\’2)( Q+iol, J+iaC, J:|X[1+(R4][ Q,+iol, ) +ioC, HX( Ry + Rsoj 9

wheretheR6s are Léesiasrneori€C9duatr er s ijdsphe anadinary raumber

(square root of -1), and ¥ is frequency in radians per second.

SPICE circuit analysis software was used to numerically simulate the idealized
t heoretical performance of this circuit model u
analysis yielded data used to calculate responses in terms of the circ
phase and group delay with respect to frequency. In the next chapter, the SPICE
theoretical circuit performance/analysis is compared with an engineering-mathematical

analysis of the circuitds transfer function.

In order to develop an SA circuit model that demonstrates a relatively constant
signal detection advance and gain response over a specific frequency range, the circuit
components used by Munday and Henderson [5], which exhibited a relatively constant
response range from 1 to over 2,500 Hz, were scaled. This was followed by adjusting their

values to match the available physical components.
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This process provides a method for the development of SA circuit models that
exhibit a relatively constant gain and signal detection temporal advance response over a
particular frequency range of interest. Two interim SA circuit model designs for the
frequency ranges of 1 to 500 Hz and 1 to 100 Hz were developed based on this
methodology. The theoretical circuit response results obtained for each of the SA circuit

model designs are described over the next few pages.

Figure 2.12 is a semi-log graph of gain vs. frequency for an SA circuit model
designed to achieve a linear positive slope through the threshold frequency of interest (in
this case 500 Hz). Note the constancy of the gain for spectral content through 500 Hz and
the location of the poles (at just over 1,000 and 2,000 Hz), and, later, in Figure 2.16 (at just
over 200 and 400 Hz).
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Figure 2.12: Gain vs. frequency (500 Hz SA circuit model, semi-log).

Figure 2.13 is a semi-log graph of phase vs. frequency of the 500 Hz SA circuit
model. Note the phase discontinuities which correspond to the poles in Figure 2.12. Figure
2.14 is a linear-linear graph of phase vs. frequency for the same circuit model that displays
the phase response over the frequency range from 1 to 1,200 Hz. Note the phase response

has a positive linear slope to almost 1,000 Hz.
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Phase vs. frequency (500 Hz SA circuit model, semi-log).

Figure 2.14: Phase vs frequency (500 Hz SA circuit model, linear).

Figure 2.15 is a semi-log graph of group delay vs. frequency for the same SA circuit.

Recall that negative group delay is equivalent to a signal detection temporal advance. Note

the constancy of the temporal advance (~300 ps) for spectral frequencies through 500 Hz.

The discontinuities correspond to the poles in the gain plot (Figure 2.12).
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