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A.bstract

A prototype microwave arterial pulse monitor was

evaluated and modified. Evaluation test data was collected

from the temporal region of human volunteers using the

microwave arterial puls-i monitor. Three sets of test

signals were developed using this test data. These test

signals were used to evaluate the f9asibility of using a LMS

adaptive noise cancellation filter for reduction of noise

artifacts observed in the output of the microwave arterial

pulse monitor.

A computer program using the LMS algorithm was written

and the performance of the LMS filter was evaluated for its

effectiveness in removing the unwanted noise. h system

model describing the performance characteristics of the test

subject-monitor-filter interface is presented.-

ix
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LMS ADAPTIVE FILTERING APPLIED TO A
MICROWAVE ARTERIAL PULSE MONITOR

I. Introduction

BackQround

Modern high performance aircraft have the capability of

causing aircrew loss of consciousness during high +G

maneuvers. G-induced loss of consciousness (GLOC) is a

serious safety concern and the Air Force is actively

conducting research to identify and prevent its occurrence.

As part of this effort, the Armstrong Aerospace Medical

Research Laboratory (AAMRL) initiated the Biotechnology-

Tactical Air Combat (BIOTAC) program in 1983 (13). One of

the goals of this program is the development of a GLOC

detection system utilizing artificial intelligence0
technologies and inputs from a variety of aircraft/aircrew

sensors.

One of these aircrew sensors is a prototype microwave

arterial pulse monitor developed by RCA Sarnoff

Laboratories. This device was developed to demonstrate the

feasibility of using a microwave transducer for detecting

GLOC by indicating the presence/absence of pulses on the

temporal artery. Three different prototype versions have

been built (5;8111). All three versions of the sensor

(



J Ig
operate in a similar manner, i.e., as an extremely sensitivo

motion detector. During development, "extremely clear

wavyforms were obtained at a number of cranial sites...

except for [noise] artifacts generated by movement of the

subject or external objects relative to the sensor" (5:4).

Several techniques have been attempted to reduce the effects

of these artifacts including analog filtering and

r .ackaging of the sensor (5:3,18). These techniques have

been moderately successful and have reduced the effects of

some of the artifacts. Additional work is required to

further reduce the effects of these noise artifacts so the

sensor can undergo further evaluation as a possible source

for reliable GLOC information.

Thesis Problem Statement and Scope

The objective of this thesis is to investigate the

feasibility of using a LMS adaptive noise cancellation

filter to reduce noise artifacts generated by the AAMRL/RCA

microwave arterial pulse monitor. The scope of this

research effort consists of three parts, modification of the

present monitor's signal conditioning hardware, developmient

of signal/noise test signals for the adaptive filter, and

development of a non-real-time LMS adaptive noise

cancellation filter to reduce noise artifacts.

2



Thesis hpproach and hssumptions

The approach was to develop an LMS adaptive filter

capable of detecting presence/absence of an arterial pulse

in the noise. environment surrounding the microwave arterial

pulse monitor. Experimental data was collected at one G

from six subjects using the AAMRL/RCA pulse monitor. Each

subject was seated upright in a stationary position and had

a resting pulse rate. Data recorded was used to identify

monitor modification requirements and to develop the

adaptive filter. Filter parameters were selected to account

for the wide variety of input signal characteristics

observed and were not fine tuned to wovk only for a

specific, narrowly defined or controlled signal set.

Because the monitor's output contained no information of

"physiological significance.., other than the existence of

arterial wall movement in response to pulsatile blood flow"

(10), work concentrated on detecting this movement and no

attempt was made to design the adaptive filter to recover

the amplitude or shape information of the pulse monitor's

signal output.

The following assumptions were made during this

research efforts

1. Data recorded from six subjects at one G with a
resting pulse rate provided an adequate test
condition for determining the feasibility of using
a LMS adaptive filter to reduce noise artifacts.

2. Data collected from the six subjects provided a
representative sampling of the types of 3ignals
generated by the arterial pulse monitor.

3



3. Higher pulse rates and G forces will not
significantly alter the performance of the adaptive
filter.

4. Sensor noise generated by background movement can
be significantly reduced by a separate effort aimed
at sensor redesign or improved shielding/mounting
techniques.

The above assumptions were kept to a minimum and were

selected to provide a realistic environment to assess the

adaptive filter, its actual performance and feasibility of

its use for noise cancellation.

Thesis Organization

This chapter has provided a brief background on the

AAMRL/RCA microwave arterial pulse monitor, a statement of

the objective of this thesis, an outline of the tasks

performed and a list of assumptions used in the performance

of this research effort. The following chapters in this

thesis will address the experimental setup and procedures

used for the collection of data, a description and

evaluation of the arterial pulse monitor, test signal

development, the LMS adaptive filter and its performance,

the subject-monitor-filter model and finally the conclusions

and recommendations.

It
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II. Experimental Setup and Procedure

Introduction

In the previous chapter, a brief background of the

AAMRL/RCA microwave atterial pulse monitor was discussed

along with the thesis objc'ctive and scope. This chapter

will continue with the experimental setup and procedures

used to record evaluation data for the pulse monitor and L..A

teot data for the adaptive filter.

Experimental Setup

The equipment used in the experimental setup was

selected to provide for a flexible data acquisition and

processing system capable of meeting the following

requirements:

1. Accept input data with a wide range of amplitudes
and frequencies from multiple sources.

2. Provide simultaneous multi-channel analog/digital __
conversion of input data at variable sample rates.

3. Provide real-time acquisition and display of the
mu3l i-channel data.

4. Provide a post acquisition data processing
capability to selectively edit and store the data
for subsequent analysis or filter test use.

Equipment. The equipment used included the following:

1. A Wavetek model 852 dual 8-pole low pass filter.

2. A Zenith Z-248 personal computer with peripheral
units including:

a. A Metra-Byte Dash-16F 12 bit analog/digital
converter I/O expansion board configured for
+/-5v bipolar operation.

5



b. A DATAQ WS-200PC waveform scroller board.

c. An INTEL 80287 math coprocessor chip.

3. An electrocardiogram (ECO).

4. Two AAMRL/RCA microwave arterial pulse monitors.

Software. The software used included the following.

1. DATAQ Instruments' CODAS data acquisition/playback
program for use with the DATAQ WPS-200PC waveform
scroller board and the Metra-Byte Dash-16F AID
converter board.

2. DSP Development Corporation's DADisP signal
analysis software for use in processing and
analyzing recorded data, and generating test
signals for the adaptive filter,

3. Borland International's Turbo Pascal 4.0 for use in
writing the adaptive filter program.

Setupo Configuration. Three difi'erent experimental

setup configurations were used to record data for use in the

thesis. A composite diagram of the three setups is shown in

Figure 1. All configuratýons shared in common the elements

of the Z-248 computer and the low pass filter. Differences

between each setup included the type, quantity and mounting

location of the input sensors; amplification levels, filter

cut-off frequencies and sampling rates. The three

configurations were used to record data for different

purposes. The first configuration was used to gather data

for modification and evaluation of the arterial pulse

monitor, the second for recording data for development and

test of the adaptive filter, and the third for recording

ECG/pulse monitor correlation data.
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Pulse Monitor Evaluation Setup. The pulse monitor

evaluation setup was used to identify and evaluate the

characteristics of the pulse monitor for use in determining

the monitor's modification requirements and later use in the

development of experimental procedures. The pulse monitor

evaluation setup was not a fixed design and was modified

iteratively as the evaluation progressed. The configuration

initially contained a single arterial pulse monitor, a low

pass (anti-aliasing) filter and the Z-248 system

configuration an shown in Pigure 1. The arterial pulse

monitor(s) used for this setup (and thesis) were removed

from the flight helmet obtained from the Multiple Sensor

hrterial Pulse konitor Program (5). The monitor evaluated

was initially unmodified with the exception of mounting the LA

monitor's microwave sensor inside the earpiece on a pair of

headphones. The headphones were used to facilitate

placement of the sensor at multiple locations in the

temporal region of each test subject and to simulate a

conformally fitted flight helmet recommended for sensor

evaluation by Mawhinney (5:6). he evaluation progressed,

the sensor was modified by attaching a layer of ECCOSORS

AN-P microwave absorbing foam to the side and back of the

sensor to reduce the effects of noise artifacts generated by

background movement near the test subjects. hdditional

modifications for the pulse monitor evaluation setup

occurred iteratively and included the addition of a secondIII8
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arterial pulse monitor (with foam shielded sensor),

optimization of the pulse monitor/low pass filter amplifier

gain levels, filter cut-off frequencies and sampling rates.

The optimum amplifier gain level was determined based on

minimizing occurrence of amplifier saturation and obtaining

the largest pulse monitor's pulse signal output levels

possible. Amplifier gain levels evaluated varied from a

high of 8635 to a low of 451 with the gain level of 1845

selected as optimum. The optimum low pass filter cut-off

frequency was determined based on maximizing the monitor's
Lo

signal-to-noise ratio while preserving the pulse signal

peaks of the monitor's output. The low pass filter cut-off

frequencies varied between 500 and 1.0 Hz with the value of

9.0 Hz selected as optimum. Sampling rates were chosen to

comply with the Nyquist sampling criterion where the

sampling rate is chosen to be at least twice the filter cut-

off frequency. A summary of the pulse monitor evaluation

experimental setup is listed in Table 1. The final

(optimum) configuration used in the pulse monitor evaluation

setup was the same configuration used for the pulse monitor

data recording setup.

Pulse Monitor Data Recording Setup. The pulse

Smonitor data recording setup was used to determine the

optimum position for recording pulse monitor sensor data for

latter use in developing teat signals for evaluation of the

I' ~ adaptive filter. The configuration setup was a fixed design

9
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Table 1. Pulse Monitor Evaluation Experimental Setup

Value Range Optimum

#of Sensors 1 - 2 N/A

Gain 451 - 8635 1845

Filter Cut-off
Frequency 1.0 - 500 Rz 9.0 Hz

Sample Rate 10 - 1000 Hz 20 Hz

and did not change during the data recordinq process. The

pulse monitor data recording configuration setup consisted

of two modified arterial pulse monitors, a pair of low pass

(anti-alsasing) filters and the Z-248 3ystem configuration

shown in Figure 1. The pulse monitor/low pass filter

amplifier gain levels, filter cut-off frequencies and

sampling rates are listed in Table 2. These values were the

same used for the optimum pulse monitor evaluation setup,

Table 2. Pulse Monitor Data Recording Setup

Value

# of Sensors 2

Gain 1845

Filter Cut-off
Frequency 9.0 Hz

Sample Rate 20 Hz

10



.ECG/Pulse Monitor Setup. The ECG/pulse monitor

setup was used to obtain information on the correlation

between the occurrence of the ECG's E-wave and the pulse

monitor's peak pulse wave. The ECG/pulse monitor setup

contained a single modified arterial pulse monitor, an ECG,

two low pass (anti-aliasing) filters and the Z-248 system

shown in Figure 1. The configuration setup was a fixed

design and was not changed during 'he data collection

process. Amplifier gain level for the pulse monitor was set

at 184.5 and the gain level for the low pass filters were
set at 10.0 (same as the previous two setups). The low pass

filter out-off frequencies were adjusted to 18 Hz to

accommodate the wider frequency spectrum of the ECO and the

* sampling rate was likewise changed to satisfy Nyquist

sampling criterion. A summary of the ECG/pulse monitor

experimental setup is listed in Table 3.

Table 3. ECG/Pulse Monitor Experimental Setup

Value

# of Sensors 1

# of ECGs 1

Sensor Gain 184.5

Filter Gain 10

Filter Cut-off
Frequency 18 Hz

Sample Rate 40 Hz



Experimental Procedure

The experimental procedure consisted of seating a

volunteer subject in an upright position in a chair,

attaching one or two pulse monitor sensors to the subject's

temporal region and recording output data from the monitor.

For the ECG/pulue monitor data setup, an ECG was used as a

data source and was substituted for one of the pulse

monitors. Data was collected at one G from six subjects at

their resting pulse rates. Each subject was instructed to

minimize head movements during the recording of data to

reduce noise artifacts caused by motion of the sensor

relative to nearby objects. During the experiment, each

subject was instructed to perform a series of facial

muscular movements designed to generate pulse monitor noise

artifacts. The types of facial muscular movements evaluated

included speaking, face flexing and various types of jaw/eye

movement. Theme types of movements were used because they

were found during initial analysis to be representative of

the variety of noise artifacts generated by the pulse

monitor. Muscular movement caused by speaking was

standardized by having each subject recite the same phrases.

The results of each experiment was recorded on floppy disks

and logged in on data collection sheets. Recorded data was

tagged with event markers to ease identification during

subsequent analysis. Copies of the data collection sheets

used.for the experiment are contained in Appendix 4.

12



Ill.' AAMRL/RCA hrterial Pulse Monitor -

Introduction

Previous chapters have provided background information

and discussed the experimental setups and procedures used to

evaluate the arterial pulse monitor. This chapter will

continue with a detailed description of the arterial pulse

monitor, its prototype configuration, operation,

modification and evaluation.

Arterial Pulse Monitor Prototype (516110)

The AAMRL/RCA microwave arterial pulse monitor is a

miniaturized microwave motion sensor designed to detect the

pulsatile movement of arteries located close to the surface

of the skin. The arterial pulse monitor consists of a

motion detection sensor and a remotely located

amplifier/processor module.

Motion Detection Sonsor. The motion detection sensor

is a low power microwave oscillator designed to operate at

2.45 GHz. It is constructed from a N-P-N bipolar oscillator

transistor (Hewlet Packard HXTR-4101) mounted inside, a

circular stamped brass housing 27-mm in diameter and 8-mm

thick. A strip antenna is attached to the transistor and

enclosed in the oscillator housing by a brass cover

containing a machined slot for the antenna. h circular

washer of R-F absorptive material is attached to the antenna

side of the brass cover to reduce microwave leakage.

13



Interface to the amplifier/processor module is accomplished

via a small diameter two wira shielded cable. The schematic

diagram of the motion detection sensor is shown in Figure 2.

Motion Detector Sensor Operation. The motion detector

sensor operates by detecting minute changes in the impedance

of its antenna caused by changes in the positions of objects

relative to the sensor (807-8). As the sensor's antenna

changes impedance, the loading of the microwave oscillator

is altered and a change in its operating current occurs.

This change in operating current can be detected by the

arterial pulse monitor's amplifier/processor ,module and

amplified to produce a voltage output indicative of

movement. The motion detector sensor is extremely sensitive

to motion and can detect the pulsatile wall movement of

superficially located arteries such as the temporal,

occipital, brachial, radial, or femoral (101llt6).

Amplifier/Processor Module. The amplifier/processor

module is a two stage amplifier containing a low Pass

filter, a full wave rectifier and a dual peak-detector

comparator. A block diagram of the amplifier/processor

module is shown in Figure 3.

Amlifier/Filter Oeeration. The amplifier/filter

section of the module is constructed from a single

instrumentation amplifier (Burr-Brown IN&104). This

instrumentation amplifier provides the capability of

amplifying weak signals at high input impedance levels while --

14
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Figure 3. Block Diagram of Amplifier Processor Module (6t4)

eliminating most common-mode noise. Appropriate components

are connected to the amplifier to provide interface to the 7

motion detector sensor, dc voltage offset adjustment,

variable gain,' and a low pass filter. The first stage of

the amplifier consists of three amplifiers. Gain (Gi) of

the first stage is not, adjustable and is set at 785 by a 510

resistor. Gain Gl is given by Equation (1) as follows

:3 1 + 4OKnl/51nl (1)

The second stage amplifier consists of a single amplifier

and a resistor (R) variable from 0.0 to 100KM. Gain G2 is

adjustable from 1.0 to 11 and is given by Equation (2) as

G2 - 11OKnf/(R + 1OKn) (2)

Combined amplification of the two stages provides for an

adjustable gain range of 785 to 8635 (29 to 39dB). In

addition to amplification, the second stage amplifier also

16



performs low pass filtering. Cut off frequency (Fco) of the

filter is given by Equation (3) and set at 3.1 Hz by a

0.47pF capacitor at the output of.the amplifier.

Fco 1 /2r(llOKO)0.47MF (3)

Overall performance of the Amplifier/filter circuit provides

band-limited amplification of peak-input voltage signals

from +/-0.9 to +/-10 mV.

Signal Processor Operation. The signal processor

consists of a rectifier and a dual peak-detector comparator

circuit. Their purpose is to convert output signals from

the amplifier/filter from negative to positive polarity and

provide a visual indication (via a LED) of the

presance/abmence of pulsatile motion at the surface of the

motion detector sensor. Further information on the

operation of these circuits can be obtained from references

(506).

Arterial Pulse Monitor Modifications and Performance

Preliminary evaluations of the performance of the

arterial pulse monitor were conducted on single subject

using one pulse monitor. These evaluations were used to

determine the pulse monitor modifications required to

interface to the experimental setups for recording data.

After completion of the modifications, additional

performance evaluations were carried out using two of the

modified pulse monitors. These additional performance

17



evaluations were accomplished to determine the optimum

location for placement of the pair of pulse monitor sensors

for recording data for subsequent use in developing test

signals to evaluate the adaptive filter.

Arterial Pulse Monitor Modifications. krterial pulse

monitor modifications were evaluated using the pulse monitor

evaluation setup. As previously stated, the pulse monitor

evaluation setup was not a fixed design. Modifications

occurred iteratively and were accomplished using the "test-

a-little/evaluate/modify approach." Modifications were

accomplished to establish electrical compatibility between

the pulse monitor and the experimental setups used to record

data. A summary of the modifications and the rationale for

accomplishing them follows.

Sensor MountinQ (Modification 1). The sensor

mounting modification consisted of mounting a single

arterial pulse monitor sensor inside each earpiece on a pair

of headphones. This modification was accomplished to

simulate a conformally fitted flight helmet recommended for

pulse monitor sensor evaluation by Mawhinney (5:6) and to

allow for easy relocation of the sensor to various areas in

the temporal region for evaluation purposes.

Sensor Shielding (Modification 2). This second

modification consisted of attaching a layer of ECCOSORB AN-P

microwave absorbing foam to the side and back of each pulse

monitor sensor. This modification was done to reduce the

1-.3
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effects of noise artifacts caused by background movement

near the test subjects.

Signal Processor Modull.(Modification 3). The

third modification removed the rectifier and the dual peak-

detector comparator circuits from each pulse monitor

amplifier/processor circuit board Figure (3). These

* circuits were removed because they added'distortion and

nonlinearities to the signals they processed and thus

provided outputs incompatible for use in evaluating adaptive

C filter performance or accurate spectral analysis of pulse

monitor signals.

Low Pass Filter (Modification 4). The low pass

* filter performed two functions in the experimental setups

used in this thesis. Theme functions were noise removal and

the prevention of signal aliasing during data sampling. The

* low pass filter modification consisted of replacing the

pulse monitor's existing single-pole 3.1 Hz low pass filter

with an eight-pole 9.0 Hz low pass filter. The modification

involved removal of a 0.47AF capacitor from the output of

second stage amplifier (Figure 3) and connecting amplifier's

output to the input of the 9.0 Hz filter. The new output of

C the circuit was then obtained at the output of the 9.0 HzC
filter. The 9.0 Hz low pass filter used was a Wavetek model

852 dual channel, eight-pole, high/low pass filter. The

rationale fo ceplacing the 3.1 Hz with the Wavetek filter

was to utilize the Wavetek filtpr's switch selectable
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SI 1 ii............ii........--••i• •77



capabilbty for gains of 1.0 or 10 and cut-off frequencies

from 0.1 Hz to 111 KHz. These switch selectable

capabilities allowed rapid change in amplification levels

and filter cut-off frequencies (and therefore sample rates),

and thus minimized redesign down-time during experimental

setup development. The 9.0 Hz cut-off frequency was

selected as a trade-off between fast signal recovery time

(after occurrence of large transient noise responses

generated by the pulse monitor senior) and minimizing the

noise in the recorded data.

hmplifier Module (Modification 5). The amplifier

module modification consisted of reducing the gain levels of

the amplifiers on the pulse monitor's amplifier/processor

circuit board and the using the amplification capability of

the Wavetek model 852 high/low pass filter. The

modification consisted of three steps. Step one involved

replacement of a 51M resistor with a 10000 resistor In the

first stage amplifier on the amplifier/processor circuit

board (Figure 3). This change altered gain G1 from its

previous value of 785 to a value of 41 where the altered

gain G1 is given by Equation (4) as

G1 a 1 + 40K0/10000 (4)

Step two was accomplished by adjusting a 100KM variable

resistor R in the second stage amplifier to produce

amplifier gain G2 equal to 4.5. This new value of R was set
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to approximately 14.4Kf and was found by applying

Equation (2). The final step of the modification wasr

implemented simply by setting the gain switch on the Wavetek

filter to lOx and leaving the filter installed at the output

of second stage amplifier as previously discussed in the low

pass filter modification. Total gain provided by the three

step amplifier module modification was 1845. The rationale

for selecting this gain value was to reduce the chance of

pulse monitor output noise exceeding the +/-5v input level

of Dash-16F A/D converter board and causing saturation of

the board's amplifier and thus a nonrecoverable lose of

signal in the recorded data. Rationale for reducing the

gain in the first two stages of the pulse monitor amplifier

and using the gain available from the low pass filter was to

improve the output signal-to-noise ratio obtained by

filtering some of the noise out prior to final amplification

by the filter's amplifiers.

Arterial Pulse Monitor Performance. Performance

characteristics of the arterial pulse monitor were evaluated

using the ECG/pulse monitor setup and the pulse monitor

evaluation setup (optimum configuration settings were used

except as noted). Data collected from each setup was

obtained from a single test subject with a different test

subject used for each setup. Recorded data was evaluated in

both the time and frequency domains. Remaining sections of

this chapter will discuss the conditions under which the
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performance evaluation data was obtained, the pulse

monitor's signal and noise characteristics, and the

selection of the optimum pulse monitor sensor position.

Performance Evaluation Conditions. The data used

in the performance evaluation of the pulse monitor was

obtained under the following conditions:

1. The pulse monitor and its sensor was used in a
motion controlled environment which minimized
extraneous noise artifacts.

2. The data was collected using the ECO/pulse monitor
setup and the pulse monitor performance evaluation
setup (optimum configuration used except as noted).

3. Data obtained from the test subject using the pulse
monitor evaluation setup was collected from each of
the four temporal regions defined in Figure 4.

4. Evaluation data obtained from the test subject
using the ENG/pulse monitor setup was collected
from temporal Region 3.

5. The type of noise data collected and evaluated was
limited to noise caused by the types of facial
muscular movement listed in the data sheets in
hppendix A.

6. Reart rates of the test subjects did not exceed the

range of 50 to 70 beats per minute.

Pulse Monitor Signal Characteristics. The pulse

monitor is an extremely sensitive motion detector capable of

detecting minute motion imperceptible to the unaided eye.

Evaluation showed the monitor was capable of detecting

pulsatile blood flow motion in superficially located

arteries during the absence of muscular noise artifacts.

r'igures provided in Apperdix B show some typical examples of

the pulse signal waveforms and their respective power

22
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generating two distinct pulse signal outputs for any given

single pulse. These two different pulse signal outputs can

be identified by the polarity of their signal pulse peaks.

Ixamples of'these pulse types and their power spectral

densities are given in Figures 5 and 6. This dual signal

output characteristic of the pulse monitor is important

because it can affect the level of success and the type of

signal processing that can be accomplished on the pulse

monitor's output. The output wavyform characteristics in

Figures 5 and 6 were observed in temporal Regions 1, 3 and

4; on both test subjects, using both single and multiple

sensors. Generation of these two different types of pulse

signal outputs were found to be independent of test subject,

pulse monitor, amplifier configuration or sensor

orientation. They were however found to be highly dependent

upon sensor position; with changes as small as a millimeter

determining whether tho monitor's output was a positive or

negative going pulse. The cause of this effect, although

not fully understood, can probably be explained by

tissue/bone movement in relation to the sensor (caused by

pulsatile arterial motion) and the characteristic of the

transducer to generate positive going signals when an object

moves toward it and negativq going signals when an object

moves away. 4 power spectral density (1024 point PFT) of

these two pulse signals in Figures 5 and 6 showed similar

results with the largest spectral peak occurring at the test

24
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subject's heart rate frequency and additional spectral peaks

of decreasing magnitude occurring at the higher harmonics.

In addition, low magnitude spectral peaks were observed at

frequencies below the test subject's heart rate frequency.

Mnother characteristic related to heart rate was the

comparison of pulse monitor signal output with ECG data.

This comparison of ECO data collected from one subject

revealed a definite correlation between the occurrence of

the ECO output and the output of the pulse monitor. A

timing comparison of' the ECG'u E wave with the pulse

monitor's signal peak showed a mean delay of 0.29 seconds

for the test subject at a'mean resting heart rate of 58.6

beats per minute.

In addition to the above, several regional differences

in temporal characteristics were identified during the

evaluation and are summarized by region as followsi

1) Region 1 pulse signals were difficult to acquire

over most of the region using the pulse monitor. Once the

sensor was properly positioned however, the pulse signals

were characterized by fairly constant voltage levels.

Signal levels ranged from no signal observed to peak values

of approximately +/-0.2v. Region 1 was sensor orientation

sensitive in some arias and provided peak signal output when

the sensor's slot antenna was orientated perpendicular to

the frontal branch of the superficial temporal artery (see

Figure 4).
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2) Region 2 pulse signals were very difficult to

acquire and were characterized by inconsistent voltage

levels over the entire region. Signal levels ranged from no

signal observed to peak values of approximately +0.06v.

Signal levels were very difficult to maintain and were

frequently lost due to slight movements of the pulse

monitor. Region 2 was senior orientation sensitive and the

only signals obtained were when the sensor's slot antenna

was orientated perpendicular to the parietal branch of the

superficial temporal artery.

3) Region 3 pulse signals were fairly easy to acquire

and were characterized by fairly constant voltage levels

when the sensor was placed in the center of region. Signal

levels ranged from no signal observed to peak values of

approximately +/-0.4v. Pulse signals were almost

continuously available in the center of Region 3, but most

if these signals were low level and a certain degree of

sensor repositioning was required to obtain a strong signal

(greater than +/-0.2v). Once acquired however, signal

levels could be maintained at a fairly constant level even -

after a slight movement of the pulse monitor. Region 3

exhibited a strong tendency to generate the dual signal

polarity characteristic previously identified. Region 3 was 4

not sensor orientation sensitive and strong signals were

obtained for horizontal, vertical and diagonal sensor

orientations. / 4
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4) Region 4 pulse signals were easy to acquire and

were characterized by strong but variable voltage levels.

Data collection runs typically had peak voltage variations

as high an 0.2v due to positional changes of the sensor

caused by muscular movement. Pulse signals were available

over most of the region and ranged from no signal observed

to +/-O.6v. Region 4 exhibited a strong tendency to

generate the dual signal polarity characteristic previously

identified. The region was somewhat sensor orientation

sensitive with the strongest signals obtained with the

sensor's slot antenna oriented horizontal to the ground and

'.weaker (but still strong) signals obtained with a vertical

sensor orientation.

Pulse Monitor Noise Characteristics. The pulse

monitor is extremely susceptible to motion caused by

muscular movement. Evaluation was limited to noise caused

by the types of facial muscular movements listed in the two

data collection sheets contained in Appendix k. These types

of movements were selected to provide a good representative

collection of noise artifacts generated by the pulse monitor

and used for investigating the feasibility of using an

adaptive filter for noise reduction of pulse monitor noise

'artifacts.

Figures provided in Appendix C show a complete example

of a noise correlation data run recorded with two pulse

monitors. Thp pulse monitor sensors were mounted on the
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left and right temporal Region 3 of the test subject with

the amplifier gains apt at 184.5. Each figure provides a

comparison of noise data recorded simultaneously from each

of the sensors.

Figures provided in Appendix D show a complete single

channel example of a sensor test data run (signal-plum-

noise) recorded from a pulse monitor. The data displayed

was collected from the right temporal Region 3 of a test

subject. The first figure shows a 9.0 second example of a

negative going pulse signal during the absence 6f muscular

movement. Peak amplitude of the pulse signal is

approximately -0.12v. Subsequent figures show the same type

of pulse signal from the first figure recorded during

various types of muscular movement. These figures are

provided as a representative sampling of signal-plus-noise

data and are included here to provide a comparison between

the signal and various levels of noise obtained with the

pulse monitor.

Evaluation of the pulse monitor in the temporal region

showed muscular movement generated noise artifacts that were

transient and nonperiodic in nature. Noise artifacts caused

by different muscular movements had little similarity (in

frequency and amplitude contsdt) from artifact-to-artifact

and appeared to exhibit nonstationary characteristics.

Comparison of dual sensor noise data (recorded

simultaneously) showed changes in noise correlation between
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sensors, with variations observed in both frequency and

amplitude content. Touching or moving the sensor with an

external force when it was attached to a test subject was

observed to almost always cause amplifier saturation

(+/-5v). Signal-to-noise levels as low as -14 dB were

routinely observed during muscular movement even when strong

pulse signals (+/-0.2v) were present. Muscular movement was

frequently observed to cause repositioning of the sensor,

reduction/loss of signal and generation of large noise

arti•acts. Since the position of the sensor was always

optimized for maximum pulse signal output for each area

under study, movement of the sensor almost always caused a

reduction or loss of the pulse signal voltage level. The

largest noise levels observed for muscular movements were

cdused by moving the jawy while face flexing and eye

movements were found to produce very little noise artifact.

Sensor-to-sensor comparison of the noise data varied

widely from good correlation to no correlation observed (the

word correlation as used in this section is subjective and

was based on the visual comparison of two-channel data for

similarities in their waveforms). Correlation was highly

dependent on sensor location and the type of noise

monitored. The best correlation was obtained for jaw

movements such as opening and closing the mouth, and

LbitJng/gritting the teeth. Eye movements and face flexing

produced some of the worst correlation. Speaking, yawning
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and swallowing were characterized by random correlation,

with some movements producing good correlation while others

showing little or none. Fluctuations between negative and

positive correlation were frequently observed for similar

jaw movements in Regions 3 and 4. This correlation

fluctuation appeared similar in characteristics to those

observed for the dual polarity pulse signals and could, as a

result, possibly be related in its cause.

Overall, results of the noise evaluation agree with

previous results obtained by Mawhinney (5) where output

waveforms between multiple sensors were variable and lacked

similarity "even when the sensors were exposed to similar

artifact motion" (5,4-5).

Pulse Monitor Sensor Placement. During

preliminary evaluation of the pulse monitor, the pulse

monitor's sensor was moved to multiple locations in the

temporal region of the test subject to determine the optimum

location to record evaluation data. During this portion of

the evaluation, it was discovered that different areas of

the temporal region produced different amplitudes of pulse

signals and varying degrees of difficulty in acquiring and

maintaining pulse signals amplitudes. eased on this

observation, the temporal area of the test subject was

divided into four loosely defined regions and numbered 1

through 4 as shown in Figure 4. Regional dividing lines

were approxlmata with some degree of overlap of the regional -
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characteristics in the transitional zones between the

regions.

8election of the optimum location to record evaluation

data was subjective and was based solely on pulse signal

characteristics. Region 3 was selected as the optimum data

recording location because results of pulse signal

evaluation showed the region had the best all around signal

characteristicsi with ease of acquisition, strong signals

and fairly constant signal levels.

3.3

.*,I
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IV. Test Signal Development

Introduction

Previous chapter@ have covered background information,

discussed experimental data collectiLa and evaluation of the

arterial pulse monitor. This chapter will continue with a

description of the development of the test signals which

were used to evaluate the feasibility of using a LMS

adaptive filter with the arterial pulse monitor.

Test signals were constructed in pairs and consisted of

a signal-plus-noise test signal and a noise test signal.

The noises in each test signal were correlated and a total

of three different pairs of test signals were developed.

The remaining portions of this chapter are organized

into development of the arterial pulse signal, the

correlated noise signal pair and the test signal pair.

Arterial Pulse Signal Development

The arterial pulse test signal was developed from an

ensemble average of 112 seconds of a negative going arterial

pulse signal recorded from temporal Region 3. The ensemble

average of this signal was constructed by separating the

signal into 122 individual peak-to-peak signal segments of

various lengths. These 122 segments were further separated

by signal lengths into 5 groups ranging in length from 20 to

24 data points. The average signal length of the ensemble

.iverage was chosen as 22 dat3 points and was based on tha
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largest number of peak-to-peak segments (43) of the same

length from among the total number of signal segments. The

ensemble average of these 43 signal segments was then

completed and a single period of an arterial pulse test

signal was obtained.

The final arterial pulse test signal was obtained by

replicating the single period of test signal 109 times to

produce a test signal 120 seconds long. Figure 7 shows a

9.0 second representative sample of the ensemble averaged

arterial pulse test signal. This test signal represents a

pulse rate of approximately 54 beats per minute. For a

comparison with an actual Region 3 pulse signal see Appendix

0, Figure 31.

Correlated Noise Sign&l Pair Development

Three correlated noise test signal pairs were developed

by using noise outputs from a pair of pulse monitor sensors

mounted on a test subject's left and right temporal Region

3. These three test signal pairs are shown in kppendix C,

Figures 26, 27 and 28. These signals were chosen because I

they provided good representations of three types of

correlation (positive, negative and intermittent) obtained

from the arterial pulse monitor. Development of these

signals consisted of adding 6.0 seconds of straight line

(0.Ov) data on the end of each signal to provide a small

sample of signal only data to comparg with the signal output I
of the adaptive filter.
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Test Signal Pair Development

The test signal pairs were the signals used in the

evaluation of the adaptive filter. These signal pairs are

shown in Figures 8, 9 and l01 and ware developed using the

arterial pulse test signal and the corrlated noise test

signal pairs. Oev~lopment of thep.• signals consisted of

adding the arterial pulse test signal, cut to an appropriate

length of time, to a single noise signal contained in one of

the correlated noise test signal pairs. The remaining noise

signal in the correlated noise test signal pair was then

left unmodified. The results of this provided a test signal

pair containing a signal-plus-noise test signal and a

correlated noise test signal.
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V. LMS hdaptive Noioe Cancellation Filter

Introduction

Previous chapters have evaluated the performance of the

arterial pulse monitor and developed a set of test signals

from recorded pulse monitor data. This chapter will apply

these results and determine the feasibility of using a LI4S

adaptive filter with the art'srial pulse monitor. The

following sections of this chapter will discuss LMS adaptive

filter theory, software implementation of the filter and

finally, results of the experimental evaluation of the

filter using the test signal data developed in Chapter 4.

LNG Adaptive Filter Theory (lI5i16l17YIS)

Signal recovery from noisy channels has traditionally

been accomplished using filters. Filters normally operate

by amplifying a desired signal while suppressing unwanted

noise. Filters can be classified as either fixed or

adaptive.

Fixed filters are usually used in cases wheoe the

desired signal is contained within a fixed bandwidth and the

noise frequency spectrum lies outside this bandwidth.

Design of fixed filters requires prior knowledge of both

signal and noise characteristics.

Adaptive filters however, are usually used when the

signal or noise characteristics are variable over time or

unknown. hdaptive filters art self adjusting and can have
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the capability of tracking and recovering signals that are

nonstationary. Use of an adaptive filter normally requires

inputs from multiple sources as shown in Figura 11. For an

x•^ 2 Adeptly* ,(k) :
x~k) "' • processor .,

Figure 11. Adaptive Noise Cancellation Filter (15:10)

adaptive noise cancellation filter, the required inputs

consist of a signal-plus-noise input d(k) and a reference

noise input x(k). The signal-plus-noise input d(k) contains

a signal s and a noise n. Noise n is uncorrelated with

signal a. The reference noise input x(k) contains a noise

ie This noise ft is uncorrelated with signal s and

correlated with noise n in some unknown way.

Operation of the adaptive noise cancellation filter

consists of filtering f with the adaptive processor to

produce an output W that is similar to n. The output of the

adaptive processor is then subtracted from the input d(k)

and a system output t(k) a s + n - ' is obtained.

Adaptation of the filter is accomplished by feedback of the

e(k) -ignal to the ;daptive processor where the filter
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parameters are updated. The entire process then repeats

itself and a new e(k) is produced. Eventually, the adaptive

processor converges (adapts) to an optimum condition and

produces an output that approaches n such that, the

diffevence between n and Z is minimized and e(k) w sa

The performance of the adaptive processor depends on

many conditions such as: the filter algorithm used, the

input signal characteristics and the filter parameters. The

next section of this thesis will discuss these conditions

and how they iffect the performance of the LMS adaptive

noise cancellation filter.

LMS Adantive filter Algorithm. The LMS adaptive filter

algorithm can be implemented using the filter' in Figure 12.

WONk WIclo WL(k) d(k)

FigurR 12. -Adaptive Linear Combiner Transversal Filter

Output of this filter is defined by (15:100) as

e(k) = d(kj) - xT(k)W(k)(5)
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where

e(k) - scaler signal output of filter at time k
d(k) - scaler signal-plus-noise input of filter

ot time k
T - transpose

X(k) - correlated reference noise input vector of
filter at time k

- Ex(k), x(k-l), x(k-2), .. ,(k-L)T

W(k) - filter weight vector at time k
- [WO(k), Wl(k), W2(k), ... , WL(k)]I

L = filter order

Operation of the LMS adaptive noise cancelation filter

consists of adjusting the weights to an optimum weight

vector solution where the noise at output 9(k) of the filter

is minimized. This optimum weight vector solution is

obtained when the product of the filter's reference noise

input vector X(k) and its weight vector W(k) is

approximately equal to the noise component of the signal-

plus-noise input d(k) of the filter. For the LMS filter,

the weight adjustment uses an algorithm derived from the

gradient estimate 'ý(k) of the filter's output power e2(k)

with respect to the weight vector W(k) at each iteration in

the adaptive process. This gradient estimate e(k) is

defined by Widrow (15t100) as

V(k) - -2e(k)X(k) (6)

After applying this definition to the steepest descen.

algorithm (15:57)

W(k+l) W(k) - AV(k) (7)
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* the Widrow-Hcff LMS algorithm (18:1708) is obtained and is

given by

W(k+l) ! W(k) + 2Ae(k)?(k) (B)

where p is the convergence parameter that controls the

speed, noise and the stability of the adaptation.

By assuming d(k) and X(k) are stationary stochastic

processes with W(k) indepAndent of _(k) and p adjusted for

convergence. The LMS algorithm adaptation and convergence

* to the optimum weight vector We can be determined by taking

the expected value of both sides of Equation (8) an follows

E(W(k+l)} = E(!(k)) +2AE(e(k)2_(k)} (9)•
By assuming convergence, after a sufficient number of

iterations, E{W(k+l)} and E(W(k)) will approach to roughly

the same values and be approximately equal to the optimum

weight vector We. Using these results, Equation (9) can

then be approximated by

E(e(k)X(k)) 1 0 (10)

This result can be verified by noting the same result would

have been obtained by taking the expected value of

Equation (6) and fixing the weight vector at its optimum

isolution where EB((k)} - 0 • Continuing with Equation

(10), substitute in Equation (5) for e(k) to obtain
4

ESd(k)X(k) - Xl(k)W(k)X(k)} = 0 (11)
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where after rearranging the terms and substituting _ for

E { (k)}

E(d(k)X(k)I - EX_(k)XT(k))W_!- 0 (12)

By using the following definitions, where the cross

correlation vector between the signal-plus-noise input and

the correlated reference noise input is given by

E(d(k)A(k)) m P (13)

and the *tgnal-plus-.noias autocorrelation matrix in given by

E(A(k)XT(k)j R (14)

Equation (12) can be rewritten as

P -N 0W*(5

and the optimum weight vector We solution for the LMS

adaptive noise cancellation filter can be calculated

(assuming A_ is invertible) as

W_ - R"i P (16)

Using this result for the optimum weight vector

solution, it is now possible to ir.vestigate the eiffects of

input noise characteristics on the performance of the LMS

adaptive noise cancellation filter. Two classes of signal

input noise data will be investigatad, nonstationary noise

and uncorrelated noise.
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LMS Performance with Nonstationary Noise Inputs.

Nonstationary noise inputs to the LMS adaptive noise

cancellation filter can seriously affect the performance of

the filter depending on the degree of nonstationarity

exhibited. To simplify the following performance analysis,

the nonstationary noise is assumed to be correlated and

contained in both filter inputs d(k) and x(k). The effects

of this nonstationary noise can be readily seen by examining

the optimum weight vector solution given by Equation (16)

and the correlation Equations (13) and (14). For

nonstationary input signals d(k) and x(k), E and L will vary

with respect to time and cause the optimum weight vector

solution WN to change constantly. This constant change will

force the filter weight vector W(k) to continually adapt in

an attempt to track the optimum weight vector solution which

minimizes the filter output noise. Depending on the

severity of the nonstationarity, the filter may or may not

be able to successfully track the optimum weight vector

solution to produce a filter output with a satisfactory

signal-to-noise ratio. This effect can be seen by

rearranging Equation (8) as follows

w(k+l) - !(k) - 2•e(k)X(k) (17)

and taking the expected value of both sides

E(W(k+l) - W(k)} - 21AE(e(k)X(k)} (13)
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After a sufficient number of iterations W(k) approaches the

optimum weight vector W_ and W(k+j) approaches a weight

vector value W which lags behind We and is dependent upon

the degree of input noise nonstationarity. These results

yield the following expression

S _ _' - 2g. E(e(k)X(k)} (19)

The difference between theso two weight vectors can be

defined as a weight deviation vector V where

V -W - (20)

Upon substituting this result in Equation in Equation (19)

E(V) = 2 E{e(k)X(k)) (21)

and performing hhe following derivations

Ef * 2AE(d(k)XS(k) - K(k)W(k)2X(k)) (22)

E(v) = 2ME{d(k)X(k) - X(k)XT(k)_W(k)} (23)

E(V) * 2A(P - RW) (24)

a result for the mean weight deviation vector is obtained

which is dependent upon the degree of noise nonstationarity

in the input noise (the crosecorrelation vector and the

autocorrelation matrix) to the adaptive filter.

?or an example where successful tracking may not be

possible is for transient random notse, where irregular
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changes of the optimum weight vector solution may prevent

the filter from adapting fast enough (thereby increasing the

size of the weight deviation vector V) to successfully

reduce the noise in the filter's output. In a case such as

this, filter performance may be erratic, with unacceptable

output noise as the filter's weights continually adapt and

readapt from transient-to-transient in an attempt to

minimize the output noise.

LMS Performance with Uncorrelated Noiue Inputs.

Uncorrelated noise inputs to the LMS adaptive noise

cancellation filter can cause degraded performance by

increasing the filter's output noise level. For the purpose

of this performance analysis, correlated noise inputs n(k)

and f.(k) ace applied respectively to both d(k) and x(k) of

the adaptive filter and an uncorrelated noise input n' (k) is

applied to either the d(k) or x(k) input. The effects of an

uncorrelated noise on the performance results obtained at

the filter's output can be investigated by examining

Equations (5), (13), (14) and (16). By using Equation (5),

the adaptive filter's output e(k) is shown to be a function

of the noise applied to input d(k), minus a filtered version

of the noise applied to input x(k).

For the case of correlated noise applied to both inputs 1

of the adaptive filter, the filter's weight vector W(k)

converges to the optimum solution W' given by Equation (16).
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With X(k) m N(k) and d(k) - n(k) the croascorrelation

vector V is given by

P_ E{nWk)14(k)) (25)

and the autocorrelation matrix R is given by

I ElI(k)?T(k) (26)

Using these results, Equation (16) for the optimum weight

vector solution W' for correlated noise inputs can then be

rewritten as

We V(I (k) IT (k) a' (n (k) I(k)) (27)

When this We is used to filter input x(k), an output is

produced which is similar to d(k). Using this result with

Equation (5), the output of the adaptive filter can be

calculated and will contain a minimum of noise and be

approximately equal to zero.

For uncorrelated noise, the adaptive filter's

performance varies depending upon where this noise is

applied to the filter.

When the uncorrelated noise is applied to the d(k)

input of the filter, d(k) - n(k) + n' (k) I the R matrix

remains unchanged and the P vector is redefined as

PE = B'1(n(k) + n' (k)jff(k)} (28)
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After multiplying terms

P E (n (k)N(k) + n' (kWNWk)} (29)

and then rearranging them, it follows that

2 (n(k)N(k)} + E(n' (k)N,(k)} (30)

Since n'(k) is uncorrelated with _(k), E(n'(k)j_(k)} 0

and the crosecorrelation vector P becomes

*E(n(k)N(k)) (31)

This result is the smne as obtained for the correlated input

noise case and therefore the optimum weight vector solution

is identical in value as that obtained for the correlated

noise case previously described. This optimum weight vector

therefore greatly reduces or eliminates the correlated noise

inputs from the adaptive filter's output e(k). Since by

Equation (5), the optimum weight veactor solution does not

directly act upon the d(k) input, d(k) - n(k) + n' (k) , the

uncorrelated noise is left unchanged and appears directly in

the output of filter. Depending upon the strength of this

uncorrelated noise, thin noise may or may not significantly

impact the performance of the adaptive filter.

For the case when uncorrelated noise is applied to the

x(k) input of the filter, !_(k) a N(k) + N_'(k) I the P

vector and the R matrix are redefined as follows

E = (tn(k) (N(k) + N' (k) 1 (32)
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* E{ (N(k) + N' (k)] 1(k) + N' (k)W T (33)

For the P vector, upon multiplying terms

e = En(k)n _(k) + n(k)_' (kl) (34)

and then rearranging them, it follows that

* E(n(k)#(k)l} + E(n(k)_'(k)} (35)

Since n(k) is uncorrelated with H'(k), 9(n(k)'l(k)) * 0

and the crosscorrolation vector P becomes

R = 3(n(k)l(k)} (36)

This vector is the same as that obtained for the correlated

and uncorrelated noise cases previously described and

therefore has no affect on the change in the optimum weight

vector solution. For the came of the R matrix, after

multiplying terms in Equation (33)

R - E{!!(k)NT(k) + 2N(k)N'T(k) + N' (k)j_'T(k)} (37)

and upon rearranging them, it follows that

R a E(!j(k)!T(k)} + 2E(N(k)lf'T(k)) + E(I' (k)N'TMk)} (38)

Since N(k) is uncorrelatea with N'(k), E(.N(k)N'T(k)) - 0

and the autocorrelation matrix R becomes

R EtN!(k)jT(k) ) + E(NI (k)!iUT(k) 1(39)
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This result for the R matrix is unlike the previous cases

observed and contains an additional term for the

autocorrelation of the uncorrelated noise. This new term

completely changes the R matrix and an a result, a new

optimum weight: vector solution is produced which is given as

follows

S6 [ ({N (k)N T (k) + M{(I (k)lN ,T(k)}]" E (n(k)N (k)} (40)

This new optimum weight vector solution has performance

characteristics which eliminates the uncorrelated noise from

the x(k) input and produces an output which closely

resembles the noise input at d(k). By using this result

with Equation (5), the adaptive filter output o(k) will be

found to contain little of the uncorrelated ýoise and

thereforep performance of the adaptive filter will not be an

significantly affected as in the previous case where the

uncorrelated noise was applied to the filter'. d(k) input.

LMS Filter Parameters. Selection of filter parameters

of the LMS adaptive filter have an important influence on

filter performance; affecting adaptation speed, weight

values and output noise levels. Two of the most important

of these parameters are the order of the filter L and the

convergence parameter IA. Several methods can be used for

selecting these parameters depending upon the information

available to the filter designer (2115116;17). These

methods however are usually used as guidelines for initial
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desigrn estimates and optimum filter performance is normally

obtained only after operating the filter through several

iterations with different additional parameter estimatss.

Two commonly used formulas used to estimate L and p are as

follows:

For filter order L (15,112u16s214)

L a•NM - 1 (41)

where N is the number of independent training samples and M

is the misadjustment. f4isadjustment is defined as a measure

of how closely the weight vector tracks the optimum weight

vector solution. for most applications misadjustment is

usually set at 10 percent (15M112).

For the convergence parameter g, convergence of the

weight vector solution is defined by the boundary limits

given by (15103) as

0 < A < l/tr[Rl (42)

where tr(R] im defined as the sum of the diagonal elements

of R.

Software Implementation of the LMS Adaptive Filter

A software implementation of the LMS adaptive note,

cancellation filter was developed using the LMS algorithm

defined by Equations (5) and (8). This program was written

using Turbo Pascal V4.0 and executes a non-real-time
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adaptive filter with a user selectable A and weight lengths

from 2 to 65. A program listing is provided in Appondix E.

LMS Adaptive filter Performance Test Results

Performance tests were conducted to determine the

feasibility of using the LMS adaptive noise cancellation

filter to reduce noise artifacts generated by the AAMRL/RCA

microwave arterial pulse monitor. Filter performance was

evaluated based on the filter's ability to reduce output

noise power levels to where the presence/absence of the

pulse monitor's pulse signal could be detected. The tests 4
used the software implementation of the LMS adaptive filter

contained in Appendix 3 with the three arterial pulse

monitor test signal pairs developed in Chapter 4. Different 4
combinations of filter parameter values for L and p were

evaluated to determine a final filter design which produced

the lowest peak output noise power levels. Results of the 4

performance tests were as follows:

Positive Correlation Test. The positive correlation

test was conducted using the test signal pair shown in

Figure 8. The noise signals in this test signal pair

represent noise artifacts generated by opening and closing

the mouth five times in succession. Filter order L was

calculated using different lengths of training samples and

Equation (41) with M sot at 10 percent. These different

filter order lengths ware then inturn used to calculate the

upper boundary limnits for i.t by using Equation (42) and the
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noise input from the positive correlation test signal.

Results of these calculations (see Table 4) were used as a

guideline for selecting filter parameter combinations of L

and A for evaluation. k list of these parameter

combinations evaluated during the test are cross referenced

in Table 5.

Table 4. Filter Order L and p max Vqrsus Number of
Training Samples N for the Positive
Correlation Test Signal Pair

Training Sample Filter tr[_] IA max
Length (N) Order (L) W__

20 1 0.5823 1.7173
40 3 1.1184 0.8941

405 1.3662 0.7320
so 7 1.8798 0.5320.

100 9 2.2944 0.4358
200 19 2.8434 0.3517
300 29 3.1692 0.3155

Table 5. Evaluation Cross Reference for L and p
for the Positive Correlation Test

Filter Order (L)

3 5 7 9 19 29

0.1 X X X X
0.2 X X X X X
0.3 X X X X X
0.4 X X X
0.5 X x
0.6 X X
0. 7 x x
0.8 X
0.9 X
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Overall, performance of the adaptive filter was

extremely poor for the L and p combinations evaluated.

Results showed little improvement between filter's input and

output noise levels with results best described as tradfng

one set of noise for another. Seat filter performance was

obtained by using the larger p values for each filter order

category tested. Results of the evaluation showed a fifth

order filter with p set at 0.7 produced the lowest peak

output noise power levels. This result is shown in FigurI

S 13 as a normalized comparison of the d(k) input power level

versus the filter output level. Examination of these plots i
shows a slight decrease between the peak input and output

power levels with a tapering off of the peak power levels as

the adaptive filter begins to adapt on the three subsequent

transient noise pulses. hlt.hough this performance appears

encouraging, by the time of the fifth transient pulse the

input noise correlation (see Figure 8) has changed enough to

cause the filter to readapt and thereby increase the output

noise power level to almost the same level as in the input.

Additional insight on the performance of this filter

combination for L and p can be obtained in Figure 14 where

the actual signal-plus-noise output for the filter is

provided for comparison along uith the filter's WO weight

value plot. In this figure, the WO weight value plot shows

initial adaptation of WO to an approximate steady state
I

value of 0.3 for the first 3 transient pulses. Unlike the
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previous assessment however, the WO weight is shown to begin

to readapt on the fourth pulse to a new higher steady state

value. This readaptation is then suddenly followed by

another adaptation where WO decreases and then increases

during the occurrence of the fifth pulse. This behavior of

weight WO is indicative of the filter weight vector

attempting to track a changing optimum weight'vector

solution. This changing optimum weight vector solution is

caused by nonstationary input signals. The effects of

nonstationary signals on the adaptive filter was previously

discussed in the filter theory section of this thesis.

Negative Correlation Test. The negative correlation

test was conducted using the test signal pair shown in

Figure 9. The noise signals in this test signal pair

represent noise artifacts generated by biting/gritting the

teeth together two times in succession. Filter order L was

calculated using different lengths of training samples and

Equation (41) with M sot at 10 percent. These different

filter order lengths were then inturn used to calculate the

uppe. boundary limits for p by using Equation (42) and the

noise input from the negative correlation test signal.

Results of these calculations (see Table 6) were used as a

guideline for selecting filter parameter combinations of L

and A for evaluation. A list of these parameter

combinations evaluated during the test are cross referenced

id Table 7.
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Table 6. Filter Order L and A max Versus number of
Training Samples N for the Negative
Correlation Test Signal Pair

Training Sample Filter tr[Aj IA max
Length (N) Order (L)

20 1 0.7041 1.4203
40 3 1.3460 0.7429
60 5 1.8598 0.5377
80 7 2.2292 0.4486

100 9 2.5251 0.3960
200 19 3.7077 0.2697
300 29 4.6057 0.2171

Table 7. Evaluation Cross Reference for L and
for the Negative Correlation Teat

Filter Order (L)
JA

S.... 1 3 5 7 9 19 29

0.1 X X X X X 4
0.2 X X X X X X
0.3 X X X X
0.4 X X X X
0.5 X X
0.6 X X
0.7 X X
0.8 X
0.9 x
1.0 X
1.2 X
1.3 x

Performance of the adaptive filter with the negative

correlation signal pair was similar to the results obtained

for the positive correlation tast. Results were extremely

poor for all the L and p combinations evaluated and like the

observation made previously for the positive correlation

test, results can be bhst described as trading one set of
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noise for another. Best filter performance was obtained by

using the larger ; values for each filter order category

tested which was in agreement with the positive correlation

test results. Unlike the previous results however, the

evaluation showed a third order filter with P set at 0.7

produced the lowest peak output noise power levels. This

result is shown in Figure 15 as a normalized comparison of

the d(k) input power level versus the filter output level.

Examination of thesm plots shows an order of magnitude

decrease between the peak input and output power levels for

the first transient noise response. The second transient
I,

noise response also showed a decrease in the output power

* levels, although not as significant as for the first pulse.

This difference can probably be attributed to a time lag

change (correlation change) between the x(k) and d(k) inputs

* of the filter for the two different tra. ient pulses

evaluated (see Figure 9). This change in .ocrelation

affects the adaptation of the filter and hence, the filter's

level of output noise for a given input. Additional insight

on the performance of this filter combination for L and 1

can be obtained in Figure 16 where the actual signal-plus-

noise output for the filter is provided for comparison along

with the filter's WO weight value plot. In this figure, the

WO weight value plot shows during the first transient pulse,

an initial rapid adaptation of W0 to an approximate negative

peak 1.25 followed an almost .qually rapid decline to a
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steady state value of 0.1 k • similar performance is also

observed for the second transient pulse. This performance

with the widely varying weight WO over the period of the

transient pulse indicates a time varying optimum weight

vector solution which is characteristic of a nonstationary

signal. The effects of nonstationary signals on the

adaptive filter was previously discussed in the filter

theory section of this thesis.

Intermittent Correlation Test. The intermittent

correlation test was conducted using the test signal pair

shown in rigure 10. The noise signals in this test signal

pair represent noise artifacts generated by counting to ten.

Filter order L was calculated using different lengths of

training samples and Equation (41) with K set at 10 percent.

These different filter order lengths were then inturn used

to calculate the upper boundary limits for p by using

Equation (42) and the noise input from the negative

correlation test signal. Results oE these calculations (see

Table 8) were used as a guideline for selecting filter

parameter combinations of L and p for evaluation. A list of

these parameter combinations evaluated during the test are

cross referenced in Table 9.

Performance of the adaptive filter with the

intermittent correlation signal pair was similar to the

results obtained for the positive and negative correlation

tests. Results were extremely poor for all the L and p
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Table 8. Filter Order L and 1A max Versus Number of
Training Samples N for the Intermittent
Correlation Test Signal Pair

Training Sample Filter tr([) IA max
Length (N) Order (L)

20 1 0.3589 2.7863
40 3 0.5967 1.6759
60 5 0.6800 1.4706
80 7 0.6989 1.4308
100 9 0.7065 1.4154
200 19 0.7744 1.2913
300 29 0.8441 1.1847

Table 9. Evaluation Cross Reference for L and j
for the Intermittent Correlation Tist

Filter Order (L)

_____ 1 3 5 7 9 19 29

1.1 X. X X X X
1.2 X X X X X X

1.4 X X X X
1.5 X X X
1.6 X X
1.7 X
2.0 X
2.3 X
2.7 X
1.2 X
1.3 X

-J

combinations evaluated and like the previous test

observations, cesults were once again, best described

astrading one set of noise for another. Best filter

performance was again obtained by using the larger A values

for each filter order category tested. Unlike the previous

rasults however, this evaluation showed a third order filter

with I set at 1.6 produced the lowest peak output notse
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power levels. This result is shown in Figure 17 as a

normalized comparison of the d(k) input power level versus

the filter output level. Examination of these plots shows

an inconclusive set of results, with some reduction in power

levels between the filter's x(k) input and output,

Additional insight on the performance of this filter

combination for L and A can be obtained in Figure 18 where

the actual signal-plus-noise output for the filter is

provided for comparison along with the filter's WO weight

value plot. In this figure, the WO weight value plot shows

a random time varying weight value. This behavior of weight

WO, like the previous observations is indicative of the

filter weight vector attempting to track a changing optimum

weight vector solution which is characteristic of a

nonstationary signal. The effects of nonstationary signals

on the adaptive filter was previously discussed in the

filter theory section of this thesis.

Adaptive Filter Performance Evaluation. Performance of

the LMS adaptive filter on the three sets of test signal

pairs was extremely poor. Results showed no significant

reduction between the noise at the input to the filter and

its output. This result was attributed to the almost

constantly changing filter weight vector caused by the

nonstationary input test signals. These input signals were

identified as nonstationary during the test because they

occurred at random times and wera transient. In addition,
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over the duration of most of these transient pulses, the

correlation between the inputs was varying and never seemed

to converge to any fixed value. Both of these

characteristics cause severe problems for the LMS filter and

were probably the most significant reasons for the poor

filter performance.

In order for the LMS adaptive noisa cancellation filter

to work properly, two major conditions must be met. The

first condition requires a certain degree of signal

stahionarity over several periods of transient pulse signals

so the filter can converge to an optimum weight vector

solution which minimizes output noise. The second condition

requires a fairly constant degree of correlation between the

noise inputs to the filter. Since neither of these

conditions are satisfied by the noise outputs of the current

AAMRL/RCA arterial pulse monitor, the use of LMS adaptive

noise cancellation filter is not feasible for noise

reduction and should therefore not be used.
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V1. System Model

Subject-Monitor-Pilter System Model

A system model was Aeveloped for the subject-monitor-

filter system interface using results from the pulse monitor

and adaptive filter evaluation. This system model is shown

in Figure 19 and consists of three parts: the subject, the

monitor and the filter.

The subject part of the model consists of two separate

inputs, signal s and noise n. The sgnal input originati,

from the pulsatile motion of blood flow near the surface of

the test subject's skin. This signal is corrupted by

additive noise caused by movement of the test subject's bone

and/or body tissue. The noise input is transient and

originates from a common source inside the test subject's

head. This noise source represents initiation of an action

which will cause movement of the subject's bone and/or body"

tissue and is applied directly to two time variable transfer

functions with different characteristics. These transfer

functions are modeled differently because they are dependent -A

on the pulse monitor's transducer locations and the types of

tissue and bone movement observed within each of the

transducer's movement detection ranges. The effects of

these two transfer functions on the noise input is variable

and can provide nonlinear outputs with differences in

amplitude, frequency and phase.
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The monitor part of the model consists of two separate

inputs provided at the surface of the test subject's skin.

One input consists of signal-plus-noise and the other input

noise only. These two inputs are acquired by the pulse

monitor through a skin-air-pulse monitor transducer

interface in which no additional noise is introduced (see

Chapter 1, thesis assumption 4). These inputs are applied

to two identical l'inear transfer functions which perform

amplification and low pass filtering, and provide outputs

directly to the LMS filter.

The filter part of the model consists of a LMS adaptive

noise cancelation filter previously described in this

thesis. Its inputs are provided by two pulse monitors and

consist of a signal-plus-noise channel d(k) and a noise only

channel x(k). The LMS filter output e(k) is obtained by

subtracting the adaptively filtered x(kl noise input from

the d(k) signal-plus-noise output.
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VII. Conclusions and Recommendations

Conclusions

Performance characteristics of the pulse monitor did

not vary significantly during the entire evaluation and

modification process. A significant amount of development

work remains to be accomplished on the pulse monitor to

reduce noise artifacts if the pulse monitor is ever expected

to find applications outside a controlled laboratory

environment, Performance of the pulse monitor was

moderately enhancei. by the modifications with a slight

reduction in noise levels and a reduction in the number of

instances of amplifier saturations. Performance

characteristics observed using the pulse monitor evaluation

setup on test subjects were repeatable with the most

significant test finding being the existance of the dual

positive/negative going pulse signal. Noisi artifacts

generated by facial movement of test subjects were found to

be transient, nonipariodic and generally uncorrelated from

artifact-to-artifact and sensor-tt.-sensor. These results

translated into a highly nonstationary set of signals for

the adaptive filter to work with.

Performance of the LMS adaptive noise cancellation

filter during the evaluation was extremely poor and was

aiark~d by filter weights continually adapting and readapting

during each transient noise pulse. This poor performance -
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was caused by the highly nonstationary noise inputs to the

filter which produced an almost constantly varying optimum

weight vector solution and hence a noisy filter output.

Although the evaluation showed the filter reduced peak input

noise power levels, the filter's output still contained a

significant amount of noise and the overall effect of the

filtering process was characterized as exchanging one set of

noise for another. he a result of this, the use of the LMS

adaptive noise cancellation filter was determined to be not

feasible for nolse reduction use with the AAMRL/RCA pulse

monitor.

Recommendations

No further follow on LMS adaptive filter evaluation

work is recommended due to the highly nonstationary noise

characteristics observed with the present configuration of

the AAMRL/RCA pulse monitor.

Additional work should he concentraned on further

Jesign enhancements to the pulse monitor's transducer

assembly. Thtase enhancements should include work in the

transducer-to-subject mounting techniques, reduction in the

transducer-to-subject aIr gap, miniaturization of the

transducer assembly and improvements in the transducer's

cable shielding/grounding.
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SAppendix A

Experimental Data Collection Sheets

* The following two pages contain the experimental data

collection sheets used to log in results of each experiment.

Two types of data collection sheets were used, noise

* correlation data sheets and sensor test data sheets.

Noise correlation data sheets were used to log in

results two channel noise data experiments. The purpose of

the noise correlation experiments were to record two

channels of noise only data (no pulse signal present) for

use in correlation studies. These studies were to be used

* to determine the optimum location to place the pulse monitor

sensors to record test signals for adaptive filter

evaluation. Due to the limited success in finding

correlated two channel noise only data sources this data

sheet saw minimal use.

Sensor data sheets were used to log in the results of

all the remaining experiments not related to the noise

iorrelation experiments. These remaining experLments

primarily consisted of collecting either two channels of

signal-plus-noise data or simultaneously collhcting a single

channel of noise data and a single channel of signal-plus-

noise data. The majority of the dztL ý- in this thesis

for evaluation, analysis and test wao; collected using this

data sheet.
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Noise Correlation Data Sheet

Date: "_ _

Sheet: __._.
Disk(s)s ., _ ,
Data Rate:
Analog Filter (fco):

Subject:
Sensor Position: 1 2 3 4

Data Channel IDs Sensor Orientation:
Channel I s
Channel 2: . ...__ _ _

DATA DURATION (sac) EVEN~T*

1. Yawn 20

2. Swallow 20 -

3. Open/close mouth 20 -

4. site/grit teeth 20

5. Count to toen 20

6. Eye blinks
a. Soft 20
b. Hard 20

7. Eye movement
a. Left - Right- Left 20
"b. Level - Up - Level 20
c. Level - Down - Level 20

Notes:
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Sensor Test Data Sheet

Dates,-
SheetsDisk(s) , __ _ __ _ __ _

Data Rate:
Analog Filt-er (Fco),

Subjecti _.

Sensor Position: 1 2 3 4

Data Channel IDs Sensor Orientation:
Channel 1t
Channel 21

DAT DUJRATION4 (sac) EVENT

1. Subject resting 60/__ -

2. Yawn 20

3. Swallow 20 -

4. Open/close mouth 20 -

5. Site/grit teeth 20

6. Count to ten 20

7. Read phrase aloud 60/

8. Eye blinks
a. Soft 20 -

b. Rard 20

9. Eye movement
a. Left - Right - Left 20
b. Level - Up - Level 20 --

c. Level - Down - Leve]l 20 --

10. Random noise (repeat items 1i0/ .
1 - 9 in a random fasion)

Notes-
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Appendix B

Temporal Signal Waveforms

The following four pages contain typical examples of

pulse signals recorded from temporal regions 1 through 4

along with their respective 1024 point power spectral

densitiem.
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Appendix C

Example Noise Correlation Data Run

The following seven pages contain an example of a noise

correlation data run. The data collection configuration

used was the pulse monitor evaluation setup, optimum

configuration, with gain set at 184.5. Each figure shows

the noise output for a pair of pulse monitor sensors mounted

on a test subject's left and right temporal region 3.

Comparison of the top and bottom plots in each figure

illustrates some of the differences recorded between the

left and right channels. Significant features of each pair

of plots are listed as follows:

1. Figure 24. Intermittent correlation between plots.

2. Figure 25. Negative correlation and variation in
amplitude between plots.

3. Figure 26. Positive correlation, variation in
amplitude and change of pulse to pulse correlation
between plots.

4. Figure 27. Negative correlation and variation in
amplitude between plots.

4
5. Figu~re 28. intermittent correlation between plots.

6. Figure 29. Lack of correlation between plots.

7. FLgure 30. No correlation between plots.
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Appendix D

Example Sensor Test Data Run

The following seven pages cotntain an example of a

sensor test data run recorded from a single pulse monitor.

The data provided was collected from a the right temporal

Region 3 of a test subject. The first figure shows a nine

second example of a negative going pulse signal recorded

during the absence of muscular movement. Peak amplitude of

the pulse signal is approximately -0.12v. Subsequent

figures show the same typo of pulse signal from the first

figure recorded during various types of muscular movement.

These figures are a representative sample of signal-plus-

noise data and are included here to provide a comparison

between the pulse monitor signal and the amplitude levels

for various noise artifacts.
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Appendix E

The following four pages contain the LMS adaptive noise

cancellation filter program used in this thesis. This

program was written using Turbo Pascal V4.0 and requires a

80287 math coprocessoc chip to compile and 'un properly.
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PROGRhM LMS_3C"

PROGRAM TITLE: LMS ADAPTIVE NOISE CANCELLATION FILTER
VERSION: 9SEP88
AUTHORt CAPT BRIAN J. SIMES

DESCRIPTIONs This program implements a 2 to 65 weight
adaptive noise cancellation filter using the LMS
algorithm. Data input file lengths are limited to -
12000 data points. This program requires an 80287
math coprocessor and Turbo Pascal V4.0 to compile and
run properly. CTRL BREAK can be used to terminate
execution of this program.

INPUTS: Two numeric data files (S.DAT and N.DAT) in
32 bit floating point format located on a floppy disk
in "A" drive. File S.DAT contains signal plus notes -
data and represents the desired "D" signal in the
filter algorithm. File N.DAT contains noise data
correlated with the S.DAT's noise data and represents
the O"X input data in the filter algorithm. Program
prompt• user for "data run number" (output file name),
number of filter we.ghts and a "u" filter weight
update value.

OUTPUT: One numeric data file (Ezxx.DAT) in 32 bit
floating point format downloaded to a floppy disk in
"A" drive. File Exxx.DAT contains signal output
(hopefully) and represents the error signal in the
filter algorithm. A monitor output containing (from
left to right) by columns data point number, error
value, and filter weights WO, Wl, W2 and W3.}

USES
CRT, PRINTERI

CONST
DataSizeMax a 11 9 9 91 (Limits number of data points in

input files; 10 minutes of data if
sample rate is 20 Hz.)

TYPE
DataArray w ARRAY[0..DataSizeMax] OF SINGLE,
Data a DataArrayj
FileNumber * STRING[31]
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VAR
WeightNumber, Clock, Filter~ize :INTEGERI
PointerStart : SINGILEi
u, Error, Noise Y, Signal iSINGLEi
Er N, S, W :FITE OF SINGLE;
Noise X sDats;
Weight thRRAY(O..64) OF SINGLM
DataRun~umber : FileNumberi
CheckBreak : BOOLEAN 1

PROCEDURE Clear-Space;

BEGIN
GO'POXY(1,22)i CLRZOWi
GOTOXY(l,23) I CLRIOLI
GOTOXYUl,24H CLRCOLY

END;

PROCEDURE Get Filter Constantsi

BEGIZN
CLRSCRi
GOTOXY(1 2 2)p
WRITI(I3nter data run number (use. a number between 000
and 999). >1)1
READ (Dataftnul~mber) p
CLRSCRI
GOTOXY(lp22)1
WRITEVEnter number of weights in filter (2 to 65). )')1
READ (FilterSize) i
Filtergizetu(Filter~izi-l)y
CLRSCR;
GOTOXY (1, 22)~
WRITELN('Enter value of Num (0 to 1) .... ')
WRITEP(i(.e., 0.54 for .54 etc.). >')i READ(u)i

END?

PROCEDURE Initialize Data Arraysi

BEGIN
FOR Weight~umberi=0 TO FilterSize DO
BEGIN

Weight(WeightNumberliuO, (Set all weights to zero
initially. I

END;
E NDI
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PROCEDURE Run-Filterj

BEGIN
Clear Space;
ASSIQ1(S, 'AsS.DAT')j
RESET(S)i
ASSIQN(N, 'AsN.DAT')p
RESET (N) j
MARK (Po irterS tart)
NEW(Noise X)i
ASSION (3 ,COWCAT( 'AtE' ,DataRunNumb~r, '.DAT'));
REWRITIE ()
Clookim~O
WHILE NOT SOr (S) DO
BEG IN

READ(SpSignal)l
READ(N#Noise XA!ClockI ) write(clock:8)i
Noise yI*o l

(Calculate first outyut data point of filter)

IV ClockmO THEN
BEGIN

WRITS(E,3rr~or) WRITILM(' a 01,5rcrsL914o' P
WeighttOls9s4P' ',Weightllsu9i4p

',Weightl2j:9t4,' 'Weight[3jt9t4)j
Clock. uClock+li

END ELSE
BEGIN

(Calculate output data points while filter is loaded up with
data)

IF (Clock-?ilterSi7.e)<mO THEN
BEGIN

FOR WeightNumber:uO TO Clock-i DO
BEGIN-

Weight (We ightNurnberl smWeight[WeightNumberl'+
2*u*Error*Noise XA[ (Clock-l-WeightNumber)]I
Noise YonNoisseY4Weight[WeightNumber1*
Noisi&XA [Clock-zWe igh tNumber]y

ENDI
Orrori-Signal-Noise Yi
WRITE(E,Error); WRITELN(' 3 -',Error:9:4,

0 ,Weight!O1 :9s4,' ',Weight[l1.9s4,
I ,Weight(21l9t4,' ',Weighh[3js9:4)s

Clock:-Clock+li
END ELSE
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BEG IN

(Calculate output data points after filter is initially
loaded with data)

FOR WeightNumber:=O TO FilterSize DO
BEGIN

Weigjht(WeightNumber] :.WeighttWeightNumbecl +
2*u*Error*Noise XA[ (Clock-l-WeightNumber) 1l
Noise YonNoise V+Weight(WeightNumber] *
Noise7XA [Clock:WeightNumber];

IN01
ErrorinSignal-Noise Yj
WRITS(E.Errar)i WRITELN(' 9 m',Error:9:4,

',weight[01 9:4,1 ,Weight[11:9s4r
',Weight!2]:9t4p' ',Weigkitt3l:9:4)i

Clock: uClock+li

ENDi

RELEASE (PointerStart);
CLOSE(S) i
CLOSE(N)
CLOSE (E) ;

ENDI

(***MAIN PROGRAM **~

BEGIN
TEXTCOLOR (WHITE) I
TEXTBACKGROUND (BLUE)i
Get Filter Constants;
Inilialize Dats Arrays;
Run FilterT

END.
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