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REMOTE SENSING OF BODY SIGNS AND SIGNATURES

By

James C. Lin and Karen R. Chan
Department of Bioengineering

University of Illinois at Chicago
Chicago, It 60680

Abstract

This report describes the development of a microproces8oT.-based remote

sensing system for non-eontaet detection-of heart rate and respiration. Low
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pover sinusoidal microwave signal Qt a frequency of 10.525 GRz is generated by

a Gunn diode oscillator in an integrated Doppler transceiver. A standard gair.

horn I. used to direct the microwave energy to the chest of a subject at a

distance of a few centimeters. Since movements associated with the

contraction of the heart and expansion of the lungs are trar.slated into

motions of the chest wall, the Doppler microwave reflected fro~ the cheat is

processed to yield information on the frequency and regularity of these

cardiopulmonary events.

The microprocessor-based battery-~wered system is designed to provide

continuous operation for approximately one hour. It allows 8p.lection of heart

rate or respiration to be di8pl~yed on a 3-digit LCD. An analog output jack

is prcvid~d for oscillcscope display or chart recording. The design range of

heart rates Is from 40 to 200 beats per minute and that for respiration is

from 3 to 30 breaths per minute. The signal acquisition times for heart rate

and respiration determinations is 12 and 48 seconds, respectively.

Heaauremente on ane8th~tized laboratory rats and human volunteers showed good

agreement between rates determined with the remote seusing deviee and

conventional techniques, with correlation co~ff1c1ents greater than 0.98 •
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1.0 INTRODUCTION

A portable non-invasive cardiopulmonary rate meter is needed for use in

emergency situations in which direct contact with the patient is either

impossible or undesirable. This report presents a device ueing Doppler

udcrowaves to detect cheat movement at a distance of a few centimeters from

the subject. The information on the frequency and regularity of the heart and

respiratory rate are extracted froa the chest movement.

The lungs can be expanded and contracted by elevation and depression of

the ribs to increase and decrease the anteropo.te~ior diameter of the cheat

cavity. During expiration, the ribs slant downward, thus allowing the sternum

to fall backward toward the spinal column. But, during inspiration, the rib

cage is elevated. The ribs projeet directly forward so that the sternum moves

forward away from the spine. The anteroposterior thickness of the ehelt can

be 20 percent greater during maximum inspiration than during expiration.

The movements of the heart in the chest cavity end the intrinsic

volume-pressure changes in cardiac chamberl produce the motion of the chest

wall. As the wave of excitation travers@1 the Purkinje syltem over the

endocardial surface of the ventricl... , the trabeculae carnae and papillary

muscles begin to contract. With the onset of this contraction, the internal

length of the heart decreases as the mitral valve is pulled toward the

ventricular cavity. Simultaneously, there i8 an expansion of the

circumference of the ventricular wall. The intracavitary pressure is

generated and the circumference continues to increase 1n size until the

movement of the aortic valve opening. This coincides with the maximal outward

displacement of the chest wall produced by the heart. During the ejection

phase, the circuMference diminish~8 and the ventricular pressure continues to

decrease until atrium filling begins. This causes the inward displacement of
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the chest wall.

A variety of techniques have been develope6 over the years to record this

chest movement Gnd extract the respiratory and cardiovascular information from

these signals. Among these are: stratn gago and resistance pneuaograph. [1];

impedance pneu.agraphs (2-4J; apexcsrdiograas (5,6J.

Strain gage and resistance pneumographs measure the changes in the length

of the chelt. Body .ave..nts cause artifact., which are dimensional change.

unrelated to lung volume changes. The impedance pneumograph is reliable and

extensively used, especially .. an apnea monitor for preaaturely born infants.

During inspiration, the lung tis.ue fills with air and beco... more

resistive. Electrode. are placed on the chelt wall of the patient. Detection

can not be made without dir.ct contact with the subject. An apexcardiogram

me.sures the precordial move..nt cau.ed by the left ,ventricular expanlion and

eontraction. A microphone i8 usually put on the patient's chest to convert

the mechanical movement into e1ectrieal signals. The .ystem ha. a tremendous

variation in sensitivity resulting from the application of different degrees

of pressure on the skin through the aierophone.

In addition, several successful exp~rimental results of ventricular

function and respiratory function measurement u8ing the detection of chest

wall motion with Doppler microwaves have baen reported (7-14]. Microwavel can

penetrate through clothing and do not require a coupling media. Therefore,

thi8 mierowave approach overcomes some of the motion artifacts and variation

in sensitivity whieh results when electrod•• are strapped onto a patient.

The objective of this work is to design, build and test a prototype device

that will detect chest movement. The design is limited to a device that will

non~invasively measure the heart and respiratory rate st a distance of few

centimeters from the subject. The deviee askes no 8ttempt to exa~ine the wave
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shape nor to diagnose diseases. However, it is hoped that this pro to "':r;,

device de.onatrate. the feasibility of uling Doppler microwaves a. ~ m~tho~ ~f

_asuring cardlopul.onary rates in a situation in which d1rect contli:<',l. with

the subject 11 either impossible or undesirable.

The delian requirementl and operation pr~cedure for the cardiopul~onBry

rate meter are ?reaented firat, then each stage of the monitor will be

deacribed (F1g. 1). This deacription will include the microwave source used

to detect the .ove.nt of the chest motion, analog signal preproces8ing,

analog to digital converaion and the controlling unit, an Intel 808S-baled

microproce.sor aystea. The software involved in controlling data acquisition

and analyzing the cheat .otion to give the cardiopulmonary rates i. also

diacu•••d. Preli~nar.y re.ulta are included to demonstrate the performance of

the device •

2. 0 B!~,!E9UlREMENTS

The device is de.igned to .ake cardIopulmonary rate mea.urements and to be

operated by health profealional. in either indoor or outdoor a.ttingl. This

imposes some limitation. to the device'a size, weight, eircuitry, choice oi

power and operation procedure. The device must be compact al light in weight

(not more then 10 Iba.) ao that it can be eall1y moved from location to

locaCion. The choice of hardware circuitry has to be opti..l 10 as to eonlume

Mdnimum power. The device must be battery-powered and capable of providing

continuou8 operation for Mt leaat one hour. Operational procedureI have to be

simple <an example la given below), and data eali1y acquired and proeelled.

It mult include warning lighta to inform the operator of inadequate data.

Switches need to be provided to allow lelection for procelling and displaying

information on either the heart lignal or the relpiratory lignal.
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3.0 OPERATION PROCEDURE

1. Turn on the power switches at the back of the box and on the lower

right-hand corner of the front panel.

2. Pre•• down th~ corresponding switch for the desired channel to be

processed.

3. Push the "RESET" switch on the front panel to clear the display and

warning lights and to initialize the program counter of the microprocessor to

begin execut16n at the beginning of the data acquisition routine.

4. Wait for the green "READY" LED to light up, which indicates completion of

the reset routine.

5. Place the transceiver directly above (for supine pOlition) or 1n front Qf

(for standing or sitting ?Osition) the subject's Iternua.

6. Press the "START" button to prompt the micro~rocessor to begin accepting

data for processing.

1. The "READY" LED will extinguish at the completion of the data acquisition

and the system will autoGatlcally process the data and display the desired

information on the LCD.

8. Warning lights will indicate that inadequate data has been taken,

informing the operator that the measurement must be repeated.

4.0 MICROWAVES

Microwaves are electromagnetic waves occupying the frequency range from

300 MHz to 300 GHz. They can be r~flected and absorbed by different physical

and biologic~l objocts. These KOdes of interaction depend on the dieler-tric

constant and the orientation of both electric and magnetic fields of the

incident waves, and the direction of propagation. No attempt ha, been made to

discuss the topic of microwave interaction in this report. For more

information, the ~eader c&n refer to references [15-18]. However. the factors
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At this frequency (10.525 GHz), the reflection co~ffieient at an

tuned CW Cunn diode 08cillator and a Schottky Barrier .txer diode a8sembled

Microwave radiation 11 con81d~red • form of electromagnetic radiation.

Under normal circumstances. mierov.,-,e radiation 11 too low O.24x10-3

air for 10.525 GHz microwave is 2.8 em and tbe penetration depth i8 about 0.03

reflection detection ar~ equally efficient. The wavelength of the 8ignal

em [18]. The above characteristic8 of ~he signal allow the device to detect

deteradnel the aite of motion detection Clurface or depth). The wavelength in

surface chest motion with tea.on4ble Ipatial relolution.

penetration depth~ i.e •• the di8tance through which the po~r density

decreas... to 14% of the incident power al the wave travels in the media.

dictates the Ipatlal resolution of the biological target of interelt. The

into a compact waveguide package •

leading to the choice of the microwave input device. the tr.ansceiver. w~ll be

for speed meaaurement or ~tion aenaing application8 vas 8el~eted (technical

DOtion ¥ill be explained briefly in thill section of the report.

A x-band Doppler transceiver (KA86S01) designed by Microwave Associates

diseussed. The relationship between the transceiver output and the chest

&ir-mu8~le or an air-Ikin interface il hlgher than 70% and the reflected power

specifications are given In Appendix A). This tran*ceiver conalst. Qf a fixed
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ev/photon) to effect ionization. c~1.1ng orbital electron8 in the atoms of the

material through which the waves are traveling to eject and bec~.. ion8, or

excitation. pro~ting orLitai electron8 to higher energy levalu. It il also

non-cumulative over time. A "aafe" huaan expolur~ level haa been e.tabli8hed

by the American National Standard Institute (ANSI) to control expo.ure

duration and power denlity in order to prevent po••ible h~rmful effectl on

i
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huaan beinga. The guideline for the frequency range 1500 KHz to 100 GHz is 5

2mi/c. (average over any 0.1 hour period) [18]. The power density, estimated

by di~iding the output power by the area that will be irradiated, is less than

2laW/c. , and clearly .eets the Msafe" exposure standard for huaans.

The transceiver is very easy to oper&te. The only requirements are to

provide the reeommended bias voltage across the bias and ground pins. The

typical operating voltage i8 +8 SV while the typical operating current is

120mA. The output signal i, pre.ente~ at the IF output ~in. The Gunn diode

oscillator and the Schottky Barrier mixer diode are very 'enlitlve to statie

charges. An enclosure i8 butlt to protect these diod... Working in an

anti-static workstation when soldering components onto the pin 1. highly

reco-.ended.

The relationship between the transceiver output and the movement of the

chest motion is based on the well-known DOppler principles (microwave energy

reflected by a moving target 18 shifted in fre~ueney). The Gunn diode

geuerated microwave energy is directed toward a IDOving target, the chest. The

Schotky diode receives a reflected signal with a shift in frequency from the

target. The mixer combines the transmitted and returned signal to produce the

Doppler shift frequency signal which 1s proportional to the displacement of

the target relative to the source of mi~rowave8. Fig. 2 is a block diagram of

the transceiver.

5.0 ANALOG CIRCUITRY SECTION

The output lignal from the microwave tr.n.c.l~er, which 1. about 20mV

peak-to-peak, m".t be preproces8ed and digitized &0 that it can be analyzed by

the sdcroproce••or system. The preprocessing lnclude. amplification and

filtering. The amplification maximize. the dyna.ic range, while the filtering

separate. the heart and breathing signale. Then a multiplexer presents either

.- 4" ~........- .... " ... ",. _: w,... \-..
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the heart sIgnal or the breathing signal. held at two separate sample hold

circuits (S/H), to an analog-to-digHal converter (Ane) for digital coding.

An explanation of the analog design is given in this section. For more

detailed information and sche..tlc diagrams, see Appendix B.

5.1 Preproce8sing

Fig. 3 is a block diagr4M of the analog circuitry of the cardiopulmonary

rate meter. The preamplifier stage is designed to provide proper impedance

matching between the aicrowave tran8ceiver and the rest of the circuits. The

microwave transceiver is supplied with a 10000 load resistor from the mixer

output pin t.o the ground pin to protect the mixer diode. The optimum

intermediate fre~uency (IF) output load impedance specified by the

manufacturer is 500n. Therefore the input impedance of this preamplifier

stage must be 1000n. The preaaplifier 18 a non-inverting amplifier with a

gain of 2 (see Fig. 4). A 10000 resistor is placed acr08S the positive

terminal of the operational amplifier (op-amp) and ground. With this re.istor

in place, the amplifier has an input impe~ance of 10000. The 10000 resistor

on the transceiver 1s parallel with the 10000 input impedance of the amplifier

and provides the optimum IF load.

The signal is then passed through a band-pass filter to eliminate the high

frequency noi8e and to filter out the d.c. component of the transceiver

output. The range of heart rates is from 40 beats/min to 200 beats/min, while

the range of re8piratory rates i. from 3 breaths/min to 30 breaths/min.

The~efore, the -3dB cutoff frequency at the low end of the filter is set to

0.03 H% and that at the high end to 3.3 Hz. The band-pass filter is a

combination of a 4th order Butterworth biquad lov-pass filter and a 4th order

Butterworth Sallen-Key high-pasY filter (see Fig. 5). The Butterworth is

characterized by having the flattest pass-band, but the transition between
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passband and stopband is relatively slow. For a fourth order filter, the

attenuation is approximately -24 dB/octave. These characteristics will ensure

that the signal passed by the filter will be undistorted and that high

frequency n018e will be removed. The biquad circuit was chosen because of its

significant tuning advantages and excellent stability characteristic8, which

are important in the cascading of several stages [19]. The Sallen-Key circuit

allows the gMin and frequency to be adjusted independently. The total gain

for this stage i8 adju8table by the operator•• The highest gain obtained is

over 500, theoretically; however, it is limited by the frequency gain pr~duct

of the op-aa. A gain of 50 is u8ually used.

After this band-pa8s filter, the signal i8 fed into a-parallel combination

of a high-pas. and a low-pass filter. The purpose of filtering stage i8 to

separate the heart 8igna1 from the breathini 8ignal. The low-pass filter is a

4th order Butterworth biquad filter with -3 dB cutoff at 0.5 Hz. The

high-pass filter is a 4th order Butterworth Sallen-Key filter with -3dB cutoff

at 0.6 Hz. The breathing signal is usually stronger than the heart 8ignal.

Therefore the low-paIs filtor, which outputs the breathing signal, haa 8 gain

of 2. and the high-paIs filter, which outputs the heart signal, has a gain of

5.

Fig. 6-7 are examples of the breathing and heart beating patterns detected

by thp. meter. A BNC putput i8 provided by the meter to allow recording of the

analog lignal for permanent records.

5.2 Digitizat10n

Fig. 8 shows a block diagram of the cirCUitry performing the d1gitization

of the analog signal. It includes 2 sample holds, a multiplexer and an

analog-to-digital converter. The Analog Device AD7574 is an 8 bit

microprocelsor compatible ADC. It employs the successive-approximation
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~rogress. The internal asynchronous clock oscillator starts once the start

quantization will be accurate. The multiplexer AD7S06 (Analog DP.v1ce)

command is received and ceases oscillatiug when conversion is complete. The
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The Datel

The AD1574 (F1g. 9) oper&tp.s from a +5 volts power supply and has a

10

technique co quantize th~ analog signal into an 8-bit digital code.

inter.nal clock. an on-board comparitor ~nd interface logics. It is interfaced

Interst1 SHH-IC-] holds samples constant during th~ CQnverslon period so that

as 3 static RAM. A timing diagram is shown !~ Fig. 10. Upon receipt of a

start command via the CS pin, BU1rY goes low, indicating conversion is in

one for the breathing signals).

con~ects the ADC to on~ of the two SiR outptlte (one for the heart signal and

clock oscillator requires an external Rand C. The 11oll1nal conversion ti1lle 1s

.'

a function of the Rand C values. RcI K• 127K and Cc IK • 100 pF are used to

produce the IS microseconds conversion time. For more detail, see f20J. The

analog reoolution 1s 0.078 volts for the !DC operating in bipolar .ode.

The SHM-IC-l (Fig. 11) is n self-contained device that requires only an

external hold capacitor. The value is chosen by the U6er to achieve the ~.-'i..
desired speed and required accuracy. A 0.01 pF capacitcr 18 used to give an

acquisition time of 10 microseconds and hold mode droop to only 5 mV/SP.c

{ ."t ...
,',.
'.'

ma~l~. [2lJ. A polystyrene type capacitor i& recommended because of its high

lnaulation resistance and low dielectric abRorption. The 10 P& a~qu1sition

time plus the 15 ps conversion time needed by the AnC i8 well within the time

constraint set by the sampling frequency (80Hz/10Hz).

The AD7506 (Fig. 12) is a CMOS 16-channel analog multiplexer [20J. It

switches a common output to one of 16 inputs, depending on the state of four

address 11nes and an "ENABLE." It has both low Ron (ohMdc re8istance between

the output and an addressed input) and power consumption. Two chann~ls out of ~".....
• •.'
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16 available are used. The multiplexer was chosen not only because of its

good quality but also because of its availability at the time of doing the

design.

The analog circuitry explained up to this polnt 18 all that Is needed to

produce data that i8 of good resolution for the microproces8or 8ystem to

analyze. The hardware and software de8ign for the microprocessor system will

be presented 1n the next 8ection.

6.0 MICROPROCESSOR S~CTION

The microprocessor section of the cardiopulmonary rate meter i8 the ..in

controlling unit for data acquisition, signal processing and information

display. The hardware design a"d the software development are preaented in

this section of the report.

6.1 Microproces80r System Hardware

The block diagram of the microproce8sor system is shown in Fig. 13. Intel

S08SA was 8elected 88 the central proce.sing unit of the microprocessor

system. S085A is an 8-bit genernl purpose a!cloproces80r designed as an

enhancement of 80ijOA. It integrates the function8 of clock generation, .ystem

bus control, interrupt priority selection, and executio~ of the instruction

set in a 8ingle 40-pin DIP package. It requires only a single +S volts

9upply. Its output signals are TTL compatible so that extra TTL buffering is

not necessary. In addition, Intel has designed several peripheral components

combining memory, Input/Output (I/O), and timer functions which can be

directly interfaced to the multiplexed 8085 bus structure. With all these

features, the number of components required for the system can be minimized

and hardware develo~nt and debugging are ai_Flified. The availability of a

microcomputer development system, with an 8085 in-circuit emulator, which is a

development aid for hardware and .oftwar~ debugging, contributed a major
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consideration to the choice of the S085 over other 8-bit microprocessors.

The hardware design follows closely the design recomqendation by Intel

Corp. in MCS-8S User's Manual [22]. The schematic dtagrams are included in

Appendix C. As mentioned above, 80S)A is an S-bit general purpose

udcroproce8sor (Pig. 14). The address and data buses of the S08SA are time

multiplexed. ADO-AD7 are bidirectional line8 which output the low order byte

of memory addresses when "ALE" goe8 low. A8~A15 are output-only lines which

car~y the high order byte of memory addresses, which enable the CPU to aecess

directly up to 64 K bytes of memory. It a180 generates control signals to

select appropriate external devices, and functions to form READ and WRITE

operations and a180 to select memory or I/O ports, The S08SA can addres8 up

to 2S6 different I/O locations (00 through FPH). There are two ways of

addressing I/O devices: the I/o-mapped I/O (10/M is used to distinguish

between I/O and memory READ and WRIT! cycles); and the memory-mapped I/O (IO/M

1s not usee).

In the present system, 8X of EPROM (ooooH-1F1F8), and 4K of RAM

(3000H-31PF8) memories, and 6 I/o-mapped I/O ports (see Table 1) were

implemented. The memory chips used were Intel S755A (2048 words x 8-bits

EPROM with I/O) and 8185 (1024 words x 8-bits static RAM), which are designed

for direct interface to S08SA. Corre8ponding address, data and control lines

are compatible to the 808SA multiplexed bus structure. One 74138

(one-to-eight decoder) and a combination of NAND and OR gates are used to

decode part of the address bus (AII-AlS) and to generate chip selects for the

memory and I/O ports connected to the 808SA (see Fig. in appendix C).

The 8085A incorporates a complete clock generator on its chip. A qua~tz

crystal of 6.25 MHz is connected across pins Xl and X2 to establish timing for

its operation. The buffered clock output (elK out) Is connected to all the
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memory chips to synchronize all the activities.

The 8085 is not guaranteed to function properly until 10 milliseconds

after the +5 volts 8upply (Vee) reaches +4.15 volta. For this reason, a

8i~le ac network is designed to keep the RlSET IN low until 90 milliseconds

after Vec reaches +4.15 volts for both power up reset and manual reset.

Following the reset signal, the SOS5A begins executing instructions at

t
"
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,",

t
; ·
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II

location ooooa.
-When the RESET IN signal goes low, the varioul signals and bueel are

floated. Fot:' thb reason, pull-up t'.lbtors ara provided for the main control

signals, Wi and iii, to avoid spuriou8 selection when they are td-stated. The

unused control linel for interrupt and HOLD state generation (TRAP, InTR, RST

7.5, 1ST 6,5, RST 5.5 and HOLD) are grounded to avoid undesirable activity.

Por detailed information on the 808SA••ee [22,23].

6.2 Software Development
t~~
~~ Amain program writ.ten in PORTRAN and subroutines in both rORTRAN and 8085

Assembly language have been written to perform data acquisition, slgnal

analysis and information display. An explanation of the software development

is presented in this section. For a .are complete discussion of the

-v'•...
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I,"

'(.::
t·.·
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progr&mming methods, see Appendix 0 for the source listing.

6.2.1 Data Acquisition

The sain program is for eontrolling the timing for each event. Upon

initialization, the main prograa calls subroutine GETRDY. GBTRDY clears the

LCD display and the LED warning signala and then light. the ~READY" LED to

indicate that resetting of the .ystam io complete and data acquisition may

begin. This initialization is autowatically done after a power up or after

the ~RESET" button is pressed. Once the transceiver is placed at the desired
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position, the "START" button ill pressed to prompt the CPU to begin the data

acquisition.

The routine DATAIN does the actual data acquisition. The routine first

awitches on the desired channel according to its encoding. DATAIN then stores

either twelve seconds of data in array HEART (960) or forty-eight seconds of

dat8 in array BREATH (4BO). It begins the acquisition of each element of

REART or BREATH by simulating a positive-going pulse for the digital control

terminal of the S!H circuit. This signal tells the S!R to hold a salllPle for

the ADC. '111e start conversion signal (refer to Fig. 10) 18 initial:ed by

executing an I/O WRITE to port OOR which 18 occupied by the AD7574·~ Once the

conversion is complete. a data READ is performed by executing an I/O READ

instruction to the port OOR. The sample i8 in unsigned two's complement form

and is stored in either the array HEART or BREATH. The next aample i8 held

for the !DC after th~ appropriate delay. The delay ia generated by the routine

DELAY and ensures that the data is acquired at the rate of 80 Hz or 10 Hz for

heart information and breathing information reapectively. The sempling by the

SIR and the conversion by the ADC i8 repeated until 960 samples for the HEART

array or 480 samples for the BREATH ar.ray are acquired. The "READY" LED will

then turn off by the DOone Routine signaling the operator that the acquisition

is complete, the transceiver can be removed. and the signal analysis is being

pl':rformed.

6.2.2 Signal Analysis

The routine starts by locating the peak of each cycle. A slope test is

performed by comparlng the slope approaching the pixel under consideration and

the slope leaVing the pixel. The direction of the slope approcching the

pixel, Pi is determined by the quantity of Sl' where

• .. - ·._'.· .. ·".· ,1·, ·1 .. '.",..·,.' ·.".'" iI"" ,.'\0- ·.·.oI.4'~'~•.,.-..•. -IIIl - v- .. .t" r -., .,., ~.'_ ... ,..- Ir.·.-·,. ,- '._ "" Of!" .-.,.",~. It •• ".' .. ;. It III _, J .. "'l... ,"' " ~ t .. ,. '\.' \0" -.<11 I _-"'" It. ~•• ~ til... 1iI.-\. ." '\;. \ .."\ _••,j'"\.III.~, -.. ..
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Similarly, the direction of the slope leaving the pixel 11 determined by 52'

where

. Each Ilope in 51 or 82 1s calc~lated not by the difference between two

consecutive pixell, but rather by the ditference between two con.ecutive

pixels which are a pixel apart from each other. Three difference. Ire lummed

together to give the value 51 or 52. Thil improve. the accuracy of the slope

direction eltimation in noioy lignal.. 91 and 92 will be negative.for

upllope, and po.itive for downslope. Point. at which the signal changeI from

upllope to downslope are the local maxima.

The peak voltage of each cycle il adjulted to a ~alue higher than one volt

to improve the syltem dynamic range. Therefore, local maxima les8 than 0.5 V

are mainly due to noi8e and IDOtion arut.ct. They do not contribute

significantly to the cardiopulmonary rate deteraination. A threshold of 0.5 V

Is set to eliminate thea.

The program continues to eearch for the foot of each cycle. Thil il

accomplished by proceeding back from the remaining local maxima to a point

where the slope becomes negative. Thie minimum point is the foot, or the

beginning of the cycle if its aaplitude ia lel8 than a let point (zero ia used

for thil progrsm). The firlt maximum point from the foot 10 defined al the

peak of the cycle (either systolic peak or the peak of inspiration) (see F1.g.

15 for the steps in the logic of recognition).

Each cycle 18 analyzed al d@lcribed above. Time difference between two
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succeeding peaks 1.s then calculated. Some disease states, such as immature

beat, or any artifact, including noise, may caule unreasonably short periods.

Occasionally, a heartbeat is missed or the breathing pattern is not regular.

Some of those intervals are much longer than the others. A median of all the

periods is used as a reference point to eliminate those extreme values (either

too short or too long). An average is calculated from those within S points

from the median.

6.2.3 Information Display

The final numerical values of the heart and respiratory rates are

displayed on a liquid crystal display (LCD) (Pig. 16). LCOs are ideal for

their low power consumption and rapid response times. The LCD chosen is an

AND model PEOS02 4 digit field effect liquid crystal display. This LCD allows

for easy readability with its 17.8 mm character height, wide viewing angle,

and high contrast ratio.

A four digit CMOS display decoder/driver,(ICM7211AM) is used to drive the

LCD. The ICM7211 provide, a complete RC oscillator, back plane driver, and 28

segment outputs. An ext~rnal capacitor is connected to the oscillator

terminal so that the oscillator free-running frequency is kept below 125 Hz

~nd the power consumption of the LCD is minimized. Unused segment terminals

are connected to the backplane to avoid undesired characters or faint diiplay.

The ICM7211 is contlol1~d by the 808SA. Each digit to be displayed is

wrltte~ out to the LCD one at a time vfa port 08H. When the chip select lines

CS1,~ (see Fig. 17) are driven low, the input buffer of the tCM7211

latches. The content of the latches 1s then decoded and stored in the output

latches at the rising edge of CS2. It is at this point that the digit is

visible to the operator.
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7.0 EVALUATION AND CONCLUSION-
During the 80ftware development, three algorithms have been investigated.

Autocorrelation was first implemented. The FORTRAN 80 1n the Intel Intellec

II Development System is an inefficient compiler. Any real number

multiplication takes a long time to perform. The total time taken to acquire

480 data points (240 data/array) and analyze them to giveyhe desired rate

information was about 30 minutes. Even though the accuracy wa. very

promi.ing, the long processing time makes the a~gorithm impractical.

Another algorithm for finding the peak of each cycle reported in [24,25]

was applied to the data. The heart signal 11 ulually enveloped by the

breathing artifact. The amplitudes of the peaka vary from cycle to cycle.

The depth of breathing is not identical from breath to breath. A deeper

breath will generate a stronger signal than a shallower one. V.ing the

maximum point of the whole record of data to dete~ne the threshold for

identifying peaks of the cycles in the record is not reliable. Consequently,

the performance of this algorithm is seriously affected by body motio~ and is

dependent on the regularity of the Aignal amplitude of the chest movement.

The pattern recognition algorithm described in the previous section is

designed for use in a portable 8-bit microprocessor-based sy.tem with 6K PROM

and IK RAM memories. The time for data acquisition and analys1. is less than

90 seconda. The limited memories and the limited time for acquiring the rate

information are the major constraints for developing the program. The

~ccuracy is limited by its spatial resolution.

The algorithm was first tested on aneatheaized rats (500 g, sodium

pentobarbitol, 40 mg/g Ip). theBe animala producad minimum motion a~tifacts

and were breathing regularly. Geventeen readings were taken. Analog form of

these chest movements signals were displayed on a storage oscilloscope and
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rates were calculated from visually identified points on these records. The

maximo. error va. found to be le.. than 3%. The scatter diagram for the meter

and .i.ually identified breathing rate data 18 .hOWD in rig. 17. The

correlation coefficient was calculated to be 0.99.

The .y.tea vaa then te.ted on huaan aubjectl with the .ame evaluation

method. The .ubjecta were either sitting or ly1ng down. Eleven reading. for

each of the heart rate. and breathing rate. vere t.ten. The aaxi.ua %error

for heart and bre.thing r.te. wa. 7% .nd 9%, re.pectiv.ly. The Icatter

diagrams for the meter and vl.u.l1y identified heart and bre.thing rate data

.re plotted in rig•• 18 and 19. Agaln, the correlation coefficient. were

found to be 0.98 .nd 0.99, re.pectlve1y. ODe ,..jor proble. encountered ln

te.tlng huaan aubject. wa. the difficulty in direetlng the .terowave. to the

heart. It 11 found that pl.eing the tranlcel.er directly in front of or above

the Iternua of the .ubject give. the be.t re.uIt.

The relation between heart 81rn.l. detected by the c.rdiopulaonary rate

meter and ECG slgnall 1, Ihown ln rlg. 21. It can be .een that there 1.

indeed a one-to-one eorre.pondenee between the heart .1gnal. from the meter

(th~ mechanical eventa) and the ICG algn.l. (electrical eventl). Ti~

difference. between two .ucceeding pe.ka of the heart .ignall and thOle

between two conlecutive R wave. were ....ur.d and are given in Table 3. The

mean, standard d.vi.tion and varianc. were calculated for both .eta of data.

They all lndicate that the Doppler alcrovave technique ia capable of producing

re.ult••• reliable a. the BCG lignals.

The repeatability of the system was examined by s.qu.nt~,al testing of the

.... lubjeet. The aubject wa. lnltruct.d to .it stlll on a .tool .nd to

breath normally during the test. The tranae.iv.r val clamped on a stand and

was located at a distance of 2-3 centimeterl fro. the Iternua of the .ubject.
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The analog signal from the meter was dis?layed on an oscilloscope to monitor

the signal. The test was repeated 13 times. The subject was then instructed

to measure the heart rate by carotid pulse palpation every 15 seconds for 13

times. The subject WBS sitting still and breathing noraally during this part

of the teet. The readings from the meter and from palpation are given in

Table 4. The mean, standard deviation and variance for each set of data were

calculated. The variances associated with the meter for both cases are

smaller than those due to palpation. Thele results indicate that the

repeatability of the meter il comparable, at least, to sensing by palpation.

Different devices other than commercial transceivers ~s input device have

aleo been investigated. A low-power, compact, dUAl frequency (2 GHz and 10

GHz) transmit/receive circuit using micro' trip technology was built and

tested [26]. The reflected signa1a from the two-frequency microwaves were

sampled and compared and an optimum signal i' chosen electronically. The

preliminary results (Fig. 22) indicate that the dual frequency feature enables

the system to detect chest wall movement of a person more efficiently with

either light clothing or thick and wet clothing. l~w.ver, the sensitivity of

the circuit needs to be improved. Further invest.igation in this area will

likely enable the device to become moce powerful as • noninvasive, noncontact

cardiopulmonary rate meter under different kinds of environmsntal conditions.

In conclusion, tbe microp~oce880r-basedcard~opulmonary rate meter offers

a method to measure the heart and respiratory rates through non-eontact and

noninvasive modes.
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Table 1: Iuput/Output port .asigmaeut
for the microproceaaor ay~tem.

Port OlB Digital coutrol tor SIB
BUSY sip,..1 from ADC

Port 08B LCD 41lpt.y

Port 09& LED warniDa lilhta

Port lOB Prout panel awitch••
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Tabl. 2: Stati.tical Evaluation Between Computer aDd Visual Determinations

Me••ureMnta Correlation Max % Mean %

Coefficient 'iffiir Error
Rat breathing -0.99 2':'8 -r:r

rate8
au..n h.art 0.98 7.0 2.1

rate.
Huun br••thinl 0.99 9.0 3.1

rat••
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Table 3: Statistical Co~atl.on Between. Doppler Microwaves and ECG Methode

Doppler Microwav•• Method
periods in see:: heart rat.. in beat,lIain

0.85 71
0.85 71
0.875 69
0.85 71
0.85 71
0.90 67
0.875 69
0.85 71
0.875 69
0.875 69
0.875 69
0.85 71
0.85 71

Il~'m

I'
~~;

~,,.
,..

rate. in beats/.in
71
71
69
71
71
67
69
71
71
69
69
1.l
71

70
1.30
1.51

ECC Me~hod

I!!rlod. 1ft .~e r""0.85
0.85
O.t11!1
0.85
0.85
0.90
0.875
0.85
0.85
0.875
0.875
0.85
0.85

70
1.30
1.51

Mean
S.D.
Ver
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Table 4: Statistical Comparison of The Cardiopulmonary Rate Meter and the
Pulse Palpation Measurements

~
"J",

""

t-
~...,. ', ",

~
".,
,

Cardiopulmonar.y rateJ!!.tet' Pulse palpation
Measurement -,- Measurement

Subject 1 Sub eet 2 Sub ec:t 1 Sub ec:t 2
beats/1Din beats min beats 1Ilin beats min

69 84 68 76
68 86 72 80
70 78 68 76
72 78 72 76
71 86 72 76
72 86 68 76
71 76 68 84
73 79 64 84
11 86 72 84
69 86 72 88
65 87 68 84
70 87 72 88
70 83 72 84

Mean 70 83 70 82
S~D. 2.06 4.00 2.64 5.04
Var 3.92 14.79 6.44 23.48
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Appendix A

Transceiver MA86501 Spe~i~lcatlon
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• INTEGRATED .NJSEMBL'V
(INCLUDES MIXERDIODE)

• MeETS FCC PART1&ANDJOR PART
89 AND83 MEQUIAEMENTS

II H~GH SENSITIVITY

Features·
Iii LOWCOST

EAch tr.nscelvtr COMIItI of • GIIM oteiilator .~
,nhc" aaembled Into. DTlpa ~YlQUIdia~.
The ItInd:'ud model employ. .. flxld tuned CW
OIClitator .nd Schottkv &Mrltr mixer dlodla. The
mixer diode hi fl.lff rtplacubl••

__ MlA-cOM GaAs PRODUCTS, INC. .
8urtlngtart, Matachu.tu 0'''3 • Telephone un 7) m·3000 • TWX: 11Q.33Z.&m. Telex: ....1MM

8NII.dn No. 71140

Appkations
Thll trantcelYCl" Is tPtClflclllly dnigned for applica·

. lion In CW Doppler ra. sYstems, IPeed ""1,
rnm...lon .larms, traffic control, braking sYstem.,
industrial prOClll control. tnd oth.r motion
d.tteltl~ syltem:.

Descr~tion
Th. MA-86ti01 microwave Doppler tr.nscelvlf II.
low COlt MnteT detigned far .ny tpHd rntIIUt'trMnt
er motion .nslng .ppllQtion, It pmvldlllan .udlo

. outpUt IIgnal whole frequency Is.proponlonal to the
Vllocitv of In object mowl.... towwd or rNIV from
the anter.na.
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KIV

fTi3CM

-1::1-

HANGE TO MATE
WITH UQ.3IJU
fO" ANTENNA

'0 •

'I

12/12 Printld 1ft U..U.

GUNN
OSCILLATOR

IIIOUTPUT

GNDo----......----f

BLOCK DIAGFtAM

3. Eech Ul'tlt II fHtOrY tuned to the lPICifled frequency
within t5 MH:.:. Operating frlquenc:y Cln be mecha",
ally adjusted 0.. a range of :t25MHz.

4. SClIe factar1,31.4HzPf'\'mile/per 1101.•' of radial velol:lty.
5. An opaatlng voltaeoof -7.5 vola rtrfClllIlYallabit.
e. Spurfoua..,et _monic .,t1un ""'I, aradetlrmlned in

• radiative muaurementll rll:tulrld under~ 1(:; of
the FCC ruleland tIlIUlatlona.

1. An .ltetrnlVtlr: CilP1cltor (between 1 .nd 10 ".F) 1ft
required betwMn the Gunn blal ttrmltt.1 end ground.

OUTLINE DRAWING

• 1 ,: • " '0 •• " '. 0• '. . .' •00: '0' : 00

APPLICATION NOTES
1. O"tlmum IF IOMS Impedance" 500 ohm•• All units ....

.upplltd with. 1000 ohm loed rlslstor In pbct to pro'
tect the mix. d:odt. Th. r.commtndtd Input Im!*lance
of t'\t I": ImpUf. I. 1000ohms. Th. two 1000ohm
milt!),. In peraU.1 prC'"ido the oartlmOlm lold.

2. ~F powtf for the L.O. sfgnIll. ubtalned dlrtctlV from
the t,anlml,-,er....1lilt "PI"'" the dtttetor diode
near the output f11n(tt. HoWtYlr, a large antenna mls·
mltc:h will rilflec:, Mflclent power to alter the detec.tor
bl••• Th. detector bla. i. factory adjusted to be tultable
for an ant,n". VSWA up to , .6:1. If the desired antenna
hal • IlIgII VSWR It II rtCOmmended • simple matc:hlnlJ
screw be ~11Ced In U\e anttln", structur. to rtdUCfl
IUVSWR•
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Appendix B

Scheastic Dlagraa of An.loS Circuitry



47J::

~

4?K.

Ilk:.

:tifF

OJ

=

4J1(

ftiF

r

..

41£* 'I

VI
0'1

Fig. 2Z Circuit diagraa for fourth-order ButteJ:Vorth Biquad lowpue filter
(cut-off frec{uency - 3.3 Hz)

11'r
1-----"~

6Z,' ~

-4
11'1

~ ~ ~ ~ '?21~{ ~ l:::'.!l ~ .1:2..11 ftj f{,;.~ ~ U!U ~;tJ1 ~. ~J ~l C@ .~~~



I
~
Ii
'I

j

i
~
~.~.
~

~
~

ui
-..J

11 (x~-;.,-.'.. , ..~

%10K..

JtIF'

~ T~
-Lf....:;I ~f-,"2~

27oJ!.

27IJe.

,,~'T

.'.~.~~

_____._~~ __._--'-~- 1

tI"..~

-I!F

Nl,e

=

~~---;.~.....:

3181(,

1JtF

:-..- -.'i-';:=-;"
~--_..... ·~-''''''·a''

-=-

'777

30~

..

3I8k.' I I

~..........-... JP."~
U'"-'" '.".

4tSK.

Fie. 24 Circuit diagr_ for fourth-order Butterworth B1quad- l~pas8 fi-lter
(eu~-off frequency • 0.5 Hz) -

1:

~•••~!r"tii '.~(.. 'fJ __
-.------,
••:0 •• ~.. .....

III
11"\

~~,n
-f-, •

...-:~
c-;
v:v ....,...
'.....,,-
~'7',
y.'s
~I'-:

~
~""'J
r.~
~~

'~-;..
.~,

~.'~
~

~
'J

>1)

~
'?JLi

..l

4':1
~.~



VI
ClO

!'ig. 25 Circuit dia~_ for fourth-order Buttet:lfOrth Sallen­
key high-pass filter(cut-off frequencr- 0.03 liz)
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Appendix C

Sch.matic Diagraa of Digital Circuitry
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""ISIS-II FORTRAN-80 Y2.1 co.PILATlDN OF F'ROBRM LWIT IIlNITR
tBJECT ftODlLE PLACED IN awt6. 080J
i:ottPILER INVOICED BY: FORTBO OIAND.FOR I«!'RICFILES(:FO: .:-FO:) DEBUB
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(

(

(

(

(

(
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CI'LL 6ETRDY
CALL SNITt'lUOIOlCE)
IF (CHOICE .m. 0) TtEN

CALL DISPL.Y URATE)
60 TO 10

END IF
IF (OIOlCE .EG. U SO m 20
IF (CHOICE .BI. 2) 60 TO 3S
TAIClllE DATA FOR THE HEART SI6NAL
CALL DATAIN(FP.EQ1.HEART(I»
DO 30 ....1 • ......,

CALL DATAIN(FRED1.HEART(Nl)
SAl'lPLINS FREIIUEJEY-BO Hz

CALL DELAY(ITIf£I)
CONTINUE
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a..EM THE DISPLAY AND ilARHlN9 LISHTS
SET UP THE -IEADY" LED TO INDICATE THE COIIPLETtIM OF THE

RESET ROUtINE

ITlf£I-32
ITIttE2-"~

ffP.ATE-777

THIS IS THE FORTRAN I1AIN~ CAli ED IIlNITR.
IT CALLS 9U8ROUTINES tlRlTTEN :iN FORTRAN AND BOBS
ASSErSLY urBolNE. tlDNlTR NiD ITS SUBDJTltES AaI1IRE
~T" ~ TI£ ANALYSIS. PEflFORI'IS THE PHOCE9SINB. AND
DI5PLA\'S THE RATE IJIFORItATlON ON THE LCD.

/<#fRAY HEART(960) 5TDRE9 12 SEC OF HlEMT SI...
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f'AO&I;;Nt ttDNl'TR
I~ICIT INmEBER(B.H)
IHTEElER«-1 HEMT (960) • BREATH(480) ,FRaIl,FfiEII2
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EX1ElllML tETFCDY,I1ATAI~,DELAY. DOOlE. LED, SWITDf
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NIJII8 ..eo
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~OR;n~4 COMPIL£a
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CJ'o

:2PAGE

4:560
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6D
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DISPLAYINB THE WARNINB LIGHTS
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o t>ROBRAft ERRQP.CS) IN PRO&RNI UNIT DISPLY
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C
C

1 SUBROUTINE DISPLVUNFO)
2 I~ICIT INTE8ERCD)
3 EXTERNAL LCD

C
C CDNVERSI[Jt FIJR EN:H DIBIT
C DIG3 IS THE I10BT SIBNIFICANT err
C

4 DI83aINFO/1OO
:s ~-INFo-Cl00*OlB3)
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8 CALL LCDCDIB3,3)
9 CALL LCUCDIB2.2)
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11 AETURM
12 END
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VMIABLE AREA SIZE - OOOCH . 120
I'IAlClt1Ut'I BTAOC BIZE - 0002H 2D
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FORTRAN Cet:PlLER

1515-! I FORTRAN-SO '12.1 aJI1PlU\TI~ OF PROGRAI1 UNIT RAT£:
OBJECT KJDlLE PLACED IN ~.OB.:J

. COI1PILER INVOKED BY: FORTBO CHAN6.FOR WORI<FILESt:FO:, :FO:) OEBU&

~

4PAGE

IPf'OR (I)) .t~. U eo TO 65U

It-O
00 300 1-5.........4

LSU'M)

RSlII't-O
00 100 "'1-4,1-2

LSU't-Lsutt+DATA (N) -nATA (N+2)
CDNTIt«E
DO 20U "'1,1+2

RSUIt-RSlIt+DATA (IIC) -DATA (N+2)
cmrTlNlE .
IF CCLsutI .LE. 0) • AND. (RIOt .BE. '0» TIEN

.......1
IPBlKIJ!)-oATA( I)

IADDfH")-1
END IF

CDNTINlE
1lI'£9HDLI)1..

I-I
CJt!..L.~CRESULT• IPEAK CI) , ,)
IF CRE&lLT .IE. 0) THEN

.......1
au l500 ...1."

IPEAKIN) - IP£N(CN+U
IADDRIN) - IMI)RCN+U

CONTINlE
1-!-1

END IF
1-1+1
IF U .LE. ") SO TO 400

JCTRL.-o
ICTAM-O
ICTRR-O
ICTR-O
1-1

IF CClADORCI+U
lCTRsICTR+l

eoo

c

4'X'

eoo

200

9UIIROUTINE RATE(DATA, HrlRATE., NLIt, BF'RGI)
INTEGER•• DATA(960) ,RESlLT, IPEAI((480J,"THRESH
INTEEER IADDR(480) r HBRATE, RSUIt, PERIOD (:50) , TE'P
EXTERHAL cotFB

100

300
C

c
C n£ SLOPE TEST
C THE POINT IS A PEAk OF A CYCLE IF THE SIBN tF THE S-IFE OF
C THE 81&HAL DiAN&ES NftJt'I +\IE TO -\IE WEN IT PASSES THRa.&f
C THAT POINT
C

c
c
c
c

1
2
3
4

33
34
3:S
36
37
3S
39

:5
6
7
B
9

10
11
12
13
14
1:5
16
11
18
19
20

21
22
23
24
:z:;
26
27
2S
29
30
31
32

)
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FORTRAN COI'tPlLEfi
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L~~

.... • lfo -' ,

~~~~

I-I
N-IADDR«()+1
N-N-l
IF CN .ST. U THEN

CALL CO"PBCAESULT,DATACN).DATACN-l)
IF CREstLT .NE. 2) eo TO 1300
CALL ~(RESULT,DATA(N).O)

IF CAEStLT .Eg. (;) TlEN
..-tf-J
DO 1400 ...... "

lPEAKCN)-IPEAK(N+l)
IADDR CN)-IADDR (N+l)

--....rV"..... -=-
~:....;-~ :--~......-.

I-J+1
IF n .LT~ ~l) eo TO 600

JF (lCTR .NE. 0) THEN
I-I-ICTR
DO 700 N-I.I+ICTR-l

CALL. aJt1PB tAEStLT. IPENC (N+U • IPEAK CN))
IF ~AESlLT .EG. 0) THEN

ICTRL-ICTRL+I
IF UCTRtt .NE. 0) nEN

IF ilCTAL .&E. U ICTAL-ICTRLH
ICTRL-ICTRL-l+ICTR"
ICTRI't-O

END IF
ELSE IF CREstLT • Eg. 1) TtEN

ICTRIPIC"'Rtf+1
IF UCl'AR • HE. 0) THEM

1CTRtt-ICTRlt-I
ICTRR-ICTRR+l
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IC', .-dl-ICTRR+I
IF CICTRR .BI. U ICTRIt-ICTRtt+l

1=01-1
END IF

END IF
1"1+1

END IF
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ICTRtt-ICT.R"/2+ICTAL
IPEAK CI> -lfEAK ClC1Rtt+I)
IADPRCI)-[ADDRCIC~I)

........ICTR
DO BOO N=I+I."

IPEAKCN)-IPEAKCN+ICTR)
IADDRCN)-IAUORCN+ICTR)

CONTINUE
ICTAL:a()
ICfAttooO
ICTRR-O
I~

END IF
1-1+1
IF CI .LT. ") eo TO 600

...........-.
• "T'.'V

1 ()(X)
13:C;()

c
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700

6:50

79
eo
91
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B3
B4
8:5
S6
87
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73
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47
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so
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:56
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Appendix I.

Amplitude Ie.pon.e Curve. for the Filter.
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- . This report delJcribes the d'evelopment of • Ilicroproc••801~-b.aed relllote
lI,=,na:f..ng systltlll for noncont~ct detection of hear.t· rate and l~espiration. Low
puwer ainusoidal microwave lign£t at a frequency of 10.525 GHz is generated
by a Gunn diode oscillator in an integrated Dc:ppler transClliver. A Itandard
gain horn is us.d to dinct the IIl1croWllve eneray to the Ch~lst of a 8ubject
at a dist&nce of a few c&ntimeters. Since ~ovements associated with tha
contraction of the heart and e~pansion of the lungs are translated illto~,\
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.\~motior.a of. the chellt wall, the noppler microwavo reflected from the chest
i8 proc~18.d to yield information on the frequency and regularity of the.e
cardiopulmonary event••

The mi~raprocellor-ba ..d battery-powered Iyste. il de.igned to provide
continuouG operation for approximately one hour. It allowl .election of
heart rate or re.pir.ation t~ be displayed on a 3-d~ait LCD. An analoa
output jack·i. provided for o.cilloscope di.play or chart recording. the
de.ian rallle of heart rate. 1.1 from 40 to 200 beat. per minute and that
for re8piration i. from 3 to 30 breath. per minute. The .ianal acquisition
t1me~ for h.art rate and re.piration determination. are 12 and 48 .econd.,
~a.pectivelY.$;..uraman~. on &no.thetiled laboratory rat. and human
volunte.~ ••h d lood aar....nt betwe.n rate. determined with the ramote
.enaina devico convautional techniques, with correlation coefficients
areater than 0.98. .


