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W Abstract
ﬁ: This report describes the development of a microprocessor-based remote
tz

gensing system for non-contact detection -of heart rate and respiration. Low
g: power sinusoidal microwave signal at a frequency of 10,525 GHz is generated by
- a Gunn diode oscillacor in an integrated Doppler transceiver. A stundard gair
Lo horn i3 used to direct the microwave energy to the chest of a subject at a
2 distance of a few centimeters. Since movements associated with the

contraction of the heart and expansion of the lungs are trarslated into

motions of the chest wall, the Doppler microwave reflected from the chest is

- processed to yleld information on the frequency and regularity of these

- -y
-
e

cardiopulmonary events.

The microprocessor-bagsed battery-powered system is designed to provide

2

continuous operation for approximately one hour. It allows selection of heart

3-}, rate or respiration to be displayed on a 3-digit LCD. An analog output jack
~ is previded for oscillescope display or chart recording. The design range of
'g heart rates is from 40 to 200 beats'per minute and that for respiration is
:j from 3 to 30 breaths per minute. The signal acquisition times for heart rate
S

and respiration determinations is 12 and 48 seconds, respectively.
Meanurements on anesthetized laboratory rats and human volunteers showed good
agreement between rates determined with the remcte sensing device and

conventional techniques, with correlation coefficients greater than 0,98,
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2 N
1.0 INTRODUCTION J}

- ~
A portable non-invasive cardiopulmonary rate meter is needed for use in Fj\
emergency situations in which direct contact with the patient is either 'tﬁ
impossible or undesirable. '‘This report presents a device using Doppler b“j

wmicrowaves to detect chest movement at a distance of a few centimeters from §3

! the subject. The information on the frequency and regularity of the heart and :
respiratory rate are extracted from the chest movement. Eé

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

the ribs to increase and decrease the anteroposterior diameter of the chest é?k

, s

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

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

N

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

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

i 2

be 20 percent greater during maximum inspiration than during expiration.

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

R
[l

« @
..

volume—pressure changes in cardiac chambers produce the motion of the chest

wall. As the wave of excitation traverses the Purkinje svstem over the

=1

endocardial surface of the ventriclas, the trabeculae carnae and papillary

———
¥ ]
ol

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

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

K
R :-']
Tolsl

ventricular cavity. Simultaneously, there ias an expansion of the

; circumference of the ventricular wall. The intracavitary pressure is §§
generated and the circumference continues to increase in size until the .
movement of the aortic valve opening. This coincides with the maximal outward &é
displacement of the chest wall produced by the heart. During the ejection or
phase, the circumference diminishsgs and the ventricular pressure continues to
decrease until atrium filling begins. This causes the inward displacement of ls
1

=
i
-

I I I I A T T N e LT TS T e .. i m e e m e .
e e Lt e . o gw e Lt e et e e, et M e e e e . *e ) e A P A L R TIPSR PO P AL P S LT RS PR Sl Sl
A B 14 ' o* , ,!.‘ » i ‘u ‘i._:. ': , .: o '.-, ’4 ‘., -, _-7 :- -, _..-.u. -, '..:- . -._. ALY LN .4‘-'. -',‘-'...-‘4.: -, q..‘... ..-'-,‘, ":!’J ‘_‘-‘_'.-'.‘ - '..‘,'.._'




A

- T

-~

P

a2,
O

ll
.

M |

e

i

L NN A AN RSt s

3
the chest wall,

A variety of techniques have been developed over the years to record this
chest movement and extract the respiratory and cardiovascular information from
these signals. Among these are: strafn gagec and resistance pneumographs [l];
impedance pneumographs (2-4]; apexcardiograms (5,6].

Strain gage and resistance pneumographs measure the changes in the length
of the chest. Body movements cause artifacts, which are dimensional changes
unrelated to lung volume changes. The impedance pneumograph is reliable and
extensively used, especially as an apnea monitor for prematurely born infants.

During inspiration, the lung tissue f1lls with air and becowes more
resistive. Electrodes are placed on the chest wall of the patient. Detection
can not be made without direct contact with the subject. An apexcardiogram
neasurgs the precordial movement causad by the left ventricular expansion and
contraction. A microphone is usually put on the patient's chest to convert
the mechanical movement into electrical signals. The system has a tremendous
variation in sensitivity resulting from the application of different degrees
of prassure on the skin through the microphone.

In addition, several successful experimental results of ventricular
function and respiratory function measurement using the detection of chest
wall motion with Doppler microwaves have been reported [7-14]. Microwaves can
penetrate through clothing and do not require a coupling wedia. Therefore,
this microwave approach overcomes some of the motion artifacts and variation
in sensitivity which results when electrodes 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 at a distance of few

centipeters from the subject., The device makes no attempt to examine the wave
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shape nor to diagnose diseases. However, it is hoped that this protccy.

. device demonstrates the feasibility of using Doppler microwaves &s & mmthod of &
A wmeasuring cardiopulmonary rates in a situation in which direct coats-' with
the subject is either impossible or undesirable.
w The design requirements and cperation procedure for the cardiopulwonary

rate meter are presented first, then each stage of the monitor will be

descrided (Fig. 1). This description will include the microwave source used !

to detect the movement of the chest motion, analog signal preprocessing,

e

analog to digital conversion and the controlling unit, an Intel 8085-based

L, microprocessor system. Thae software involved in controliing data acquisition

!.{ and analyzing the chest motion to give the cardiopulmonary rates is also
§ discussed. VPreliminary results are includesd to demonstrate the performance of E»
: the device. ]
" . 2.0 DESIGN REQUIREMENTS "
ﬁ The device is designed to wake cardiopulmonary rate measurements and to te ;:
':: operated by health professionals in either indoor or outdoor settings. This ﬁ
a imposes some limitations to the device's sire, weight, circuitry, choice oi é;
) power and operation procedure. The device must be compact a1 1light in weight ;
; (not more than 10 lbs.) so that it can be easily moved from location to [
J location. The choice of hardware circuitry has to be optimal so as to consume .
'z ninimum power. The device must be battery-powered and capable of providing 5
f% continuous operation for at least one hour. Operational procedures have to be E
simple (an example is given below), and data easily acquired and processed.
X It must include warning lights to inform the operator of inadequate data. t;
i Switches need to be provided to allow selection for processing and displaying . "
: information on either the hear: signal or the respiratory signal. &
§ :
. !
- &
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. 5

i n 3.0 OPERATION PROCELURE
e 1. Turn on the power switches at the back of the box and on the lower
E: right-hand corner of the front panel.

4 2. Press down the corresponding switch for the desired channel to be
F processed.
3. Push the "RESET" switch on the front panel to clear the display and
LN warning lights and to initialize the program counter of the microprocessor to
' jn begin executién at the beginning of the data acquisition routine.
4. Wait for the green "READY” LED to light up, which indicates completion of
ﬁ; the reset routine.

" .- 5. Place the transceiver directly above (for supine position) or in front of

ey
I . a

(for standing or sitting nosition) the subject's sternum.

.i 6. Press the "START" button to prompt the.nicroprocessor to begin accepting
data for processing.

o

"

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

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

-

information on the LCD.

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

e v
.’-ﬁ.

informing the operator that the measurement must be repeated.

= 4,0 MICROWAVES
- ——
. Microwaves are electromagnetic waves occupying the frequency range from
ZE 300 MHz to 300 GHz. They can be reflected and absorbed by different physical
ff and bilologiczl objocts. These modes of interaction depend on the dielectric
" constant and the orientation of both electric and magnetic fields of the
Ej incident waves, and the direction of propagation. No attempt hae been made to
discuss the topic of microwave interaction in this report. For more

4 &; information, the reader can refer to references [15-18]. However, the factors
[
e A L S e N A e e T T e T
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leading to the choice of the microwave input device, the transceiver, will be
discussed. The relationship between the transceiver output snd the chest
motion will be explained briefly in this section of the report.

A x-band Doppler transceiver (MA86501) designed by Microwave Associates
for speed measurement or motion sensing applicacions was selected (technical
specifications are given in Appendix A). This transceiver consists of a fixed
tuned CW Gunn diode oscillator and a Schottky Barrier aixer diode assembled
into a compact waveguide package.

At this frequency (10.525 GHz), the reflection cozfficient at sn
gir-nuscle or an air-skin interface is higher than 702 and the reflected power
is about 50% of that on the interface. It indicates that transmission and
reflection detection area egqually efficient. The wavelength of the signal
dictates the spatial resolution of the biological target of interest, The
penetration depth, i.e., the distancé through which the power density
decreases to 142 of the incident power as the wave travels in the media,
determines the site of motion detection (surface or depth). The wavelength in
air for 10.525 GHz microwave is 2.8 cm and the penetration depth ifs about 0.03
cm [18]. The above characteristics of the signal allow the device to detect
surface chest motion with reasonable spatial resolution.

Microwave radiation is considered a form of electromagnetic radiation.
Under normal circumstances, microwsve radiation is too low (1.21.3:10-3
ev/photon) to effect ionization, causing orbital electrons in the atoms of the
material through which the waves are traveling to eject and become ions, or
excitation, promoting orbLitai electrons to higher energy levels. 1t is also
non-cumulative over time. A "safe” numan exposure level has been established
by the American National Standard Inscitute (ANSI) to control exposure

duration and power density in order to prevent possible harmful effects on
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hunan beings. The guideline for the frequency range 1500 MHz to 100 GHz 18 5
nH/cuz (average over any 0.l hour period) [18]. The power density, estimated
by dividing the output power by the area that will be irradiated, is less than
1 nW/cnz, and clearly mseets the "safe” exposure standard for humans.

The transceiver is very easy to operaste. The only requirements are tc
provide the recommended bias voltage across the bias and ground pins. The
typical operating voltage is +8 SV while the typical operating current is
120mA. The output signal 1is presented at the IF output pin. The Gunn diode
oscillator and the Schottky Barrier mixer diode are very sensitive to static
charges. An enclosure is built to protect these diodes. Working in an
anti-static workstation when soldering components onto the pin is highly
recommended.

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 1s shifted in frequency). The Guann diode
getierated microwave energy is directed toward a moving target, the chest. The
Schotky diode receives a reflected signal with a2 shift in frequency from the
target, The mixer combines the tranamitted and returned signal to prcduce the
Doppler shift frequency signal which is proportional to the displacement of
the target relative to the source of microwaves., ¥ig. 2 is a block diagram of

the transceiver.

5.0 ANALOG CIRCULTRY SECTION

The output signal from the microwave transcefver, which is about 20mV
pesk-to~peak, must be preprocessed and digitized ao that it can be analyzed by
the microprocessor system. The preproceasing includes amplification and

filtering. The amplification maximizes the dynamic range, while the filtering

separates the heart and breathing signals. Then a multiplexer presents either

Loy

T T e W e
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the heart signal or the breathing signal, held at two separate sample hold -
circuits (S/H), to an analog-to-digital converter (ADC) for digital coding. i
An explanation of the analog design is given in this section. For more E§

detailed information and schematic diagrams, see Appendix B.

5.1 Preprocessing e

Fig. 3 18 a block diagram of the analog circuitry of the cardiopulmonary

Lo

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

matching between the microwave transceiver and the rest of the circuits., The

e

microwave transceiver is supplied with a 10002 load resistor from the mixer

o d

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

¥
[

intermediate frequency (IF) output load impedance specified by the

e ]
[

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

stage must be 1000Q. The preamplifier is a non-inverting amplifier with s

. gain of 2 (see Pig. 4). A 10000 resistor is placed across the positive

AA

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

¢

in place, the amplifier has an input impedance of 1000R. The 10009 resistor

=1

on the transceliver is parallel with the 10000 input impedance of the amplifier

..'_ﬂ
Rt

and provides the optimum IF load.

-——
. 3
-—la

-

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

: frequency noise and to filter out the d.c. component of the transceiver g;
% output. The range of heart rates is from 40 beats/min to 200 beats/min, while .
: the range of respiratory rates is from 3 breaths/min to 30 breaths/min. Ej
E Therefore, the -=3dB cutoff frequency at the low end of the filter is set to 2
E 0.03 Hz and that at the high end to 3.3 Hz. The band-pass filter is a tﬂ‘
k combination of a 4th order Butterworth biquad low-pass filter and a 4th order ?31
? Butterworth Sallen-Key high-pasy filter (see Fig. 5). The Butterworth is -
: characterized by having the flattest pass-band, but the transition between E;
L v
; =
» %

2



r 9
passband and stopband is8 relatively slow. For a fourth order filter, the
!! attenuation is approximately -24 dB/octave. These characteristics will ensure
Fﬁ that the signal passed by the filter will be undistorted and that high
i frequency noise will be removed. The bfquad circuit was chosen because of its
E; significant tuning advantages and excellent stability characteristics, which
are important in the cascading of several stages [19]. The Sallen-Key circuit
L; allows the gain and frequency to be adjusted independently. The total gain
ﬁ? for this stage 18 adjustable by the operator. °~ The highest gain obtained is
v

over 500, theoretically; however, it is limited by the frequency gain pruvduct
hﬁ of the op-am. A gain of 50 is usually used.
After this band-pass filter, the signal is fed into a-parallel combination
E of a high-pass and a low-pass filter. The purpose of filtering stage is to
.l separate the heart signal from the breathing signal. The low-pass filter is a
4th order Butterworth biquad filter with -3 dB cutoff at 0.5 Hz. The

th irder Butterworth Sallen-Key filter with -3dB cutoff

Ii: high-pass filter is a 4
at 0.6 Hz. The breathing signal is usually stronger than the heart sigmal.
(o Therefore the low=-pass filter, which outputs the breathing signal, has a gain

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

1'..‘

g

5.
(7 Fig. 6-7 are examples of the breathing and heart beating patterns detected
:. by the meter. A BNC putput is provided by the meter to allow recording of the
i; analog signal for permanent records.
- 5.2 Digitization
tu Fig. 8 shows a block diagram of the circuitry performing the digitization
Ef of the analog signai. It includes 2 sample holds, a multiplexer and an
analog-to-digital converter. The Analog Device AD7574 is an 8 bit
? microprocessor compatible ADC. It employs the successive-approximation
L;
.)...“"‘ BTSRRI N
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technique to quantize the analog signal into an 8-bit digital code. The Datel
Intersil SHM-IC-] holds samples constant during the conversicn period so that
quantization will be accurate. The multipisxer AD7506 (Analog Device)
conaects the ADC to onu of the two S/K outputs (one for the heart signal and
one for the breathing signals).

The AD7574 (Pig. 9) operctes from a +5 volts power supply and has a
internal clock, an on-board comparitcr and interface logics. It is interfaced
as a static RAM. A timing diagram is shown In Fig. 10. Upon receipt of a
start command via the CS pin, BUSY goes low, indicating conversion is in
progress. The internal asynchronous clock oscillator starts once the start
command is received and ceases oscillatinug when conversion is compiete. The
clock oscillator requires an external R and C. The nominal conversion time is
a function of the R and C values. R

cl

produce the 15 microseconds conversion time. For more detail, see [20]). The

g" 127K and chR = 100 pF are used to

analog resclution 18 0.078 volts for the ADC operating in bipolar mode.

The SHM~IC-1 (Fig. 11) is a self-contained device that requires only an
external hold capacitor. The value 1s chosen by the user to achieve the
desired speed and required accuracy. A 0.0]1 pF capacitcr 18 used to give an
acquisition time of 10 microseconds and hold mode droop to only 5 nV/Sec
maxiuum [21]. A polystyrene type capacitor is recommended because of its high
inaulation resistance and low dielectric absorption. The 10 ps aczquisition
time plus the 15 ps conversion time needed by the ADC 1s well within the time

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

The AD7506 (Fig. 12) 1is a CMOS 16-—channel analog wultiplexer [20]. It
switches a common output to one of 16 inputs, depending on the state of four o
address lines and an "ENABLE.” It has both low Ron (ohmic resistance between

the output and an addressed input) and power consumption. Two channels out of o~
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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 point is all that is needed to
produce data that is of good resclution for the microprocessor system to
analyze. The hardware and software design for the microprocessor system will
be presented In the next section.

6.0 MICROPROCESSOR SZCTION -

The microprocesgor section of the cardiopulmonary rate meter is the main
controlling unit for data acquisition, signal processing and information
display. The hardware design aud the software development are presented in
this section of the report.

6.1 Microprocessor System Hardware

The block diagram of the microprocessor system is shown in Fig. 13. Intel
8085A was selected as the central processing unit of the microprocessor
system. 80854 is an 8-bit general purpose microprocessor designed as an
enhancement of 8080A. 1t integrates the functions of clock generation, system
bus control, interrupt priority selection, and executior, of the instruction
set in a single 40-pin DIP package. It requires only a single +5 volts
supply. 1Its 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/0), 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 development and debugging are simplified. The availability of a
microcomputer development system, with an 8085 in-circuit emulator, which 1s a

development aid for hardware and softwarc¢ debugging, contributed a major
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consideration to the choice of the 8085 over other 8-bit microprocessors.

The hardware design follows closely the design recommendation by Intel
Corp. in MCS-85 User's Manual [22]; The schematic diagrams are included in
Appendix C. As mentioned above, 8085A 1is an 8-bit general purpose
microprocessor (Fig. 14). The address and data buses of the 8085A are time
miltiplexed. ADO-AD7 are bidirectional lines which output the low order byte
of memory addresses when "ALE" goes low. A8-Al5 are output-only lines which
carcy the high order byte of memory addresses, which enable the CPU to access
directly up to 64 K bytes of memory. It also generates control signals to
select appropriate external devices, and functions to form REAp and WRITE
operations and also to select memory or I/0 ports. The 8085A can address up
to 256 different I/0 locations (00 through FFH). There are two waye of
addressing I/0 devices: the I/0-mapped 1/0 (1I0/M 1s used to distinguish
between /0 and memory KEAD and WRITZ cycles); and the memory-mapped I/O (I0/M
is not used).

In the present aystem, 8K of EPROM (OOOOH-1FFFH), and 4K of RAM
(3000H-3FFFH) memories, and 6 I/0-mapped 1/0 ports (see Table 1) were
implemented. The memory chips used were Intel 8755A (2048 words x 8-bits
EPROM with I/0) and 8185 (1024 words x 8-bits static RAM), which are designed
for direct interface to 8085A. Corresponding address, data and control lines
are compatible to the 8085A 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 (All-AlS5) and to generate chip selects for the
memory and I/0 ports connected to the 8085A (see Fig. in appendix C).

The 8085A Iincorporates a complete clock generator on its chip. A quartz
crystal of 6.25 MHz 18 connected across pins Xl and X2 to establish timing for

its operation. The buffered clock output (C1K out) is connected to all the
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!! memory chips to synchronize all the activities.
P
; The 8085 18 not guaranteed to function properly until 10 milliseconds
jﬁi after the +5 volts supply (Vec) recaches +4.75 volts. Por this reason, a
simple RC network is designed to keep the RESET IN low until 90 milliseconds
44 after Vce reaches +4.75 volts for both power up reset and manual reset.
o) Following the reset signal, the 8085A begins executing instructions at

location 0000d.
When the RESET IN signal goes low, the various siguals and buses are
floated. For this reason, pull-up resistors ars provided for the main control

signals, WR and RD, to avoid spurious selection when they are tri-stated. The

0

‘F: unused control lines for interrupt and HOLD state generation (TRAP, InTR, RST
- 7.5, RST 6,5, RST 5.5 and HOLD) are grounded to u;oid undesirable activity.
I. For detailed information on the 8085A, see [22,23].

:‘ 6.2 Software Development '

&ﬂ A main program uritten in FORTRAN and subroutines in both FORTRAN and 8085
!. Assenbly language have been written to perform data acquisition, signal

o analysis and information display. An explanation of the software development
Eﬁ is presented in this section. For a more complete discussion of the

;i programming methods, see Appendix D for the source listing.

53 6.2.1 Data Acquisition

o The main program is for controlling the timing for each event. Upon

=

initialization, the main program calls subroutine GETRDY. GETRDY clears the

LCD display and the LED warning signals and then lights the "READY" LED to

.-‘l J
MY

indicate that resetting of the system {3 complete and data acquisition may

.

begin. This initialization 18 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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_‘.B.'- LRt 5 h JRN

R e S ."“ LAY " W) ‘;. "‘ N
VS GRS SR N h&.&", oY yi-.::-: LA R S




8 14
position, the “START" button is pressed to prumpt the CP!U to begin the data
acquisition.

The routine DATAIN does the actual data acquisiéion. The routine first
awitches on the desired channel according to its encoding. DATAIN then stores
: either twelve seconds of data in array REART (960) or forty-eight seconds of
: data in array BREATH (480). It begins the acquisition of each element of

HEART or BREATH by simulating a positive-~going pulse for the digital control
terminal of the S/H circuit. This signal tells the S/H to hold a sample for
the ADC. The start conversion signal (refer to Fig. 10) is initiated by
executing an I/0 WRITE to port OOH which is occupied by the AD7574. Once the
conversion is complete, a data READ is performed by executing an I/0 READ
instruction to the port O0OH. The sample is in unsigned two's complement form
and is stored in either the array HEART or BREATH. The next sample is held
5 for the ADC after the appropriate.delay. The delay 1is 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 sampling by the
S/H and the conversion by the ADC is repeated until 960 samples for the HEART

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

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

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

performed.

6.2.2 Signal Analysis

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

vl
et
P

performed by comparing the slope approaching the pixel under consideration and

the slope leaving the pixel. The direction of the slope approaching the Ei .
s pixel, P, is determined by the quantity of S,, where
| &
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Similarly, the direction of the slope leaving the pixel is determined by 52,

s’

where
g
1+2
- S, =L (p -P .)
E: 2 ki k k+2

" Each slope in s1 or 82 is calculated not by the difference between two

‘_ &
.

" consecutive pixels, but rather by the difference between two consecutive

L pixels which are s pixel apart from each other. Three differences are summed

a.

together to give the value 8‘ or 82. This improves the accuracy of the slope

direction estimation in noioy signale. S1 and 82 vill be negative.for

-~y
LV P

upslope, and positive for dowmslope. Points at which the signal changes from

L_§

upslope to downslope are the local naxina.

The peak voltage of each cycle is adjusted to a value higher than one volt

to improve the system dynamic range. Therefore, local maxima less than 0.5 V
!! are mainly due to noise and motion artifact. They do not coutribute

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

; E: is set to eliminate thesn,
E? The program continues to search for the foot of each cycle. This is
g accomplished by proceeding back from the remaining local maxima to a point
' S; where the slope becomes negative. This minimum point 1s the foot, or the
beginning of the cycle if its asmplitude 1s less than a set point (zero is used
EE for this program). The first maximum point from the foot is defined as the
F; peak of the cycle (either systolic peak or the peak of inspiration) (see Fig.

15 for the steps in the logic of recognition).

Each cycle is analyzed as described above. Time difference between two

SRS
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succeeding peaks is then calculated. Some disease states, such as immature
beat, or any artifact, including noise, may cause unreasonably short periods.
Occasionally, a heartbeat is missed or the breathing pattern is not ;egulat.
Some of those intervals are much longer than the others. A median of all the
periods 18 used as a reference point to eliminate those extreme values (either
too short or too long). An average is calculated from those within 5 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) (Fig. 16). LCDs are ideal for
their low power consumption and rapid response times. The LCD chosen is an
AND model FE0502 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 provides a complete RC oscillator, back plane driver, and 28
segment outputs. An external capacitor is connected to the oscillator
terminal so that the oscillator free-running frequency is kept below 125 Hz
and the power consumption of the LCD is minimized. Unused segment terminals
are connected to the backplane to avoid undesired characters or faint display.

The ICM7211 18 contiolled by the 8085A. Each digit to be displayed is
written out to the LCD one at a time via port O8H. When the chip select lines
633,'533 (see Fig. 17) are driven low, the input buffer of the ICM7211
latches. The content of the latches is 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 software development, three algorithms have been investigated.
Eﬁ Autoccorrelation was first implemented. The FORTRAN 80 in the Intel Intellec
y I1 Development System is an inefficient compiler. Any real number
{g multiplication takes a long time to perform. The total time taken to acquire
- 480 data pointa (240 data/array) and analyze them to give the desired rate
Eﬁ information was about 30 minutes. Even though the accuracy was very
“{ promising, the iong processing time makes the algorithm impractical.

Another algorithm for finding the peak of each cycle reported in [24,25]
was applied to the data. The heart signal is usually eaveloped by the
breathing artifact. The amplitudes of the peaks vary from cycle to cycle.
i:f The depth of breathing is not identical from breath to breath. A deeper
-l breath will generate a stronger signal than a shallower one. Using the

maximum point of the whole record of data to determine the threshold for

SR
L

identifying peaks of the cycles in the record is not reliesble, Consequently,

the performance of this algorithm is seriously affected by body motion and is

E! dependent on the regularity of the signal amplitude of the chest movement.
-2 The pattern recognition algorithm described in the previous section is
i designed for use in a portable 8-bit microprocessor-based system with 6K PROM
gs and 1K RAM memories. The time for data acquisitfon and analysis is less than

[y}
A

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

e
i
i vl

information are the major constraints for developing the program. The
1 fn accuracy is limited by its spatial resolution.

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

iﬁ pentobarbitol, 40 mg/g Ip). These animals produced minimum motion artifacts
‘ and were breathing regularly. OSeventeen readings were taken. Analog form of

‘L; these chest movementa signals were displayed on a storage oscilloscope and

Al
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rates were calculated froz visually identified points on these records. The

A maximum error was found to be less than 32, The scatter diagram for the meter
\l

_E and visually identified breathing rate data is shown in Fig. 17. The

N

correlation coefficient was calculated to be 0.99.

The system was then tested on human subjects with the same evaluation

PO YA

method. The subjects were either sitting or lying down. Eleven readings for
N each of the heart rates and breathing rates were taken, The maximum X error

for heart and breathing rates was 7% and 9%, respectively. The scatter

- 9 « T W W
PR A

diagrams for the meter and visually identified heart and breathing rate data
are plotted in Figs. 18 and 19, Again, the correlation coefficients were
found to be 0.98 and 0.99, respectively. One major problem encountered in
testing human subjects was the difficulty in directing the microwaves to the
heart. It is found that placing the transceiver directly in front of or above

the sternum of the subject givea the best result.

PR N

The relation betwesen heart signals detected by the cardiopulmonary rate
meter and ECG signals is shown in Fig. 21. It can be seen that tﬁnre is
2 indeed a one-to-one correspondence between the heart signals from the meter
,% (the mechanical events) and the ECG signals (elactrical events). Time
_; differences between two succeeding peaks of the heart signals and those
between two consecutive R waves were measured and are given in Table 3. The
; mean, standard deviation and variance were calculated for both sets of data.
. They all indicate that the Doppler microwave technique is capable of producing
N results as reliable as the ECG signals.
? The repeatadility of the system was examinad by sequential testing of the
f same subject. The subject was instructed to sit still ou a stool and to
. breath normally during the test. The transccive; was clamped on a stand and
- was located at a distance of 2-3 centimeters from the sternum of the subject.
.
y
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The analog signal from the meter was displayed on an oscilloscope to monitor ;
!D the signal. The test was repeated 13 times. The subject was then instructed
Eﬁ to measure the heart rate by carotid pulse palpation every 15 seconds for 13
" times. The subject was sitting still and breathing normally during this part
53 of the test. The readings from the meter and from palpation are given in

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

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

o

-

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

(4

-
» B

g

repeatubility of the meter is comparable, at least, to sensing by palpation.

Different devices other than commercial tranaceivers as input device have

also been investigated. A low-power, compact, dual frequency (2 GHz and 10

———
-
LSl

GHz) transmit/receive circuit using microstrip technology was built and

‘.I tested {26]. The reflected signala from the two-frequency microwaves were .
sampled and compared and an optimum signal 1s choeen electronically. The
E‘ preliminary results (Fig. 22) indicate that the dual frequency feature enables
the system to detect chest wall movement of a person more efficlently with
: ?g either light clothing or thick and wet clothing. However, the sensitivity of
. the circuit needs to be improved. Further investigation in this area will

likely enable the device to become more powerful as s noninvasive, noncontact

In

se cardiopulmonary rate meter under different kinds of environmental conditions.
In conclusion, the microprocessor-based cardfopulmonary rate meter offers

O

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

noninvasive modes.
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Table 1: Input/Qutput port assigmment
for the microprocessor system.

Port OCH Analog-to-Digital Converter

Port O1H Digital control for S/H
BUSY signsl from ADC

Port 08H LCD display
Port 09 LED waraing lights
Port 10H Front panel switches
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Table 2: Statistical Evaluation Between Computer and Visual Determinations

-
5 Measurements Correlation Max 2 Mean 2
Coefficient Error Error

. Rat br.‘thing 0.99 2.8 1.2

R rates

v Human heart 0.98 7.0 2.1
ratee

- Human breathing 0.99 9.0 3.1

E} rates
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Table 3: Statistical Comparison Between Doppler Microwaves and ECG Methods

Doppler Microwaves Method ECG Method

periods in sec | heart rates in beats/miu periods in sec [heari rates in beats/min

0.85 71 0.85 71

0.85 71 0.85 71

0.875 69 0,875 69

0.85 2! 0.85 71

0.85 71 0.85 71

0.90 67 0.90 67

0.875 69 0.875 69

0.85 71 0.85 ] 71

0.875 69 0.85 71

0.875 69 0,875 69

0.875 69 0,875 69

0.85 71 0.85 7)

0.85 71 0.85 71
Mean 70 70
$.D. 1,30 1.30 )
Var 1,57 1.57 r., ’
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Table 4: Statisticel Comparison of The Cardiopulmonary Rate Meter and the
Pulse Palpation Measurements

Cardiopulmonary rate meter Pulse palpation
F Measurement AN Measurement
- It Subject 1 Subject 2 Subject 1 Subject 2
: beats/min beats/min beats/min beats/min
" 69 84 68 76
l L 68 86 72 80
' 70 78 68 76
] 72 78 72 76
B 71 86 72 76
- 72 86 68 76
. 71 76 68 84
: 73 79 : 64 84
' h 71 B6 72 84
69 86 72 88
R 65 87 68 84
g lv:‘f 70 87 72 88
1 70 83 72 84
™ Mean 70 83 70 o 82
, S.D, 2.06 4,00 2.64 . 5.04
Var 3.92 14.79 6.44 23.48
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e Fig. 6 Recording of breathing pattern (10:1 attenuation
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STEPS IN THE LOGIC OF RECOGNITION

1. SLOPE TEST
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4, —_ IDENTIFYING
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Fig. 15 Summary of basic steps in the pattern recognition program
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Appendix A

Transceiver MAB86501 Speci’ication
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Desiription

The MA-B6K01 microwave Doppler transceiver (s 8

low cost sensct designed for sny speed messursment
. &f motion sensing application. | provides an sudio

output signal whose frequency is proportional ¢c the

velocity of an object moving towerd or away from

the snterna. ,

Ench transcaiver consists of 8 Gunn osciilator ang

inixer assemtbied into a compe  sveguida package.

The starsitrd model employs « fixed tuned CW
oscillator and Schottky Barrier mixer diods. The
mixer diode is fisld raplacesble.

(4 5

This transceiver is specifically designed for applica-

" tion in ¥ Doppler radar systems, speed radars,
intrusion alarms, traffic control, braking systems,
industrial process controls #nd other maotion
detecting systemg,

B
P

& LOW ST

U HiGH SENSITIVITY

® INTEGRATED ASSEMBLY
(INCLUDES MIXER DIODE}

® MEETS FCC PART 16 AND/OR PART

89 AND 83 REQUIREMENTS

M/A-COM GaAs PRODUCTS, INC.

Burﬂﬂgton Massachusetts 01803 @ Telephone (617)272.3000 ® TWX: 710-332-6709 8 Telex: 94-8464
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SPECIFICATIONS BLOCK DIAGHAM
j GUNN
OBCILLATOR
o (Py 1
_/ FLANGE TO MATE
WITH UG-30/U
FOR ANTENNA
ano Q- |
w IF OUTPUT ﬁ]

OUTLINE DRAWING E
Ix QUTPUT
E
. KEY
INCH

., O
4 - )
.“ R [}
3 APPLICATION NOTES :

3 1. Optimum IF losd impedance ir 500 ohms. All unitsasrs 3. Each unit (8 factory tuned to the specified frequency !
N supplied with a 1000 ohm load rasistor in place to pro- within £5 MHz. Operating frequency can be mechan- {

- tect the mixer diode. The recommandaed input impedance lcalty adjusted over a range of £28 MHz,

k.. of the IF amplifier is 1000 ohms. The two 1000 ohm 4, Scale factor is 31.4 Hz per mile/per hour of radial velocity. -
-~ resistors in parallel provido the aptimum load. 5. An opoisting voltige of ~7.5 volts typical is available. f
2. RF povwer for the L.O. signal is ubtained directly from 8. Spurious snd harmonic emission levels are determined in 4
o the transmitter signal as it “passes” the detector diode 8 radistive meazurement as revjuired under part 16 of
near the output flangs. However, & large antenns mis- the FCC rules and regulations. f
) match will reflec. sufficiant power to alter the detector 7. An slectraiytin capscitor (between 1 and 10 uF) is {
‘{ bias. The detector bias is factory sdjusted to be tuitable required between the Gunn bias terminal and ground,

X for an antenns VSWR up to 1.5:1. If the desired sntenna
X has a !arger VSWR it is recommended a simple matching '

screw be nlaced in the antenna structure to reduce l
. Its YYSWR.

) ‘E
B . A specificadons are subject to change without rotios. 12/82 Printed in US-A.
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Appendix B

E Schematic Diagram of Analog Civcuitry
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Fig. 2‘3 Circuit diagram for fourth-order Butterworth Biquad lowpass filter
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Appendix C

Schematic Diagram of Digital Circuitry
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ISIS-11 FORTRAN—O0 V2.1 COMPILATION OF PROGRAM UNIT MONITR
OBJELCT MOULE PLACED IN CHANG.OBJ
COMPILER INVOKED BY: FORT80 CHANG.FOR WORKFILES(:FO0:,:FO0:) DEBUB

THIS IS THE FORTRAN HMAIN PRGGRAM CALLED MONITR. -
IT CALLS SUBROUTINES MRITTEN 1N FORTRAN AND 8063 N
ASSErSLY LANBUAESE. MONITR AND ITS SUBROUTINES ACQUIRE (
LATA FOR TPE ANALYSIS, PERFORMS THE PROCESSING, AND
DISPLAYS THE RATE INFORMATION ON THE LCD.

ARRAY HEART(9&0) STORES 12 SEC OF HEART SIGNAL
BREATH(480) STORES 48 SEC OF BREATHING SIGNAL

aonnooOnnn

PROGRAM MONITR
IMPLICIT INTEBER(B,H) .
INTEBER#1 HEART (9560} , BREATH(480) , FRERL , FRERZ : ‘
INTEGER#t ITIMEL, ITIME2,L16HT,CHOICE -
EXTERNAL SETRDY,DATAIM,DELAY, DDONE, ! ED, SWITCH
LIBHT=0 «
NUMB=4E0

. MPS=950
FREQ1=33 ¢
FREG2=1

ITIMEL AND ITIME2 ARE THE ARAMETERS TO DETERMIME THE - ¢
SAMPLING FREQUENCIES

-
OVONOCUMUWULIY-

anon

11 ITIME1=32 (
12 ITINE2=255
13 MPATE=777 .

Catt THE INITIALIZATION ROUTINME GETRDY

CLEAR THE DISPLAY AND WARNING LIGHTS

SET UP THE "READY” LED TO INDICATE THE COMPLETION OF THE 1
RESET ROUTINE

CALL BETRDY ¢

CALL SNITCH(CHOICE)

16 IF (CHOICE .Ed. O) THEN

17 CALL DISPLY (MRATE) (

18 60 TO 10

19 END IF .

20 IF (CHDICE .EG. 1) B0 1D 20 <

21 IF (CHOICE .EW. 2) GO 10 3%

TAKING DATA FOR THE HEART SIGNAL

CALL. DATAIN(FFEQL,HEART(1)) (

23 DO 30 N=1,NUMH )

24 CALL DATAIN(FREQL,HSART(N))

SAIFLING FREGUENCY=80 Hz
CALL DELAY (ITIME1)

CONTINUE

THE “READY"™ LED 1S EXTINGUISHED TO INDICATE THE CIXPLETION
OF THE DATA ACQUISITION

[ 4
aonnnnnn

N
igﬂ

P

nnnng 0
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vy FORTRAN COMPILER PAGE 2
e o
. ) o
e 27 CALL DDONE
2o c PROCESING THE HEART SIGNAL STORED AT HEART (480)
> ) 28 ZALL RATE (REART ,HRATE, NUMH, BO. O)
. c
e c IE THE HEARY SIGNAL I3 TOO WEAK TO PRCI:EBS. THEN WARNING
:7 ' c LIGHT “REPEAT® WILL BE LIT
c
2 29 IF (HRATE .EQ. 0) LIGHT={
A ) 30 IF (HRATE .EQ. 999) LIEHT=%
oL DISPLAYING THE WARNING L IGHTS
A 31 CALL LED(LIAHT)
< ) [ o4
H 32 31 CALL DISPLY GIRATE)
2> 33 : CALL SHITCH(CHOICE)
= ) 34 IF (CHOICE .NE. 1) CALL DISPLY(MR"TE)
44 33 €0 TO 1t
jx c TAKING- DATA FOR THE BREATHING SIONAL
¥ ) & 33 CALL. mmzmmenz.mmu )
e 37 CALL CELAY(25%) )
ie 38 DO 50 N=1,NUMB
a2 ) 39 CALL DATAIN(FREG2, BREAVH (N) ?
A (o SAMPLINB FREQUENCY=10 Mz
38 AG CALL DELAY(ITIHER)
;.; ) at 40 CONTINUE .
8 P
HA c THE "READY" LED 1§ EXTINGUISHED TO INDICATE THE COMPLETIDN
s ) c OF THE DATA ACOUISITION
;‘,,'? c
e 42 CALL DODONE
X ) t PROCESSING THE BREATHINB SIBMAL STORED AT BREATH (4803
o 43 CALL RATE (SREATH, BRATE . NUMB, 10.2)
c
L
4 ) c IF THE BRCATHING SIGNAL IS TOD WEAK TO PROCESS, THEN WARNING
:,;; g LIBNT “REPEAT" WILL BE LIT
Ef ) 44 IF (BRATE .EQ. O; L.1BHT={
' 4s IF (BRATE .EQ. 799) LIBKT=1
i3] c LIRPLAYING THE WARNING LIGHTS
l;%; , 44 CALL LED(LIBHT)
o= C
7 47 50 CALL DiS®LY(BRATE)
0.2 ) 48 CALL BWITCH(CHOICE) .
* 49 IF ICHDICE .ME. 2) CALL DISPLYIMRATE)
e %) €0 TO %0
e N 51 END

Tty WG g
"X a,

MODIAE INFORMATION:

e AL

b ) COJE AP¥A SIZE = GICBH 456D
oy YARTABLE AREA S8I2E = OTBAH  1450D
\ HAXIMUM STACK BIZE = OOOLH 4D

Y

96 LINEY READ

o kil
.
-

-
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O FROGRAM ERROR(S) IN PROGRAM UNIT MONITR
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f < FORTRAN COMPILER PAGE 3
)

L9

[8I5-11 FORTRAN-80 V2.1 COMPILATION OF FROGRAM UNIT DISPLY

) > OBJECT MODULE FLACED 1IN CHANA.OB)
L) COMPILER INVOKED BY: FORTO0 CHANG.FUR WORKFILES(:FO:,:F0:) DEBUG
i ) c .
. < .
’ c
C
) | SUBROUTINE DISPLY (INFO)
2 IMPLICIT INTEGER (D)
3 EXTERNAL LED
) c
~ c CONVERSION FOR EACH DISIT
X c DIGI IS THE MOST SIGNIFICANT RIT
A ) c
) 4 D163=INF0/100
. 5 DUMMY=INFO- (100#D1E3)
v ) & DIG2=DUrMY/10
A 7 DIG1=DUMMY-(10%D162)
24 c DISPLAYING ONE DIBIT AT A TIME
*5 ) ] CALL LCD(DIG3,3)
Dl 9 CALL LCi(D162,2)
5 10 CALL LCD(DIB1,1)
Ly 1 RETURN
% 12 END
&
I.:i_ )
£
- MODULE INFORMATION:
l/.l; ‘
4 CODE ARER SIZE = 00724 114D
2 VARIABLE ARER BIZE = OOOCH 12D
7 ) MAXIMUM STACK SIZE = 0002H 2D
X 22 LINES READ
o

-

) 0 PROBRAM ERROR(S) IN PROGRAM UNIT DISPLY
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S ?
b7~ ISIS-I1 FORTRAN-B80 V2.1 COMPILATION OF PROGRAM UNIT RATE
Y DBJECT MODULE PLACED IN CHANG.OBJ
ST . COMPILER INVOKED BY: FORTBO CHANG.FDR WORKFILES(:FO:,:FO0:) DEBUS
&
bz
= c
| c .
1) SN c
|y e
2 1 SUBROLITINE RATE (DATA, HERATE , M, SFRED)
| R 2 INTEGER®: DATA (940} ,RESULT, IPEAK (480) , THRESH
i 3 INTEBER  IADDR (480) umars.m,mmmso) TP
w 4 EXTERNAL COMPB
» ) c
to c THE SLOPE TESY
LA c THE POINT IS A PEAK OF A CYCLE IF THE SIGN OF THE SLOPE OF
f: c THE SIGNAL CHANGES FRDM +VE TD —VE WHEN 1T PABSES THROUBH
, (o THAT POINT
.... c
S ) 5 "=0
12 & DO 300 I=5,NM-4
7 LEUM=0
f}' ) 8 RSUM=0
¥ 9 DO 100 N=i-—4,I-2
= 10 LSUM=L SUM+DATA (N) —DATA (N+2)
PV 11 100 CONTINUE
e 12 DO 200 N=1,I+2
- 13 RSUM=RSLIM+DATA (K) ~DATA {N+2)
1% 14 200 CONT INUE .
| 15 IF ((LSUM .LE. O) .AND. (R9UM .BE. 0)) THEN
o 16 Mete]
I 17 IPEAK (RY=DATA(I)
v 18 LADDR (M) =1 .
cx 19 END IF
(O 20 300 CONT INUE
LA c THRESHOL DING )
I 21 I=1
== 22 s CALL. COMPBC(RESULT, IPEAK(T),7)
il 23 IF (RESULT .NE. 0) THEN
e 24 Patt—1
) 20 DO S00 Nel, M
"_:' 26 IPEAK(IN) = IPEAK(N+1) -
X 27 IADDR(N) = IADDR(N+1)
K 28 500 CONTINUE
2 29  £3. 20
30 END IF
1 3t I=I+1
32 IF (I .LE. M) BD Tu 400
c
) 33 JCTRL=0
34 ICTRM=0
33 ICTRR=0 .
) 38 ICTR=0
2 37 I=2
o 38 600 IF ({IADDR(I+1) — IPEDRI(I)) .ME. 1) 60 TO &5
) 39 ICTR=ICTR+1
I
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o, FORTRAN COMPILER PAGE S
N
’...‘X * e
40 I=1+1
P a1 IF (I .LT. M-1) BD TC 600
42 &30 IF (ICTR .NE. O) THEN
43 I=I-ICTR
44 DD 700 N=I,I+ICTR-1
oy 45 CALL COMPB(RESULT, IPEAK(N+1), IPEAK(N))
- 16 IF ‘RESULT .EQ. 0) THEN
X 47 ICTRL=ICTRL+1
A 48 IF (ICTRM .NE. 0) THEN
) 49 IF {ICTRL .BE. 1) ICTRL=ICTRL+! .
. 50 ICTRL=ICTRL—1+ICTRM
PR 51 ICTRIM=0
> 52 END IF
>t s3 ELSE IF (RESWULT .EQ. 1) THEN .
7%y S4 ICTRI=ICTRM+1 i
) -] IF (ICTBR .NE. 0) THEN
i 7 ICTRM=ICTRM-1
s 57 ICTRR=ICTRR+1
A =8 END IF
| 59 ELSE
| W) &0 IC, <R=ICTRR+1
,'r. &1 IF (ICTRR .EQ. 1) ICTRM=ICTRM+%
-~ 62 END IF
o'y &3 700 CONT INUE
Lo &4 ICTRM=ICTRM/2+ICTRL
i" o &5 IPEAK (1) =1PEAK LICTRM+I)
077 ) &6 IADDR (1) =IADDR (ICTRM+I)
,-. &7 M=-1CTR
= &8 DO 600 N=I+1,M .
’ b= ) &9 IPEAK (N) = IPEAK (N+ICTR)
S 70 TADDR (N) =TADDR (N« ICTR)
‘» . 71 80C - CONTINUE
| e ) 72 ICTRL=0
- 73 ICTRM~O
Ja 74 ICTRR=0
<y 75 ICTR=D
o 76 END IF
o 77 I=I+1
L, 78 IF <1 .LT. M) 60 TO 600
| 2 €
“ y 79 I=g
2 ) 80 1900 N=IADDR(I)+1
| 4= 81 1370 N=N—-1
‘ ” 8z IF (N .6T. 1) THEN
B ) 83 CALL COMPB(RESULT,DATA (N} ,DATALIN-1))
‘ / 84 IF (RESULT .NE. 2) 80 TD 1300
| ] 85 CALL COMFPB(RESILT,DATAIN) ,0)
‘ . 86 IF (RESULT .EQ. G) THEN
az -1
{ ; : ] DO 1400 N=i,M
‘ ) 8% IPEAK (N) =IPEAK (N+1)
90 TADDR (N) =TADDR (N+1)
91 INT fasscoa it Y =4
' 92 1=1-1
?3 END IF
- 98 END IF
- o5 I=1+1




FORTRAt COMPILER PABE &
~3
26 IF (I .LT. M) 60 13 1000 S
97 P-4
r
98 DO 13500 I=2,h
99 PERIODZI-1)=iADPR (1) —IADDR (I-1)
100 1500 CONT INUE
to1 et 1
! 102 I=1 .
: 103 1530 IF (PERIOD(1)-PERIOD? 1+41)) 15660, 1660, 1660
. 104 1600 TEMP=PERIOD (1)
G 105 PERIOD (1) =PERIOD(I+1)
y 106 PERIOD (1+1)=TEMP
v 107 N=l .
(. 108 1670 IF (PERIOU(N~1} — PERIOD(N)} 1660, 1660,1640
e 109 1440 TEM>=FERIOD (N) .
e i10 PERIOE (N) ~PERIOLC (N—-1)
7 111 PERILD (E:-1)=TEiW
2, 112 N1
< 113 IFIN .6T. 1} G0 I 1620
7, : 114 15630 I=Tet
. 115 IF (I .LT. M* 63 0 1530
i, < 115 PMEDINAN=(11-1) /2
= 49 117 REDIAN=PERIC (MEL [AN)
| 118 F=l
| B 119 . 17¢0 12IFF=1ABS (PERIOT (1) ~ MEDIAN)
; 1z0 IF {IDIF~ .BY. %' THEM
. 121 DO 1800 N=I+1,M
Al 122 PERIOD (N~1)=PERIOD (N)
123 1800 CONT INUE
ot 124 =t
o 125 Imi-1
= 124 EsD IF
o 127 IsTeL
& 128 IF ¢I .LE. M &G0 YO 1700
b 4 129 18U=C .
% 130 DO 1900 I=i .M
r 131 1SUM=E SUM+PERTOD (1)
.- 132 1900 CUNT ENUE
; oL c
s 133 I7 (M .LE. O) THEN
134 FRATE=999.0 . .
X 1355 80 TO 2000
16 ELSE
137 SUM=REAL (ISI%)
128 CTR=REAL (M) : .
139  AVE=SIM/CTR .
140 FRATE=SFREQ/AVE
148 FRATE=FRATE#50.4
142 END IF
143 2000 HBRATESNINT (FRATE)
144 RETURN
145 END
Lo
" MODULE INFORMATION:
‘ ) -
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CODE AREA E1IE = O738H 1846D

VARIABLE AREA B8IZE = 063CH 159460

MAXIMUM STACK SIZE = OOO8H 8D ¢
160 LINES READ

1L

O PROGRAM ERRDR(S) IN PROGRAFM UNIT RATE

0 TOTAL PROGRAM ERROR(S) .
END OF FORTRAN COMPILATIDN ]
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Appendix E .

Amplitude Response Curves for the Filters
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‘30 Amplitude response' curve for the low-pass filte:;
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Fig. 32 Amplitude response curve for the high-pass filter
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