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DEDICATION

To Alan John Luse




INTRODUCTION

Researchers: are currently determining diagnostic criteria from
vectorcardiograns, .Non-inwasive detection of infarct location, size
and presence of a second infarct near amn older one can be accomplished.
The measurements and calculations required in the comparison of a
vectorcardiogram with these criteria can be done by computer; thus,
relieving pliysicians of much tedium, enabling them to spend a greater
amount of time on higher professional skills. In 1970,

In general, there is no difficulty in formulating an

adequate algorithm for the diagnostic evaluation of

.vectorcardiograms to be followed by a computer.

However, an algorithm for‘the pattern detection of vector-

cardiograms cannéot be adequately formulated at the present

time...consequently in .many cases the value of computer

analysis is seriously limited.

In 1978, the work of Gustafson, Willsky, Wang, Lancaster and
Triebwasser (14,15). was published, describing computerized statistical
techniques for detection of arrythmias based on R-R intervals. In
1971, at the second International Federation for Information Processing,
Technical Committee on Information Processing in Medicine, (IFIP TC-4)
Working Conference on Computer Application on ECG and VCG Analysis,‘Wblf,
MacFarlane, Friedricks, Duicmetiere, Werhrer, Van Bemmel, and Smith each
discussed programs implemented for wave recognition (47). Others, e.g.,
Pipberger, et al, (30), have produced computer programs for VCG waveform
analysis. In order to provide this diagnostic capability to the

practicing clinician, it would be desirable to develop an inexpensive

instrument which would be straightforward for a technician to operate.




Microprocessor technology, including compatible analog—to—digital-(A/D).- '.1;i
and digital-to-analog (D/A) converters, may be exploited to this end.
This thesis describes the design and implementation of a microprocessor-
based vectorcardiographic data acquisition system. The controlling
firmvare 1s written to provide support- for modular algorithms for
analysis of VCG waveforms.

A design fér a microprocessor—-based vectorcardiograph was proposed
by Anil Sahai in his doctoral dissertation: The Design of a Micro-
processor-Controlled Vectorcardiographic System (34), Due to the
introduction of improved and less expensive parts, the hardware and
software have been redesigned. The design and implementation are

presented herein.




REVIEW OF LITERATURE

Vactorcardiography

The vectorcardiogram is a planar projection of the heart dipole.
Frontal, left or right sagittal and transverse (horizontal) views are
taken. These displays are constructed by plotting one electrocardio-
graphic lead versus another instead of versus time. The passage of
time would not be eﬁident in the simple two-dimensional picture,
therefore, the line 1s modulated in some way to indicate the direction
and duration of time corresponding to a particular segment, Dashes and
teardrops shapes are used. In a more sophisticated presentation
suggested by Brinberg (¢ited in-Wartak (43)), cones are drawn depicting
the direction by their orilentation .and extent of time by spacing. A
recent technique employs color to ¢élarify the pattern (20),

The arrangement of electrodes used most frequently is the Framk
lead system (8), which is based on a homogeneous torso model (10).
There is some controversy over which lead system is best (see, for
example, Zywietz and Schneider -(47)), and much of the use of Frank
leads involves modification of the eléctrode placement (32). It is
not necessary to change the 1eaa placement to compensate for the
position of the'heart in the individual patient, as an electrical
circuit, called a resolver, exists which can perform rotations of the
vectorcardiogram (43). A discussion of the sensitivity of diagnostic
programs using the Frank lead system to mispositioning of leads is given

in Greiser and Freidricks (12).




A representation of the Frank lead system is shown in Figure 1.
The resistoxrs perform a linear combination of the body~surface
potentials, producing the three leads—X, Y, and Z. The three planes
are developed from the leads as follows: Transverse: X vs Z; sdgittal!
Zvs Y; apd frontal: X vs Y., Figure 2, also after Wartak (43); shows
a normal vectorcardiogram. Different segments of the waveforms provide
information of diaghostic value. The section of the pattern from the
isoelectric or E-point to the O-point (see Figure 2) is called the
P~1oop and is produced by atrial depolarization. As atrial repolariza-
tion is not completed before ventricular depolarization begins, the
P-loop is not closed, i.e., the O-point is not equivalent to the
E-point. Ventricular depolatrization produces the QRS~loop, the largest
in area of the three loops. The last excursion of the curve is called-
the T-loop. It is produced by ventricular repolarization. The
characteristics of the loops, the separation of their endpoints, and
the instantaneous position of the vector are all used in diagnosis. For
a thorough—introéuctdry description of vectoreardiography, see Wartak,

Simplified Véétorcardiography (43).

Normal values and variation in vectorcardiograms are being
obtained as a function of age (9,13), body size, sex (45) and race {2},
for the purpose of diagnosis of abnormal patterns. Diagnostic criteria
are being determined in many disease states, including ventricular

(1,39,41) and atrial hypertrophy (9,46), atrial flutter (46), conduction

defects——Wolf-Parkinsen-White syndrome (40}, sick sinus panconduction (31),

and blocks (4). Vectorcardiographs give information about old



infarcts (22), localization (27, 28, 33) and size (44) of infarcts,

perioperative infarcts (24), diaphragmatic myocardial infarcts (37)

-and especlally posterior infarcts, which can only be determined by
vectorcardiography (6). Ischemia (7), hypertension (2), aortic
reguréitation-{41) énd coronary occlusion (16,35) have known effects on
vectorcardiograms. The vectorcardiogram can be used t0 measure pulménary
arterial pfessure in the presence of chronic rheumatic mitral wvalve
disease (36), to detect aberrant chromosome types (23) and to monitor
the extent of damage to the hieart in Fabry's disease (25). Various
features of the vector pattern are utllized in diagnosis: the three
plaqar projections (27); instantaneous values of magnitude and direction
ofithe-vector in the planes (33); spatial magnitude (from the Pythagorean
theorem); and angle (41), ratios of magnitudes, and distances between
pointsm.'The difference between features from a priofvpattern fb‘é-
present one are used (33), and at least one group of researchers has
suggested that the variability of the pattern over time in one individual
may be significant (47).

Some researchers obtain orthogonal potentials by means of ECG
electrodes connected through a resistor scaling network to Grass
recorders. Magnetic tape recordings of analog signals are later fed
to A/D converters attached to minicomputers for data -analysis (26,47).

Others have. used commercial vectorcardiograpﬁ units (27,46), At least




one of these units is no. longer available for salel. The functions
required of such a unit are diverse.

The measurements and computations required can be accomplished
more efficiently by computer if the computer can be instructed to
recognize the waveform and to perform the analysis (43). Many programs
are already available. 1In Computer Application of ECG and VCG Analysis
(47), specific programs are described. For example, in one article,
"Conduction Defects with and without Myocardial Infarction", by
J. Gelin (11), a program is described which can give diagnoses for
complete left bundle.branch block, complete right bundle branch block,
left hemiblocks, and conduction defects with myocardial infarction.
Se%eral arrythmia detection programs are cited in the two articles by
Gustafson, Willsky, et al. (14, 15).

‘In Friedman, Diagnosti¢ ECG and VCG, criteria ar; given for the

diagnosis_of’left and right ventricular hypertrophy or enlargement,
Wolf-Parkinson-White syndrome, (based on ‘individual VCG patterms), and

a host of associations of disease conditions with arrythmias. This book
contalns many references to special articles where diagnostic criteria

may be found. Wartak, in Simplified Vectorcardiography gives

decision trees (the semantic content of a program, rather than the
instructions themselves) for diagnosis of left ventricular hypertrophy,
right ventricular hypertrophy, biventricular hypertrophy, and Wolf-

Parkinson-White syndrome.

1
) Personal communication with Mike Kellen, Medical Sales Engineer,
Hewlett Packard Co., Iowa City, Iowa.




Microprocessors in Instrumentation

While the computer systems on which these programs run -may be
more expensive than is feasible for some situations, the use of micro-
processors may.bring the cost down sufficiently to make these,diagnosfic
programs more available (18). For 'example, a recent business reply
mail advertisement from Abbott Medical Electronics states:
We've eliminated the computer from our new computerized ACS
Arrythmia Detection System, using new mlcroprocessor technoleogy.
And we've cut our selling price nearly in half while increas-
ing the system's clinical usefulness.
It }s aiso important thét an instrument be simple to learn and use (42).
By using microprocessor éomponents, instrumentation can be designed
wh&ch.is_tailored to ‘a particular application, i.e., many features which
are nét of interest can be left out, and those which are desirable

incorporated without significant impact on price. Peatman describes how

this is done in Microcéomputér-based Désign (29). This book provides an

introduction to design with microprocessors, but'is written for those
who intend to design systems at the component level, An introduction
which is more appealing, and has' the additional benefit of hands-on
experience is use of the Heathkit Microprocessor Trainer (E2).

The educational literature associated with the kit provides an elaﬁentary
but thorough description of microprocessors.. Experiments with the
 hardware are clearly spelled out, so that the user is painlessly exposed
to the use of the microprocessor,” The kit with microprocessor,
associated components, and educational literature costs $300 as of

June, 1981. Xorn's book, Microprocessors and Small Digital Computer




Systems for Engineers and Scientists (21), presents microprocessor-

based design in perspective with other computer-based laboratory
instrumentation. This book is very well-organized, presenting the
wealth of detail necessary to begin a design in such a fashion that the
sought-fof information is readily found.  Finally, further references are
given after each section. This book seems to reach its goal, to
helpvreaders understand the manufacturers' literature and
to make informed choices of 'microprocessors, minicomputers,

peripherals.

An eminently satisfying book is Microprocessors in Ingtruments and Control

by Bibbero (3). This book reviews fundamentals of ‘data acquisition and
control then digital logic before describing microprocessors., Ample
references are given.

Last, for articles describing implementation, design and debugging

specifics, it may be helpful ‘to look through Applying HierProgessors

from the Electronics Magazine Book ‘Series, ‘Altman and Scrupski (eds.) (1).
There are many features of the vectorcardiogram which may be of

diagnostic value. Provislon of all of these capabilities in one device
may lead to a ﬁery‘complicated and/or expensive piece of equipment, If

a family of ingtruments could be developed, each member of which answers
the needs of some particular investigators, without incorporating all
features, a reduction in cost and complexity could result. This set of
relatgd instruments could be developed by éesigning“hardware to acquire

raw vector data, and modular software routines to amalyze it, Selective




insertion of the program modules into the basic vectorcardiograph,
which microprocessor technology makes possible, could accomplish this

end.
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PROBLEM DESIGN REQUIREMENTS

The design requirements are divided into fiveareas: quality of
signal measured, safety of instrument, quality of display, simplicity of
use, and ease of improvement.

To be of diagnostic valué, the Frank lead signals must be acecurdtely
represented from 0.2 Hertz to 200 Hertz (43). To satisfy the Nyquist
criterion, then, a sampling (and conversion) rate of 400 Hertz‘per lead
is required of the A/D converter and multiplexer. Real-time processing
of the signal implies a conversion turn-around time of less than or equal
to 0.8 milliseconds or 800 microseconds. Turn-around time also inéludes
software execution time for gservicing interrupt requests, The time
required for a conversion can be measured using a triggerable logic
analyzér with interval timing capability. Measurements of voltage
on?each lead must be made at the same time (47),

A high input impedance on the leads is required both to improve a
signal quality and to minimize the -current drawn from the patient.

The baﬂdw;dth and resolpfion of the display must be sufficient
for-the waveforms' highest frequency components to be seen. Resolution
can be estimated by comparing the ratio of the "diameter of the illuminated
spot to the linear dimension of the display, with the ratio of the change
in voltage to be discerned to the voltage excursion of the éegment
containing the voltage change.

The controls of the device must be readily understood from the
qser's viewpoint. There should be no settings of the input devices

which are meaningléss or ambiguous. '
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The design should be modular, so' that improvements can be readily
implemented. Thorough documentation, obviously, is necessary for both

hardware and software.
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SYSTEM DESCRIPTION

The function of the instrument can be subdivided as follows:
l. acquisition of agalog ECGs 1ncluding amplification
2. filtering and sampling of the data
3. digitizing
4, storage in memory
5., control panel
6. retrieval from memory
7. digital manipulation (i.e., computation)
8. display
These functions are implemented within the instrument. A block diagram

showing the relationship of these functions is given In Figure 3.
Acquisition and Amplification of ECGs AN

The Frank lead system, the most widely used in clinical instruments
as described in Biophysical Measurements  (38), is employed, The leads
are buffered to provide high input“impedance (for electric shock
reduction and signal improvement). The buffering is followed by the
scaling network of the Frank lead system. The X, ¥, and Z leads are
then amplified by instrumentation amplifiers, filtered by second-ordex
Butterworth filters to remove aliasing, which would otherwise be
introduced by subsequent sampling, ‘and the signal raised to an offset
of 2,5V, to center the signal in the range of the input of the A/D

converter., The lead signals aré then coupled to the'multiplexer inputs.
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In van Bemmel et al. (42), a summary of filter cutoffs used by
researchers is given. Most are using approximately 200 Hertz, and only
one is using above 500 Hertz. The X, Y, and Z leads are sampled

sequéntially by a multiplexer, which feeds the selected analog channel

to a sample/Yiold amplifier. The sample/hold supplies thé SAR (successive

dpproximation register) A/D (analog-to-digital) converter which provides
digital data to the microprocessor via the data bus,.

The analog-channei switched to the sample/hold also drives the
display ciréuitry‘so tﬁat the data being gathered are displayed in

real time. Frank leads can be monitored in real time by this connection:

This is designated Real Time Mode. 1In Stored Data Mode, the output

of the sample/hold is input to the A/D converter, which outputs digital
data on the microprocessor ‘data bus. The A/D converter interrupts the
microprocessor with an "end-of-conversion" signal, at wﬁich‘time the -
processor stores the data in memoxy. The data can then be retrieved by
the microprocessor and sent to a D/A (digital-to-analog) cenverter, where
they are converted to a signal for driving the cathode ray tube, The
output of the D/A is routed to one of the channels of the analog
mutliplexer used in data acquisition, so the same multiplexer (through
which real time data are sent to the CRT) can select the previously
stored data.

The display is a low persistence CRT X~Y monitor, with a bandwidth
of 4 kilohertz (E13). The functions of the vectorcardiograph are
controlled from a front panel. ECG or VCG display can be selected,

either in real time or from stored data. When ECG data are displayed,
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the horizontal scan is supplied from a sawtooth generator circuit
(selected through the multiplexer). Presently the X, Y and Z leads aré
available, but simple modification will allow for the bipolar leads I,
IT and III to be observed as well. Any of the three VCG planes may

be sélected, either in real time or stored.

When Stored Data Mode is selected, two sets of 3-digit BCD switches

are used as inputs to the processor to define the range of samples of
the VCG pattern to be displayed. TFor example, 1f it were desired to
examine the T-loop without iInterference from an overlapping P-loop,
the switches could be set to display only' the desired portion of the
waveform. The output 1s updated-as the switches are rotated, so that
lengthening or shortening either end-of the waveform‘can be done with
rapid visual feedback. The resolution-of the switches is one sample
per least significant digit, as the waveform is made up of 1000 samples
per lead. Should a range of points be selected such that the starting
point is higher that the stopping-point, a range error light is
11luminated.

In summary, the ECG data are conditioned and input into a multi-
Plexer and can be displayed in real time or stored and then displayed
with -adjustable blanking, X, Y, Z, X-Z, X-Y and Y-Z waveforms can be

éhown.
Patient Interface

The patient iInterface 1s that part of the circuit which touches the
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patient or whose design is influenced directly by the requirements of
the patient.

In‘khe vectorcardiograph;'the'intérface comprises the electrodes,
the leads, buffer amplifiers,‘resistor"network'for scaling and combining
the input (Frank 1eadlsystem),"instrumentation~amplifiers, the high-
pass filters which prevenf formation of sum and difference frequencies
which come about due to sampling'by "the'multiplexer, -and-the conditioning
of the signal‘from"a'ﬁipolar signal to one varying from:0 to 5 volts.
ﬁommercially'available electrodes”afe'used; Buffering is presently
accomplished by'a 741 operational-amplifier non-inverting follﬁﬁer
configuration which provides a higher' impedance to the device -than it
would otherwise have. ~An-input’ impedance of “two megohms is.sppplied'
by the 741.

To prevent leakage current-entering the patient in the event of
device abuse or failure, 'optoelectronic couplers such as the MCT2 by
General Instrument or the 4N26'by“Hewlett-Packard or Motorola could
be placed in series with the operational -amplifier, These operational
~amplifiers and the patient side of the optoelectronic isolator could be
battery powered for isolation of tﬁe patient from the AC power maina@-
Optocouplers are available with' insulation voltages of 3000 vblts (E3).

The output of the optocoupler, if used, is scaled by the Frank
lead system resistor network, The network used was taken from Bio—-
physical Measurements (38) and is shown in Figure 1. After scaling,

the X, Y, and Z leads are available as differential signals. These are
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amplified by instrumentation amplifiers tailored for a gain of
1000 (El).

The amplified signal is then filtered by a second-order Butter-
worth filter, The cutoff frequency is 500 Hertz, and the response is
flat out to beyond 200 Hertz which is the high-frequency cutoff required
for diaénostic measurements (43),

The multiplexer will handle irputs in'a range centered at 2.5 volts.
A range of 0 to 5 volts was chosen. The output of the filters is
bipolar; therefore it is followed by a summing amplifier configuration
with a potentiometer to control the voltage added, As the patient
requirements have been met and the signal has been conditioned to- the
réquirements.of the multipleﬁer, this completes the design of the

patient interface,
Front Panel

The front panel is an interface between the device and the hospital
or research personnel using the instrument, The fromt panel must provide
" the means of selecting the options of which the ‘instrument is capable,
without being so cluttered that it is too difficult to understand, or
unwieldy to use in a crisis situation., ‘It is an advantage to have a
"soft" front panel, i.e., one for which the microprocessor can control
the settings of the switches, TFor example, 1if one were ‘to select YCG
mode and X-Y plane, and then select X-Z'plane, on a soft front panel

the microprocessor could automatically deselect X-Y plane perhaps
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displaying the current?state of the instruments via light emitting
diodes (LEDsS). Another method of preventing selection of incompatible
features is the multiposition rotary switch, but this does not have

the advantage of software selection of optlons on startup or reset.

The front panel used in this design is extremely simple, requiring
only two PIAs (peripheral interface adapters) to interface it to the
microprocegsor. Toggle switches were chosen to select among the different
options. Soft switches could be implemented as shown in Figure 4,
reqﬁiring significantly more parts and supply current.

The front panel includes a momentary switch labelled "Record"
which sends a non—maskable interrupt (NMI) to the processor. Use of the
NMI pin for this function reflects a choice of priority for the different
functions. Beginning a record of data is regarded as the highest
priority function of the instrument; It 1s envisioned that the
physician may see an interesting waveform on the real time display and
decide to record the ECG signals immediately. Use of a firsthin—first—
out (FIFO) buffer at the output of the A/D would expand the functionality

of the instrument to include a record of information from the inmmediate

past.

The interrupt, which is of lesser priority, is used to signal
end~of~conversion from the analog-to-digital converter. A standby switch
to inhibit any display while the switches are being set up, and a light
emitting diode (LED) indicator which lights ‘for non-meaningful combina-

tions are also provided.
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Internal Design

Interfacing the A/D, D/A, PIAs and memory to the microprocessor
was made relatively easy by the availability of parts designed for
microprocessor bus architecture.

For the analog/digital conversion, a National ADCO817 was chosen
(E10). Integrated injection logic technology permits fabrication of
analog and digital parts on the same'substrate and this chip combines a
16~channel analog multiplexer with an 8-bit successive approximation
register. Bus compatible address pins are provided for channel
selection. The chosen input is brought out to a common pin to enable
the designer to save parts by processing only the chosen signal. This
circuit places a sample/hold amplifierlat the common output (E9). The
output of the sampie/hold is fed into the analog-to-digital éonversion
pdftion of the chip. The microprocessor supplies the start pulse to
the converter, and thé latch control to the sample/hold. The conversion
takes approximatgly 100 ﬁsec, during which the hold value changes by 10
microvolts, or about 1%Z, End-of-conversion 1s signalled to the micro-
processor via CAl input of a PIA, which pulls ‘the lesser priority
interrupt line low. The interrupt is handled by a routine which stores
the data in memory. The A/D latches the value onto the data bus for
the microprocessor to load (read), and the microprocessor load (read)
instruction to the A/D address initiates another conversion. In between
the interrupts, the microprocessor is free to execute any algorithms,

such as described by Gustafson et al. (14, 15), In the current design,

no. processing of the data is done.
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One thousand data points per lead are gathered and stored in
memory. On retrieval, the data are accessed as directed by the
decimal digit switches. Three digits identify the first sample
point to display and the other three digits indicate the last piece
of data, These switches are interfaced to the microprocessor through
two PIAs. PIAs are part of the Motorola 6800 family of parts, and
can be connected directly to the microprocessor buses, They provide
two 8-bit wide programmable I/0 (input/output) ports, interrupt lines
to and from peripherals, and interrupt:lines to the processor, The

BCD switches provide a 4-bit binary output for each digit.
Display

The D/As used afe’Signetics SE 5018's which are designed for
microprocessor compatibility (E1ll). ' The inpﬁt data are latched, The
device provides a voltage output (0-10 volts), which is routed to the
analog multiplexer to be displayed. 'Before the signal is connected to
multiplexer it must be conditioned. - The voltage is divided in two by a |
voltage divider so that the maﬁimum is'5 volts and filters (low-pass
Butterworth) are used for deglitching,

Bus connections between boards are made using 12" ribbon cable, with
alternate leads grounded, to reduce coupling of one signal lead to the
nexf. Power was transmitted to the boards on separate wires. The
bus transceivers used were Signetics 8T26s: (E12). These chips can

drive 18" of unterminated line, provide 40 milliamperes of current sink




20

on outputs, and require 25 microamps for all inputs. All the bus
transceivers' supplies were bypassed with 0.1 microfarad ceramic

capacitors.

The use of high current drivers and microprocessor compatible parts

simplified the design considerably.
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SYSTEM DESIGN DETAIL

Patient Interface

Please refer to Figure 1 which shows the buffer amplifie;s and
scaling network. Many kinds of patient electrodes are commercially
available. Therefore, no development of electrodes was undertaken.
Leads from the electrodes are buffered by 741 monolithic integrated
circuit (I€) op amps (operational amplifiers). The operational ampli-
fiers provide a high-impedance input (two megohms) on the patient
side, and a low-impedance (much less than 75 ohms) on the resistor
network side. The 74ls may be expected to draw 0.00l1 microamps from
tﬁe patient, which is not expected to produce any shock (personal
communication, Dr., Curran Swift). The operational amplifier is
connected' in a unity-gain follower configuration; therefore, its
output is expected to be bipolar with respect to the right leg reference,
of millivolts in amplitude (41), and will roll-off at 20 dB/decade,
with a cutoff frequency of approximately 700 kilohertz, The outputs
of the buffer amplifiers (741ls) are connected to the Frank lead system
scaling network (resistance values are noted in Figure 1) as described
in Biophysical Measurements {(38). A value of 10 kilohms was used for R,

The output of the scaling network comprises the three Frank leads:

Vx, Vy, and V=z.
ECG Signal Acquisition and Amplification

The three Frank leads carry bipolar differential signals on the

order of millivolts. It is desirable to condition these signals for
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the input to the analog-to-digital converter (A/D). The circuit from
the differential signals up to the A/D input is given in Figure 5.

This circuit comprises a Burr-Brown instrumentation amplifier, (either
model 3660 or 3662) set for a gain of 250. This is followed by a low-
pass filter designed for a high-frequency cutoff of 500 Hertz. The
roll-off at high frequency is 40 dB/decade. The filter is a second~
order Butterworth, which is used by several research groups (45). This

particular implementation of a second-order Butterworth active filter

was obtained from Rapid Practical ‘Design of Ac¢tive Filters (17). The
function of this filter is to attenuate frequencies of 500 Hertz or
higher. Later in the signal processing, sampling will occur, which will
fold back signals at a given frequency into sum and difference
frequencies. This is called aliasing. For example, for a sampling
frequency of 1 kilohertz, a signal component of 800 Hertz will appear
at 1 kiloHertz'— BOO Hertz = 200 Hertz, and at 1800 Hertz (1 kiloHertz
+ 800 Hertz). If we are concerned about signal accuracy around 200
Hertz, and not around 800 Hertz, we can attenuate any signal around
800 Hertz, so that when it 1s folded back, its contribution will be
small compared to the signal of interest. Most researchers find no
useful information above approximately 200 Hertz; they use a low~pass
filter whose cutoff is 300 Hertz or less (47), One researcher uses

50 Hertz (47). This circuit uses 500 Hertz; therefore, frequency
response should be more than adequate. A voltage -greater than the
maximum expected QRS peak (10 millivolts) was amplified to 2.5 volts,

leading to a gain factor of 250.
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Sampling and Conversion

The sampling and conversion is accomplished by the circuit showm
in Figure 6. The inputs are from the band-pass filters described
above. The National ADCOBl? is a combinatién 16—channel multiplexer
and successive approximation A/D converter. Tour address lines are
used to select the input channel, which becomes connected to the
so-called common output. At this output, any circuitry which it may
be desirable to place before the converter is situated. In this design,
a sample/hold circuit is shared by each analog channel. The sample/hold
follows its input signal until the control input is brought low te
cause 1t to rétain data. The circuit for coﬁtrolling the sample/hold
was obtained from a National ADC0817 Application Note (E10).

The address lines are decoded to detect the address of the A/D
which is sent out on the address lines by the microprocessor in
response to either a read instruction or a write imstruction, The R/W
control line is used to signal the A/D to start a conversion and to
cause the sample/hold to hold. The end of conversion output (EOC) is
sent to a digital input of a peripheral interface adapter (PIA). The
PIA input can be conditioned by the software to respond to a falling
edge of a signal, which is appropriate in this case. Upon detection of
the EOC signal, an interrupt is sent to the microprocessor. The
interrupt handling subroutine reads the data from the A/D data output
leads, which are connected via bus buffers (discussed later) to the

microprocessor data inputs.
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At the conclusion of the data gathering routine, the sample/hold S
is allowed to sample, the address of the analog channel 1is changed, and |
a new conversion is initiated. The sample/hold biasing circuit was
6btained from National's Linear Data Book (E9). Both static and
dynamic zeroipg are made available to service persommel. Static
zeroing is correction of output offset, as in an operational amplifier.
Dynamic zeroing refers to removal of a step change in the output when the

sample/hold control input makes a transition ‘to low voltage.
Front Panel

The front panel makes available several toggle switches (five of
which are currently handled by the software), six digits of BCD switches
_for selecting intervals of therVCG loops, a push button switch for
recording (storing) of data, and an error ‘light., The front panel
interfaces to the VCG are shown in Figure 7.

The components labelled PTIA are peripheral interface adapters.

These digital interface units are members of the Motorola 6800 family of
chips, that is, they are designed by Motorola to attach directly to

the microprocessor address, data and control buses. They include

internal registers which specify the mode of operation. For example,

in the case of the EOC signal from the A/D converter, a pin is configured
as an input which will respond to a falling edge by signalling the
microprocessor on the interrupt line (discussed later). The PIA has

two separate 8—bit peripheral ports. The 16-bit lines may-be individually

programmed as an input or an output. This design calls for one output
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line to control the error light. The remaining lines are configured
(by the software) to act as inputs.

Each front panel toggle switch provides either a high (5 volts)
or low (0 volts) signal to its peripheral port pin. The data are read
by the program as if.the PIA were a memory location., The combination of
the-five—switch settings specifies a particular subroutine to the
controller program, for eﬁample, the switch setting: Real Time, VCG,
X-Y (high), Y-Z (low), X-Z (low) causes tﬁe program to invoke a
subroutine to display'the real-time frontal plane vectorcardiogram. Use
of a three-position selector switch would have been superlor to three
toggles, as it would eliminate meaningless switch combinations, i.e.,
any with more than one pattern selected, e.g., X-¥ (high) and Y-Z
(high). The BCD switches supply four bits' of binary data for each .
decimal 'digit displayed on the front panel. The logic is inverted,
i.e., 0 is represented by 1111, 5 is represented by 1010. The program o
inverts the inppt from the BCD switches before converting the ¢oncatena-
tion of three BCD numbers. to a ‘binary number.

The last input on the front panel is the Record button, which is
connected to a microprocessor input named NMI. This active-low signal
is held high by a pullup resistor, until brought low by pressing the
switch., This input signals the microprocessor to suspend its current
task, execute a subroutine specific to the NMI low interrupt, then
return to the previous operation. "In the present design, the NMI

subroutine reads data from one of the A/D converters, until 1000 data
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points are collected from each lead, and stores the values in memory.
The NMI processor pin is different from the IRQ processor pin in that
its request cannot be ignored by the microprocessor (See Figure 8). By
means of a mask bit, IRQ signals can be prevented from disturbing. the

program flow.
Memory

The memory is divided into two parts: program memoxry and data
memory. The program memory does not change. It contains the instructions
which control the instrument; these are retained in a 1024 x 8-bit
programmable read only memory, an Intel 2708 (E4)., The 2708 is UV
(ultraviolet) erasable, as a convenience for program development, It
has been superseded by thérIntel 2758, which does not require the -5 volts
and +12 volts supplies needed for the 2708, PROM (programmable read
only mémory) ﬁrogrammers for the 2758 are easier to build, as well,

The data memory must be changeable. It has been implemented by
Intel 2114s. To provide 4K x 8 of read/write memory -(RAM, or random
access menory), eight 2114s are required., As the 2114s have bi-~
directional input/output pints, and respond to the read and write
signals fast enough, they can be comnnected to the microprocessor
address, control and data buses very simply.

Selection of a particular chip within a memory array is made by
means of address bus decoding. A 74138 (3 bit to 1 of 8 line converter)
is employed to interpret microprocessor address lines Al4, Al3, and Al2,

Different patterns of these three bits represent addresses of different



parts of the circuit, -The eight output lines are used as enables for
these parts, hence the enables are named "PROM", "RAM", "PIA", etc.
Selection of a particular chip within RAM memory is made by another
74138, which currently decodes only address lines AlQ and All.

The outputs of the 74138 which decodes AlQ and All (RAM selector)
are combined with the "RAM" select line and an inverted valid memory
address (VMA) signal to form a set of chip select lines for the
individual 2114s making up the 4K x 8 read/write memory. This combina-~
tion 1s accomplished using 741527s, which are three-input NOR gates,
followed by inverters (74043). Only if RAM 1s in its active low state,
the output from the RAM.selector is in its active low state, and the
VMA is in its active low state will the NOR output become high, As
aqtivé low signals are desired for the RAM chips, the NOR .gates are
followed by inverters. An improved design would replace the NORs, and
inverters by using the additional enable lines to the 74138 RAM selector.
Chip selection can be done without use of address bus decoders, when
the entire address space 18 mot required, To see how to do this,
refer to Peatman (29), Chapter 3.

. The 2708;15 enabled by the "PROM" enable, described above. The
address chosen for the PROM corresponds to AlS; Al3, and Al12 all high,
because on reset or power—up the microprocessor sends two addresses out
on the data bus. The two bytes of data it receives from memory are
concatenated to produce the address of the first instruction, which the
microprocessor then fetches. The two addresses sent out on reset have

Al4, Al3, and Al2 high, and as it is desirable to store the first
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instruction address in the PROM, the PROM is enabled for Al4, Al3,

and Al2 high. There is an advantage in locating RAM in low addresses,
i.e., Al4, Al3, and Al2 all low. The advantage comes about via
specialized instructions for accessing low-address memory. These
instructions are faster to execute and take up less space in the PROM.
To use these instructions with the RAM memory, the "RAM" enable
corresponds to Al4, Al3, and Al2 low.

The memory is located physically on a separate board from the
microprocessor, To drive the signal lines between memory and
microprocessor, high current capability bus transceivers were employed.
Signetics 8T26s (quad bus transceivers) 'were used on both address and
data lines for simplicity in stocking of parts (E12), These bus
transcelvers have tristate outputs, eﬁabling the designer to place more
than two components on a signal lead. By controlling each device
connected to the bus, 1,e., by forcing all but one device into the high~
impedance (third) state, the remaining component -can activelf pull the
gignal lead high or low without competition from another part,

The microprocessor supplies control lines, such as R/W (read,
not write) and $#2 (phase 2 clock; also called data bus enable in this
circuit) which are used in controlling the enables of the data bus
transceivers. For example, the memory card should drive the data bus
if either RAM or PROM is enabled, (i.e., the memory address is wvalid
and address corresponds to RAM or PROM) and if a READ instruction is

being executed (R/ﬁ'is bigh). The memory board transceiver drive enable
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circuit is shown in Figure 9. The output of the second NAND is active

low for (PROM or RAM) and READ. The signal is buffered by the transceiver
which sends it to the memory board. As the transceivers are inverting,
the signal arrives at the memory board active high, and there enables

the data bus drivers for the memory board,
Microprocessor

The microprocessor board holds ‘the microprocessor chip (Motorola
6800, see Figure.8), the clock chip (Motorola 6875), the address
decoding circuits, some bus transceivers, and the manual reset pushbutton
switch. The Motorola 6800 was selected as the microprocessor to use
fo% thigiproject'because it and some other members of ‘the microprocessor
Chi; set were already owned by the department, and a cross-assembler
(MSAM from Motorola) for 6800 assembly language ‘was'available at the
1.5.U. Computation Center. Subsequent purchase of a 6800-based
microprocessor trainer (E2) by the department facllitated testing of
the individual components, by substitution (6800) or by use of the
breadboards (2114, 6820, or 6821ls). Software modules were also
debugged using the trainer.

The 6875 clock chip produces three clock signals: @1 for the
microprocessor, @2 for the microprocessor, and a higher drive capability
@2 or enable for the peripherals. The frequency of the clock signals
can be controlled by an RC circuit, as eﬁplained in the 6875 application

note (E8). The 6875 also interfaces the reset pushbutton to the
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microprocessor, supplying the fast rise time required by the 6800,
and making possible a simple input switch éircuit. Clock frequency
generatiou and input switch circuits are shown in Figure 10. A
c;ock frequency of 0.8 megahertz is usSed in this clrcuit which allows
straightforward use of the 2708 and the slowest (least expensive)

version of the 21lis.
Cables

The address, control and data buses are delivered from the
microprocessor board to the memory board and to the I1/0 board‘by means .
of ribbon cables. The ribbon cables are 16 lines wide; the address
bus (A0 = A9) is delivered to the I/0 board with some control bus
signals on one cable. Capacitive coupling can occur, however, The
ribbhon cabie carrying the 2 clock has every other conductor connected
to ground on the microprocessor side, The cable from the data bus

to the I1/0 board has alternate grounding as well.
Interface of Internal Parts to Input/Output

The interface te the front panel has been described. The PlAs
receive the microprocessor address and control signals as delivered
to the I/0 board via a pair of bus transceivers; the PIAs also connect
to the data bus. In the next section the digital-to-analog (D/A)
converter circuit will be given. The D/As interface to the data bus
lines as well. They are controlled by a signal "D/A" derived from

the address lines as "PIA" and "PROM" were, There is a circuit which
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controls the latch for data oﬂ the data bus shown in Figure 11. Q is

set to 1ow=op reset, solthe data on the data bus are presented through
transpafent latches to the.D/As. Should the D/A signal indicate one

of the DfAs is being addressed, at the falling edge of ﬁi; the data on

. the data bus will be latched into the D/A which corresponds to the A
address‘line. If A0 is high, theléértical output D/A is being addressed,
and its latch will be brought high. The 7432 is a quad 2-input NOR, 56
the inversion of RESET and A0 is accomplished using spare gates from

this chip.
Sawtooth Generator

The reﬁaining internal circuitry consists of a sawtooth generator,
which uses the circuit given im Figure 12, As indicated, different
component values cause different slopes and final values of the ramps.
The ramp is used to sweep the horizontal input of the CRT when ECG traces
are being displayed. A sawtooth waveform suitable for intensity
modulation of the CRT trace to provide the teardrop pattern which
indicates direction and rate of inscription could be implemented with
this circuit. The ramp circuit mdy be divided into two parts: the
astable oscillator which supplies a ramp interval and a recovery
intexrval, and the ramp generator, The oscillator circuit is taken from
Coughlin and Driscoll (5), p. 241. A thorough explanation of the 3.
circuit is given therein. The low-frequency sweep generator is described

in the IC'Op Amp Cookbook (19}, p. 389.
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Display

The display is produced on a Telonic-Altair Model 4060 X-Y display.

‘This inexpensive CRT monitor has an intensity control and a baﬁdwidth
of 15 kilohertz for vertical signals and a 4 kilohertz for horizomntal.
Grey-scale modulation can be accomplished by varying a voltage from
between 0 to.-100 volts, although from 0 to -20 volts is usually
Aadequate (E13). 'The X and Y inputs to the monitor are obtained at the
common output of the A/D comverter, as shown in Figure 3, The output
is amplified by a non-inverting configuration of an operational
amplifier to allow for expansion of the selected segment. In Real

Time Mode -the vertical signal comes from one of the Frank leads, through
the "vertical" multiplexer, and the horizontal lead 1is selected by

the other multiplexer. If a real-time VCG is being displayed, the
horizontal multiplexer must present another Frank lead, For ECGs; the
horizontal sweep ramp described above is selected through the horizontal
multiplexe?. For Stored Mode, the Framk lead digitized data are
feconverted (by the D/As) to analog signals. These analog signals

are presented to the samé multiplexer accepting the original Frank lead
input (but on separate channels), and through the multiplexer they can
be'displayed on the CRT.

The ramp generating the teardrop intensity pattern could be

switched onto tpe intensity modulation input by the ECG/VCG front panel

switch,
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Firmware

Figures 13 and 14 are block diagrams illustrating the program
structure. The program is written in modules or blocks. After the
organization at the block level is discussed, a detailed description

of.eaéh module follows.

Firmware Organization

The firmware is divided into three parts. The first is initiated
by power-up or by activation of the Reset switch.: Similarly; the
second 1s invoked with the Record button, and the third by the EOC
pulse output of the A/D converter. These three parts are illustrated
id Figures 13 and 14. The section of the program initiated by start-up
. or reset initializes thg PIAs, that is, it causes the peripheral ports
to be used as inputs, with the eﬁception of the pin used to drive the
LED error signal, which is configured as am output. ‘Then the peripheral
port which is attached to the front panel toggle switches is read. The
settings of the switches determine the procedure the microprocessor
should follow. The code describing the specific sequence the micro-
processor should follow in response to the switch settings is then
executed. If the switch settings are not meaningful, the error light
is 1lit. There are some instructions, e.g., those for loading an
address. into the multiplexer, which are e%ecuted for any valid switch
setting. These are performed after the setting is decoded, After the
low-order bits corresponding to the specific channel of the multiplexer

are determined, the address must be latched in and conversion initiated,
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If Real Time Mode has been selected, latching of the ECG or

ramp leads into the mﬁltiplexers is all that is required to get a
display on the scéreen, so the flow of control returns to checking

the fronﬁ panel. Stored Data Mode has additional requirements, namely

the determination of the segment of the VCG/ECG pattern which is to be
displayed.' The PIA ports connécted to the BCD switches are read, the
binary values of the switches determined, and then compared. If tﬁe
value indicating the beginning of the range exceeds the wvalue for the
end, the e;ror light 4s 1it. A spare PIA pin exists, to support
separate error lights if desired., (See the discussion of suggested
improvements.} If the range specified is valid, memory pointers
corresponding to the end points of the desired display are set up,
.and data from this area of memory are written to the D/A converters.
Theﬁ the flow of control returns to reading the front panel.

Upon depression of the Record button, the sequence which the
microcomputer was currently exeéuting is interrupted, and the second
major division dis enfered. Recording data involves initializing a
pointer to memory for data storage, latching the appropriate address
into the mgltiplexer-for the A/D converter, initializing conversion,
reading the data wﬁen they are available, storing it -in memory, updating
the memory pointer, checking for completion, 'and either retprning to
gatﬂer more data ér reestablishing the previously interrupted task,
Responsibility for the listed tasks is divided between the second and
third sections of the program. Thelthird section reads the A/D converter

output and stores data in the current memory slot. This particular

™
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division of labor takes advantage of the EOC pulse from the A/D
converter to read the digital data as soon as they are available. The

second parf eiecutes the remainder of the items listed.

Initialization of PIAs

The actual {(hexadecimal) addresses of the PIA registers are in
Figure 15a._ The instructions for ‘PIA configuration are given in
Figure 15b. The addresses of the particular registers are determined
by the wiring of the address lines to the PTIA inputs. See Figure 7
for the PIA wiring. The 4 in the fourth hexadecimal digit causes the
PIA enable to go low. Address bit A2 differentiates between the PIAS;
it is low for PTIA 1 and high for PIA 2. A2 is connectedztoqan active
high'chip enable on PIA 1, and though an inverter to the same chip
enable on ?IA 2. Once the addresses are determined, they can ﬁe ngmed
;; shown in the assembler directive EQU' (equate) statements. If the
names are used throughout the program, any hardware changes to;the
addresses can be conveniently propagated through the software by a
change in the EQU directive, with subsequent assembly. The comments
after the assembly language instructions explain their function, The
particular numbers to be loaded into the control registers are
detgrmineq from the 6820 (PIA) specification sheet (E6), Initializatién
of the PTIAs consists of setting the data direction of the peripheral
ports to inputs, with the exception of one bit, which controls the

error light.
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Determination of front panel settings:

Specific response

The switches on the front panel are connected to the PIA port. Their
status is determined by reading the peripheral port, i.e., executing a
load accumulator instruction using the port's address. The value
appearing in the accumulator is used to call a subroutine specific to
the front panel setting. These instructions are shown in Figure l6a.

The first two instructions initialize the stack to $08FF, which
is located in RAM. The RAM begins at $0000 and extends to $3FFF. The
lowest addresses in the RAM are used for varlable storage. The ECG
lead data are stored beginning at $0100. One thousand samples of each
of three leads require 3000 spaces, or up to $0BB7, Placing the stack
at $1000 allows it to grow (toward lower addresses) to more than
adequate depth. The stack holds data after a PSH (push onto stack)
instruction hﬁs been executed; If a subroutine-iéuééliéaﬂﬁfnanl‘
interrupt handled, the stack holds the return address of the interrupted
process. The stack pointer must be set to a location in RAM, so that

data may be written into memory.
- - N

There is a table beginning at location $7000, which contains a
pair of instructions for each of the 32 combinations of the five toggle
switches. The number represented by the settings 'of the switches is
used to select one pair; Each pair of instructions comnsists of a jump
instruction to a spe;ific routine and a return from subroutine (see

Appendix B). The pair of instructions requires four bytes to express,
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If the switch settings are considered as a binarynumbén,tﬁen by
.a&ding four times that binary number to the address of the table, a
.specific pair is selected. This is done in the program by use of the
ASL instruction (arithmetic shift left), which multiplies a binary
nﬁmber by two. The position of the switches in the peripheral port
supplies the'other factor of two;

The SCAN routine preloads 'an address, SWITCH, with the beginning
address of the above‘table, then calls LITEOF (Figure 16 (a)). LITEOF
turns off the LED, by forcing bit 0 to a 1 (see Figure 17 (a)). Then
it masks out those bits which are not from the front panel switches,
and multiplies the resulting binary number by two, as explained above,
This computes the low-order byte of the address into the “table of
subroutine calls" described above,

An example of a subroutine to handle the selection of stored
(rather than real-time), vectorcardiogram for X-Y plane is shown in
Figure 16 (b). The low-order bytes of two addresses are set, HMUX is
- an address specifying a multiple%er channel in the multiplexer whose
cdmmon output drives the horizontal deflection of the CRT. VYMUX is the
same for the multiplexer providing the vertical drive to the trace. For
stored data, the channels connected to the Q/As must be addressed,
OFST2 and 6?ST3 are variabiés containing an offset‘té be addéa to.tﬁe i
bdse address of ?he table of ECG lead data. The table contains the
X; Y and Z lead data, interleaved; X lead data has an offset of 0 bytes,

Y of 1 byte and Z data, 2 bytes. OFST3 is used when VCG patterns are
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to be displayed. It holds the difference in location between the
vertical axis data and that of the horizontal axis. OFST3 is added to
OFST2 to determine the location of the data plotted in horizontal
direction. Meaningless switch settipgs cause the error routine to be

executed.

Determiration of front panel settings:

Common response

Figure 17 contains some of the instructions which are executed for
any front-panel setting. SETIMUX is a subroutine which latches the
channel addréSses into the multiplexers by sending these addresses
out on theyaddress bus. The A/D1 and A/D2 pulses thus produced latch
the four bits of channel address into the respective multiplexers.

Then the front panel switches are read once more, to determine the

status of thé~Real4Timé/Stored"Mode switch, For Real-Time Mode,

everything required for the display is accomplished, and the flow

of control returns to scanning the front panel.

Display'gf‘étoredfdata - determination of "range

See Figure 18 for the instructions followed in the determination of
the'rqnge for display of lead data which has been stored:in memory.
"First the fotary binary—éoded-decimai switches used for specifying
the range of stored data to be displayed must be read from the peripheral
ports. The negative logic BCD representations are inverted by the
complement instruction. REach 8-bit pattern is separated into two sets
of four bits for each switch. Each set of four bits is stored right

justified in an 8-bit byte, The three bytes representing the starting
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value ‘are then loaded onto the stack, A subroutine which converts the
three decimal digits to a 16~bit binary representation is called. The
subroutine leaves the result on the stack. The binary representation
is then pulled off the stack and stored. The same conversion procedure
is followed for the three decimal digits specifying the end of the
range of disﬁlay.

After the start and stop values for the display have been determined,
they are compared to ensure the stop‘valﬁe‘equals or exceeds the start
value. If this condition is not met, the error routine is entered.
Otherwise conversion and display are initiated.

Figure 19 shows the instructions used in the determination of
the absolute ad&ress of the stored data. First, the starting address of
the table is pushed on the stack, then the index of ‘the entry required
in the table, then the number identifying in which of the interleaved
layers the entry sought is to be found. A 16-bit address is returned and
stored. After the address of the vertical data starting point is
determined, the address of the horizontal data is obtained,

The sequence of instructions which determines the address is shown
in Figure 19b., It is a general purpose table-handling routine.

Once the absolute address of the ECG table as specified by the
range switches is known, the data can be converted back to analog form
for the display. The output routine is shown in Figure 20.

The byte to be converted for vertical output is loaded into the

accumulator and written to the D/A connected to the wertical drive
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on the display. Then the process is repeated for the horizontal ocutput.
The addresses of the next horizontal and vertical data bytes are
calculated. Then this current address for the vertical output is
compared with the address for the last data byte to drive the vertical
output. Until the current address exceeds the endpoint, data are
converted and displayed. The D/A signal latches the data on the data
bus into the converter, which holds the analog output until a new byte

is latched in.

Recording of ECG lead data

The Record button brings the NMI input of the processor low, causing
it to fetch the address of a routine from the PROM, See Figure 21.
This routine is then executed in response to the NMI interrupt. The
routine begins by clearing the interrupt mask, thereby enabling the IRQ
interrupt line. This line will go low when the A/D produces an EOC
pulse, The next instructions initialize the pointer to the next
location in memory into which data should be written. The next instruc-
tion causes the sample/hold amplifier to heold by causing the R/W line
to be high and the A/D enable to go low which triggers the circuit |
driving the sample/hold input of the amplifier. The STA A XLEADV
initiates the A/D conversion by causing the R/W line to go low while
the A/D enable is low. -This triggers the circuit driving the START
CONVERSION pin on the A/D.

The next pair of instructions set a flag, which is reset only

when data have been loaded inte the ECG lead table, After the data
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have been secured, the table polnter 1s incremented, and the procedure
repeated for.fhe next lead., After the Z-lead has been sampled, and the
table pointer updated, the value of the pointer is compared with the
location of fhe end of the table, When the table has been filled, the
interrupt mask is set, and control returns to the routine which was
interrupted.

The routine which responds to the IRQ interrupt reads the A/D
converter output, stores that data in the location pointed to by the

table pointer, and then resets the walting for data flag, See Figure 22,
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RESULTS AND DISCUSSION

The results will be discussed with respect to the same breakdown
of functions as the circuit was described, first with respect to

hardware, then firmware.
Hardware

Acquisition of the analog ECG was demonstrated to work via
observation of the display when the instrument was functioning in

Real Time Mode., Input was obtained from a Waveforma signal generator

(E15). TIn order for the proper signal to be displayed, many parts of
the instrument were required to be functioning properly: The scaling
and translation of the analog signal, presampling filtering, front
panelldecoding software, address decoding and latching for the
multiplexer and output drive for the display.

The display presented both ECG and VCG waveforms when its inputs
were driven by the Waveforma.

The Interdependence of the various subsystems of this circuit
should have been reduced, both to facilit;te testing, and to increase
the probability that the device would recover from transient disturbances,
such as the relocation of an electrode.

Filtering was teéested separately from operation in the circuit, by the
conventional means of single sine wave input, varied over frequency, with
observatioﬂ of ratios of amplitude of the input and output waveforms, The

filters' responses were as designed (17).
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Sampling was tested in two parts. The output of the sample/hold
amplifier was tested by observation with the oscilloscope, and
compared with its input. The hold step, {step change in output voltage
on transition of sample/hold control input) was zeroed, by observing
the output on the oscilloscope, with manual switching of the control
input. The adjustment is referred to as dynamic zeroing. The decay of
the output voltage with time (called droop rate) was observed to be
within specification.

Two functions of the A/D converter were tested. Conversion of
static analog inputs worked, and the device responded to a request for
conversion with an end-of-conversion signal, after approximately
BOﬁmicroseconds.

The memory functions were'demonstrate& as follows. Retrieval
of data in the PROM was shown by proper execution of the firmware.
Storage and retrieval of data in the RAM was demonstrated by proﬁer
return from subroutines and interrupt handlers (the associated jump
instructions store return vectors on the stack, implemented in RAM),
Storage of the digitized ECG was not tested specifically., A self-test
mode, or use of in-circuit—~emulation would have been helpful to
evaluate this aspect of performance, because it would have been
possible to halt executlon of the program and examine the'vaiues stored
in the RAM. |

The control panel functioned properly, as shown by the proper

selection of the multiplexer inputs, correct software response to
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switch settings, including decoding of the BCD switches, and illumination
of the error light. Different length segments of data were returned

for different switch ;ettings. The character of the displayed data
changed somewhat with different settiﬁgs‘due to differing software
execution times; however, it was possible to show that segment selection

worked as desired.

The display was driven adequately, as shown by the Real Time Mode ‘
display of ECG waveforms from the Waveforma.
Despite attention to the subsystems as described above, the waveform

displayed in Stored Data Méde was not satisfactory, although the

implementation described seemed to display VCG stored patterns in one
dimension if the other D/A was disabled. The waveform displayed had
the character of a projection of a VCG.

Several factors may have contributed to this. One is timing. Only
1000 samples of the waveform were made, and each of these. samples took
approximately 80 microseconds to complete. The total sampling time .
amounted to 240 milliseconds, 'which would not cover an entire cardiac ™
" eyclé of a subject with a heart rate of less than 4 Hertz. As no.
pattern recognit;on was attempted, there was no synchronizatio; to the
QRS’complex, and in some cases it may have been missed entirely. This
topic is discussed further under Firmware. Another factor is the
difference betweeﬁ the frequency content of the input waveform and

that of the output waveform. Deglitching (desampling) filters were

used on the outputs of the D/A converters. The cutoff frequency was
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designed for the input waveform, i.e., no consideration was given to
the increased rate of output of the waveform from the circuit as
compared with the rafe of production at the source. A higher cutoff
frequency should have been used.

Use of a flash A/D converter would have eliminated any problems
dccurring due to the.sample[hold;amplifier, but flash converters cost
approximately $100 per chip, comﬁared with less than $15 for the CMOS.
converter that was used.

It is well-known (47) that each lead must be measured at the same :
time to produce output suitable for use in diagnosis. -This would
require three sample/hold circuits if a converter is multiplexed.

Use of a single sample/hold in the instrument provided experience
With-;his compohent without the cost of three units.

A proper test of input bandwidth would have involved'halping of
the microprécessor and examination' of the memory, perhaps by in-circuit
emulation, or use of the Motorola M;KBUG debugging program availablefin
ROM. The selection of inputs worked when the inputs were iﬁ the
specified range for the device and the power supply to the multiplexer
was stable. Display of real-time data was obtained, but the circuit was
extremely sensitive to offset voltages such as those obtained from
corroded electrodes. The 741 buffer amplifiers had to be selected for
sufficiently sﬁall output offset bias (after zeroing), because the high
gain of the instrumentation amplifiers would produce :a signal out of

range for the multiplexer inputs. Some means of protecting the
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multiplexer inputs from out-of-range signals must be developed in order
to make debugging of the circult feasible. . A 5-volt Zener diode in
parallel with a germanium dicde across the input might accomplish this.

The data were gathered at the rate of 1000 samples per lead in
approximately 240 milliseconds. The A/D and D/A chips were tested with
steady-state inputs, and shown to convert properly. The sample/hold
circuit output was examined with the oscilloscope and appeared to hold
for 'hold' and follow for 'sample! mode. One test for proper overall
conversion would have been the use of a reference input such as a sine
wave, and examination of the output signal, probably with a dual-trace
oscilloscope.

Segment selection by means of the BCD input switches appeared to
work.

The effective bandwidth of the device should have been tested as
described for conversion. This test would not have given much information
about which part of the circuit was functioning incorrectly, but would
have demonstrated proper operation. It would be interesting to determine
the amount of time available for real time analysis of the incoming
lead data. One technique for measuring this would be the use of a
logic analyzer with interv;l timing features, such as the Hewlett-Packard
16154,

Debugging would have been simpler with a standard bus between
boards, even though this would have involved delivery of signals to

.boards not requiring them, Use of better wiring technique would have
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reduced the debugging task significantly, especially attention to color
coding for address bus, data bus, power and ground. Use of clips for
routiné of wires away from corners of IC sockets would have prevented

many intermittents.
Firmware

The discussion of the results of firmware development will follow
the same outline given in the system description.

The firmware controlling acquisition of the ECG addresses the
multiplexer.  The presence of the specific pattern on the address bus
caused the address latch enable circuit to latch the four lower-order
bits of address into the multiplexer, thereby selecting a chanmnel.
Selection of input channels covers the firmrare required in'Reéal Time
Mode.

Sampling was required in Stored Data Mode. Firmware control of

sampling was divided into two parts: the initiation-'of a conversion and
the reading of the converted data, Due to the length of time required
for a’ conversion (100 picroseconds, maximum, at the 1 megahertz clock
rate), the data were read in an interrupt handler subroutine. The _
conversions were initiated upon return from the interrupt handler, The
firmware for requesting a sample is currently followed by a wait loop.
It is in this pogition of the code that any analysis routines would
execute. Executlon of another sample request currently foll&ws the

wait loop, so that the rate of sampling depends upon the rate of

conversion. This is an undesirable feature. Furthermore, simple
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installation of a delay prior to the next conversion request would
tequire a different delay to accommodate each converter. One method
of tying the conversion requests to a regular schedule would req;ire a
real-time clock, In this scheme, ‘the interrupt handler for the real-
time clock interrupt would disable its own interrupt enable, and then
enable the interrupt from the end-of-conversion output 6f the A/D
converter, after requesting a conversion. The interrupt handler for
the end-of-conversion interrupt would disable its own interrupt, store
the retrieved data .(converted value), and reenable the real-time clock
interruﬁf.

The code for digitizing and storing in memory the ECG input executed
correctly and took very few instructions.

Thée computer instructions related to reading and responding to the
coﬁtrol panel were not optimized for minimum storage requirements, but
for maximum modularity. A jump table, as described by Peatman (29) was
addressed by the settings of the panel grouped as fields. This technique
is very simple to write; it worked immediately.

Use of memory mapping of the peripherals simplified input and
output software. All I/0 (input/output) instructions are either reads or
writes, exactly as used with memory.

The entire program for this device worked, and is presented in the
Apperidix. It fit, with some space left over, in 1K (1K = 1024) bytes
of memory. The output routipe, for updating the display in Stored Data

Mode, read the BCD switches to determine the beginning and ending points
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of data to kisplay. The léop for displayirng a point was executed a
variable number of times, the number of repetitions depending upon
the segment length.

Thus, the number of times a selected segment was traced on the
screen per‘unié time (screen refresh rate) depended upon the length
of the segment. Shorter segments (fewer than 500 points) were notice-
ably more pleasant to view. Therefore, more rapidly executing output

code should be written.
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CONCLUSIONS AND SUGGESTIONS

Despite remaining problems with the current implementation of the
microprocessor-controlled vectoréardiogfaph, it seems feasible to
develop a machine capable of producing diagrostic quality VCGs, which

“would support special ‘purpose routines for specific diseases, or
other investigations. References to literature containing diagnostic
programs were given earlier in this thesis. One further function of.
this instrument would be the capability of uploading the data to a
larger méchine for more sophisticated analysis, or for storage. Motorola
provides compatible chips for Direct Memory Access, which would probably
be the preferred method of transfer.

-Some other improvements include addition of three operatipnal
amplifiers to produce leads I, II, and III and the addition of another
sawtooth generator to modulate the intensity of the display. The
front panel could be improved by the use of soft keys as explained
previously., Improvements related to the display might include a linear
sweep, a software sweep, adjustment of the recovery time (time between
end of one sweep and beginning of the next) espécially for Stored Data

Mode, interpolation of the data for Stored Data Mode and magnification

for smaller segments. A D/A converter with higher precision, would
allow more ECG traces across the screen, without reducing horizoptal
resolution. The use of sample/hold amplifiers on each of the input

channels, rather than one shared by the channels could eliminate the
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difference in timiﬁg‘of measurement of the three leads, if the sample/
hold control was a signal to each of the leads' amplifiers. Separate

error lights for the different error conditions might clarify‘improper
operation of the device. Some calibration of the display, and a trace

of loﬁget persistence may improve the usefulness of the output.
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Figure 1. Frank lead network with unity gain buffers on inputs
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Figure 2. Vectorcardiograph and electrocardiograph waveforms
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1. Frank lead network 7. D/A converter
2, Instrumentation amplifier and filter g. OQutput filter
3. 16 channel multiplexer and A/D converter 9. Microprocessor
4. Sawtooth generator 10. Memory
5. Cathode ray tube display 11. Control panel
6. Sample/hold amplifier

Figure 3. System block diagram
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1. Switch with pullup resistor
2. Light emitting diode

3. Peripheral interface adapter

Figure 4. Soft front panel switch
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+5 +15

1., A/DIC - : 5. Sample/hold amplifier
2. Start conversion, signal hold mode 6. Output offset bias

3. - Return to sampling state control

4. Sample-hold mode flip-flop 7. Hold step zeroing

Figure 6. Analog-to-Digital comversion
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Program Counter
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8 -Bit 16 -Bit ———
Data Addrass Bus
Bus Bus Control

Figure 8. Microprocessor package
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#1 to processor chip
’ ' §> 1k johm #2 to processor chip

@2 to peripheral circuits
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SWITCH

ufd

Figure 10. Clock circuit
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RESET _ horizontal output
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D7A

Figure 11. D/A data latch enable



40M Vee
14
' 4 |
1M 556 3
4.7 uF 2 -| P__l3
| .01 uF
| E
C

Figure 12,

Sawtooth generator

7404 1na148

(3) .
47 X o :
-15 Vo»-—-——~%;‘\ . =
1.9 M ™10 uF
\§._____
-

o]

1L



72

1. Flow chart for instructions in Figure 22.
2. Flow chart for iInstructions in Figure 21.

Figure 13. Software block diagram I.
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2l
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>
1. Instructions of Figure 15b. 2. Iastructions of Figure 16
2. 1Instructions of Figure 17. 4. Instructions of Figures

18, 19 and 20.

Figure 14. Software block diagram II



ADDRA

BCD34
ACRA

ADD RB
BEDS56
ACRB’
BDOR A

FPSHI

"~ BCRA
BDORB

8CD12
BCRB

Figure 15a.

EQu

EQU

EQU-

EQU
Equ
EQU

EQu

EQU

EQU

EQU

EQU

EQU

PIA .register addresses

$4400

$4 000

%4002

 $4002

54002
$4003

$4005

$4004

- $4007

.54006

$4006
$4007
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PIA A data direction.
register for A port

PIA A peripheral port A
PIA A control register for
A side

PIA A peripheral port B
PIA A peripheral port 8
PIA A control register for
B side

PIA B control register for
A side _
PIA B peripheral port-A -
front panel ' “
switches and error Light
PIA B control register for
B side

PIA B data direction'registér_

for B side

PIA B peripheral port.B
PIA B control register for
B side ' -



LDA

STA
L DA

STA
LDA
STA
LDA

STA
LDA
STA
LDA
STA
LDA

STA
LDA
STA
L DA

STA
LDA

STA
LDA
STA
LDA
STA

Figure 15b.

>

DPBrn

DPPD D

> >

#$00

ACRA
H500

ADDRA
#3044
ACRA
H#300

ACRB
#300
A-DDRB
- #8004
ACRB
#s0

.BCRA
#%01

BD:DRA .

#3507

BCRA
#300

BCRB
#$00
BODRB

#4304
BCRB
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To address data d1rect1on
register A

-Store 0 in control register A

Set data direction register to
inputs

For peripheral port A

To address peripheral port A
Store 4 in control registeéer A
To address data direction-
register B :

Store 0 in control register B
Set data direction to input
for peripheral port B

To address peripheral port B
Store 4 in control register B
To address data direction reg,
A .
Store 0 in control register A

. Set data direction to 1nput

except bit O

For peripheral port A

To address peripheral ports .
and enable CAI on rising edge
Store 7 in control register A
70 address data direction
register B

Store 0 in control reg1ster B

i,

To set peripheral port to 1nput

Store 0 in data direction
register B
To address peripheral port B

Store & in control register B-:c

Initialization instructions for PTA registers

¢



STACK

ERROR

SCAN

LITEOF

Eau
LDX
TXS
LDA
AND
STA
LDA
STA
JSR
LbA

ORA

STA

AND .

ASL
STA

LDX
_ RTS

JSR.

RTS

Figure lé6a.

> 2

A

$1000
#STACK

FPSWI1

#%1111 1110

FPSWI
#3870

SWITCH

LITEOF

A

A

B

»

FPSWI

¥%0000 0001

FPSWI

#%20011 1110

[

SWITCH + 1

SWITCH

STRXY
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Set Stack Pointer

Initialize high byte of
subroutine pointer to

. High byte of location of

subroutines
Jump to LITEOF

Load accumulator with

front panel switches :
Set bit 0 highs cother bits
unchanged

Write into -peripheral registers

turning LED off

Force bits 7» 6 and O too:
keeping toggle status-

Multiply by 2

Use toggle sett1ng as low byte
of subroutine

Place subroutine address in

x register

Handle stored x lead vs y léad_

Specific response to front panel settings



STRXY

Figure 16b,

LDA
STA
LDA

STA

" LDA

STA
LDA -

STA

RTS

#DAHLO

HMUX + 1

HDAVLO

VMUX + 1

#%00

. OFST2

#301

OFST3
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Place low byte of address of.
horizontal -

D/A- in accumulator

Store it in low byte of
horizontal

multiplexer address

Place low byte of address. of-

vertical

D/A in accumulator :
Store.in low byte of vertical
multiplexer address

X lead data are the first
stored in tead data

Array so its offset = 0

Y Lead data are stored 1 byte
below X data

So its offset is 1

Specific response to front panel settings, continued



JSR
LDA
ASR
"ASR
BCS

SETHMUX LDA

STA

L DA
STA
LDA
LDA

SETMUX

A FPSWI1

SCAN

A FVHI

>

VMUX

HHHI
HMUX
VMUX
HMUX

- 3 -
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Latch addresses into
multiplexers

Bring front-panel switch
settings

into multiplexer

Shift real-time/stored bit
into carry bit -

If real-time is selected:
return to scan routine
Place high order byte ‘of
address of vertical multi-
plexer in accumulator
Store in high order byte-
of channel address

Same for- horizontal. drive
muéltiptexer

Place channel addresses on
address bus., thereby
selecting channels

Figure 17. General response to front panel settings
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JSR GBCODS Get values of BCD switches

LDA A START + 2 Place value from switch 3
_ : into accumulator
PSH A Then conto stack
LDA A START + 1 Same for switch 2
PSH A - ’
LDA A START ~ Same for switch 1
PSH A i
JSR BCDTHX . © Convert the three digits
to 16 bits
PUL A . 0f binary
STA A BSTRT + 1 Putl the binary value
PUL A . off the stack
STA A BSTRT And store
GBCDS LDA A BCD12 Read the peripheral port

connected to

COM A~ the first two BCD su1tches:

"CLR B complementing the data

ASL A Clear the B8 accumulator

"ROL B . shift the highest order bit -
into the . S

ASL A Carry and then to low end

ROL B O0f B accumulator., 4 times .

ASL A Which puts switch 1 into the B

ROL 8 Accumulator ‘

ASL A :

‘ROL B .

STA B START Store the value of switch 1

LSR A Bring the value of -switch-2

LSR A o Back to low-order half of

LSR A o Accumulator A

LSR A

STA A STARY 41 Store value of switch 2

- _ Do the same for remaining &

. suitches

RTS '

Figure 18, Stored data range determination



LDA
PSH

LDA -
PSH

LDA
PSH
L DA

PSH

LDA
P SH
LDA
PSH
JSR
PUL
STA
PUL
STA
ADD
$TA
LDA
ADC
STA

P2 D> D

HTABLO
HTABH1
BSTRT+1
BSTRT
53

OFS T2

NTAB

ouUTV

OUT V41
OFST3
OUTH#1
ouTvV
#0

ouTv -
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Place tow-order byte of address on lead
data storage table onto stack
Same for high-order byte

Place Low-order byte of address of
Begin point within table onto stack
Same for high-order byte

Place'number of different interleaved
Values in table onto stack

Place O-based index of interleaved value
Within table onto stack A
Retrieve location of addressed datum
Pull high-order byte of address off stack
Store in high-order byte of address

Same for low=-order byte

Having Located data for vertical display
Add offset to get location of data for
Horizontal display

Propaqgating carry : <o -

if any

-

Followed by same for endpoint of range

Figure 19a.

Determination of absolute address of stored data
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Figure 19b.
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Pull high-order byte of return

"address from stack and store

Same for low-order byte

Pult index into interteaved
tayers from stack and store
Pull number of Layers inter=
teaved off stack and store

Pull index within layer off
stack and store high-order byte

- Same for low-order byte

Pull ‘ _ ,
starting address of table off.
stack and store high-order- byte
same for low—order byte

Load index

register with index within lLayer
If it is zeros just add offset
to table address

Take starting addresse

add number of layers to it

as many times as the '
index into the individual tayer

Then add the offset
Push resulting address on stack

Propagate carry into high~order
byte and push it on stack

Bring back the return

address onto stack

and then return

Determination of absolute address stored data
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Figure 20,
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Qutput routine
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Load X with the location

of data to be converted

Load accumulator with data

to be converted ]

Write these data to vertical
D/A converter :
Same for horizontal output data

Load accumulator with Low-order
byte of .

Address of horizontal datums,
add 3 to address

to get address of next horizon-
tal datum to be converted
Propagate carry

and store .

Same for vertical

. tr

Load A, B and X with addresses
of end of range and current
value within range

tall 16 bit compare. .
If endpoint is equal nr hicher:
than current pointer, keep
converting

etlse return
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Figure 21.
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A DATAWT
A DATANT
WAIT1

_TABPTR

TABPTR

Same for Y.,2Z
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LDA
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JSR
BGE
SEI
RTI1
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Clear interrupt mask

for EOC to interrupt

Load X with pointer to ECG data
Store beginning of table

in table pointer

Read to A/D makes S/H hold
Write to A/D initiates
conversion ]

Turn waiting for conversion
flag on and store

When waiting flag reset to zero
Data have been loaded

Increment pointer to Llocation
For next datum -

‘After datum from Z lead stored

ATABPTR

A HTABFHI
B #TABFLD
CMP 16
GETX

Load X with current pointer
into data table

Load A, B, with address of end
of table

Compare

Until current pointer exceeds

Endpoint. Continue to convert
Eise return

Gathering of ECG lead data
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APPENDIX: COMPUTER PROGRAM

(MOTOROLA M68SAM CROSS-ASSEMBLER)

(M685AM 1S THE PROPERTY OF MOTOROLA SPD. INC.)
(COPYRIGHT 1974 BY MOTOROLA INC.)

(RELEASE 1.1)
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