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High-quality medical instrument and equipment design is important to ensure functionality,
quality and aesthetics. Engineers need the right tools to develop new products that exceed
requirements increase innovation and reduce costs. This bachelor’s thesis develops a con-
cept and provides an insight into the design process of a new tool — a device that will collect
vital physiological data — a portable hi resolution EKG recorder.

The main objectives of this thesis were to prove the concept of a hi resolution EKG recorder
and provide a basic knowledge bank for anyone willing to design and manufacture a practical
implementation of the tool. These objectives were fulfilled by providing use case scenarios,
conducting market research and finally building a functional prototype with focus on both
hardware and software architecture.

This bachelor’s thesis sequentially covers the basics of electrocardiogram as well as minimal
safety design requirements. Finally, current performance and design limitations of the re-
corder as well as several improvement ideas are given.
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1 Introduction

In 1902 a Dutch physician Willem Einthoven recorded the first practical cardiogram from
the human heart using a device called string galvanometer. Einthoven’s invention con-
sisted of a very long silver coated quartz filament of a very small mass that conducted
electrical currents generated by the heart. Powerful electromagnets positioned on either
sides of the filament caused it’s deflection from side to side in proportion to the current
carried. The movement in the filament was heavily magnified and projected onto a mov-
ing photographic plate. Three buckets of saline solution acted as electrodes for both
arms and left leg. These limbs produce what is known as Einthoven'’s triangle, a principle
still used today in modern EKG recording. Willem Einthoven Was awarded the 1924 No-
bel prize in Physiology or Medicine. (ethw.org, 2016)

As one can already guess, electrocardiography is a non-invasive, fairly simple process
of recording the electrical activity of the heart over a period of time, using electrodes
placed on the skin. It is a tool of remarkable clinical power. One glance at an EKG (elec-
trocardiogram) can diagnose an evolving myocardial infarction, identify a potentially life-
threatening arrhythmia, pinpoint the chronic effects of sustained hypertension or the
acute effect of a massive pulmonary embolus, or simply provide a measure of reassur-

ance to someone who wants to begin an exercise program. (Thaler, 2015)

Going little bit ahead, the ultimate goal of my work is to create a prototype able to acquire
live data from real patients, which would be crucial for the design, optimisation and veri-
fication of various medical equipment like physiological monitors and electrocardio-
graphs. The idea of this thesis was brought to me by two of my colleagues at General
Electric Healthcare Oy: Juha Virtanen (Hardware Architect) and Kimmo Hauskaviita

(Test Automation Engineer).

2 Electricity and the Heart

In this chapter the fundamentals of EKG as well as artificial pacemaker devices will be
discussed. “Cardiac Cells” and “12 Views of the Heart” chapters are based on Thaler
Malcolm’s book - “The Only EKG Book You'll Ever Need”.



2.1 Cardiac Cells (Thaler, 2015)

Cardiac cells, in their resting state are negatively charged on the inside with respect to
their outsides. This electrical polarity is maintained by membrane pumps, that insure the
appropriate distribution of ions (mainly sodium, potassium, chloride and calcium). These
ions pass into and out of the cell via special ion channels in the cell membrane.

Cardiac cells can lose their internal negativity in a process called depolarization. In
some cells, known as pacemaker cells, it occurs spontaneously. In others, it is initiated
by an arrival of an electrical impulse that causes positively charged ions to cross the cell
membrane. After depolarization is complete, the cardiac cells restore their resting polar-
ity through a process called repolarization. Repolarization is accomplished by mem-
brane pumps which reverse the flow of ions across the cell membranes.

An electrical tracing called action potential can be obtained if one cycle of depolariza-
tion and repolarization of a single cell is being recorded Figure 2-1. With each spontane-
ous depolarization, a new action potential is generated, which in turn stimulates neigh-

bouring (adjacent) cells to depolarize and generate their own action potential.

Omy/

o
~30mV

Figure 2-1 Generic action potential of a cardiac cell.

Depolarization is propagated from cell to cell, producing a wave of depolarization that
can be transmitted across the entire heart Figure 2-2. This wave of depolarization repre-
sents a flow of electricity, an electrical current, that can be detected by electrodes placed

on the surface of the body.
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Figure 2-2 Wave of depolarization spreading from cell to cell.

All the different waveforms that can be seen on an EKG are manifestations of these two
processes: depolarization and consequent repolarization.
From the standpoint of the electrocardiographer, the heart consists of three types of cells:
e Pacemaker cells — under normal circumstances, the electrical power source of
the heart.
e Electrical conducting cells — the hard wiring of the heart.

¢ Myocardial cells — the contractile machinery of the heart.

2.1.1 Pacemaker Cells

Pacemaker cells are small cells approximately 5 to 10 um long. These cells are able to
depolarize spontaneously over and over again. Each spontaneous depolarization serves
as a trigger for a wave of depolarization that initiates one complete cycle of cardiac con-
traction and relaxation. The dominant pacemaker cells are located high up in the right
atrium. The group of cells is called sinoatrial (SA) node, or sinus node for short Figure
2-3. These cells typically fire at a rate of 60 to 100 time per minute, but the rate can vary
tremendously depending upon the activity of the autonomic nervous system and the de-

mand of the body for increased cardiac output.



Figure 2-3 Sinus node location in the heart.

2.1.2 Electrical Conducting Cells

Electrical conducting cells are long, thin cells, these cells carry current rapidly and effi-

ciently to distant regions of the heart Figure 2-4.

Figure 2-4 The hard wiring of the heart.



2.1.3 Myocardial Cells

The myocardial cells constitute by far the largest part of the heart tissue. They responsi-
ble for the heavy labour of repeatedly contracting and relaxing, thereby delivering blood
to the rest of the body.

When a wave of depolarization reaches a myocardial cell, calcium is released within the
cell, causing the cell to contract. This process, in which calcium plays the key intermedi-
ate role, is called excitation — contraction coupling.

Myocardial cells can transmit an electrical current just like electrical conducting cells, but
they do so far less efficiently. Thus, wave of depolarization, upon reaching the myocardial
cells, will spread slowly across the entire myocardium.

The waves that appear on the EKG primarily reflect the electrical activity of the myocar-
dial cells, which make the vast bulk of the heart. Pacemaker activity and transmission by
the conducting system are generally not seen on the EKG. These events simply do not
generate sufficient voltage to be recorded by surface electrodes.

2.2 12 Views of the Heart (Thaler, 2015)

Electrodes can be placed anywhere on the surface of the body to record the heart’s
electrical activity. If we do this, we quickly discover that waves recorded by a positive
electrode on the left arm look very different from those recorded by a positive electrode
on the right arm (or any other limb).

If a wave of depolarization passing through the heart is moving toward a surface elec-
trode, that electrode will record a positive deflection (electrode A) Figure 2-5. If the wave
of depolarization is moving away from the electrode, this electrode will record a negative
deflection (electrode B). If the wave of depolarization is moving perpendicularly to the
electrode, the electrode will record a biphasic wave (electrodes C and D). The effects of
repolarization are precisely the opposite.



Figure 2-5 Wave of depolarization moving through the heart. Voltage defections on 4 different positive elec-
trodes are represented.

An EKG lead can be formed by observing the differential signal between any two physi-
cal electrodes. It is important to notice that the wave of depolarization represented on
the image above will be best seen by forming an EKG lead out of electrodes A and B,
while electrodes D and C may not be very useful.

The heart is a three-dimensional organ and its electrical activity must be understood in
three dimensions as well. A couple of electrodes are not adequate to do this. Today, the
standard EKG is made using 10 electrodes, which all together form 12 leads. Each lead
views the heart at a unique angle, enhancing its sensitivity to a particular region of the
heart at the expense of others. The more views the more the information provided.

To prepare a patient for a 12-lead EKG, two electrodes are placed on two arms and two
are placed on the legs Figure 2-6. These provide the basis for the six limb leads, which
include three standard leads and the three augmented leads. Six electrodes are also

placed across the chest, forming the six precordial leads.



Figure 2-6 EKG electrodes for 12 lead full EKG

2.2.1 The Six Limb Leads

The limb leads view the heart in a vertical plane called the frontal plane. The frontal plane
can be thought of as a giant circle superimposed on the patient’s body. The limb leads
view electrical fields (waves of depolarization and repolarization) moving up and down

and left and right through this circle Figure 2-7.

e Lead I is the voltage between the positive left arm electrode and right arm elec-
trode:
I =LA—-RA (1)

e Lead II is the voltage between the positive left leg electrode and the right arm
electrode:
Il =LL—RA (2)



e Lead III is the voltage between the positive left leg electrode and the left arm
electrode:
I =LL—-LA (3)

The three augmented limb leads are created somewhat differently. A single lead is cho-
sen to be positive and all the others are made to be negative, with their average essen-

tially serving as the negative electrode (common ground) Figure 2-7.

o Lead augmented vector right has the positive electrode on the right arm. The
negative pole is a combination of the left leg and left arm electrodes:
aVR = RA—> (LA + LL) 4)
e Lead augmented vector left has the positive electrode on the left arm. The neg-
ative pole is a combination of the right arm and left leg electrodes:
aVL =LA -~ (RA+ LL) (5)
e Lead augmented vector foot has the positive electrode on the left leg. The neg-
ative pole is a combination of the right arm electrode and the left arm electrode:

aVF = LL -~ (RA + LA) (6)
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Figure 2-7 The limb leads and augmented limb leads represented as blue and red vectors respectively. Wiki
image.

2.2.2 The Six Precordial Leads

The six precordial leads are arranged across the chest in a horizontal plane. Whereas
the leads of the frontal plane view electric fields acting up, down, left and right, the pre-
cordial leads V1 through V6 record waves of depolarization and repolarization moving
anteriorly and posteriorly.

The six precordial electrodes act as the positive poles for the six corresponding precordial
leads: V1, V2, V3, V4, V5 and V6. Wilson's central terminal is used as the negative pole.
Wilson's central terminal V,, is produced by averaging the measurements from the electrodes

RA, LA, and LL to give an average potential across the body:

Vi =3 (RA+ LA +LL) @)

e V1is placed in the fourth intercostal space to the right of the sternum:
v1i-1, (8)

e V2 is placed in the fourth intercostal space to the left of the sternum:
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V2 -1, 9)
e V3 is placed between V2 and V4:

V3 -1, (10)
o V4 is placed in the fifth intercostal space in the midclavicular line:

V4 -V, (11)
e V5 is placed between 4 and Vé:

V5 -1V, (12)
e V6 is placed in the fifth intercostal space in the midaxillary line:

Ve —V, (13)

2.3 Artificial Cardiac Pacemakers

Artificial pacemaker devices are closely related to the goal of this thesis work, in partic-
ular: recording of artificial pacemaker artefacts as seen at the skin surface via EKG leads.
In more details this will be discussed in next chapter — “Setting of Goals”. Therefore, it is
important to provide the reader with basic information regarding artificial pacemaker de-
vices.

The primarily purpose of a pacemaker is to maintain or impose a heart rate on a patient’s
heart either because the natural pacemaker cells are not “firing” often enough or because
of a blockade in the heart’s electrical conductive system. Thus, it is an implantable device
which generates electrical impulses delivered by electrodes to contract the heart's mus-
cles and normalise the electrical conduction system of the heart. Figure 2-8 and Figure

2-9 are an example of an implantable pacemaker and one of its bipolar electrodes.

{Huilecel  OIYT “HEERCKMA MEXAHRECKR]
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Figure 2-8 Implantable bilocular electric pacemaker with telemetry. Manufactured by Izhevsk Mechanical
Plant “Baikal” (IMZCorp, 2018).
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Figure 2-9 Endocardial bipolar electrodes. Along with electric pacemakers are intended for continuous stim-
ulation of the heart activity (IMZCorp, 2018).

A simple implanted pacer’s activity is generally not visible on a normal EKG trace be-
cause the very fast pulses with widths of microseconds get filtered out, but in any case,
they are too narrow to appear on a trace with resolution in the milliseconds. However, its
signals can be inferred by pacing artefacts, voltage pulses that accompany the meas-
urement of the heart’s own electrical activity at the skin surface measured on EKG leads.
For EKG machines and patent monitors it is important to be able to detect and identify
pacing artefacts because they indicate the presence of the pacemaker - and help in

evaluating its interaction with the heart.

As an example, AAMI EC11 states:

“The device shall have the capability of displaying the ECG signal in the presence of
pacemaker pulses with amplitudes between 2 mV and 250 mV, durations between 0.1
ms and 2.0 ms, a rise time of less than 100 us, and a frequency of 100 pulses/minute.
For pacemaker pulses having durations between 0.5 ms and 2.0 ms (and amplitude, rise
time, and frequency parameters as specified above), an indication of the pacemaker
pulse shall be visible on the recording; this indication shall be visible on the display with
an amplitude of at least 0.2 mV RTI.” (AAMI, 1991) (Kruse & Redmond, 2012) Please
refer to Figure 2-10.
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Figure 2-10 Ideal pacing artefact. “Detecting and Distinguishing Cardiac Pacing Artefacts”, (Kruse &
Redmond, 2012).

3 Setting of Goals

3.1 Background

As the benefits of quality management within a manufacturing environment became ap-
parent, so did the need for global standardization. In 1987 the International Standards
Organization (ISO) published their ISO 9000 family of quality management system stand-
ards, these were made available to provide a process baseline and help companies en-
sure that their products and services consistently meet the needs of their customers.

Verification process is a crucial step on the way of developing a new product, service or
system. This process insures that all design specifications, requirements and regulations
involved will be met. As one can imagine verification is important when developing any-
thing: from a pencil to a large cyclotron. Both of those devices/items must serve their
own purposes under the imposed conditions: the pencil must be able to leave visible
marks on paper and/or glass, film etc. without its core being broken too easily, the cyclo-
tron in turn must accelerate charged particles outwards from the centre along a spiral
path without causing harm or executing its user. Complex medical equipment such as a
patient monitoring system is certainly not an exception and must be subject of verification

process.
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Prior to clinical tests and throughout the development process of a new patient monitor-
ing system it will often be tested using a commercially available patient simulator such
as the Fluke ProSim 8 Vital Signs Patient Monitor Simulator Figure 3-1. The simulator is
capable of outputting pacer pulses of the following pulse widths: 0.1 ms, 0.2 ms, 0.5 ms,
1 ms, and 2 ms + 5 % and amplitudes: O (off), +2,+4,+6,+8,+10,+12,+ 14, + 16, +
18, £ 20, + 50, + 100, £ 200, £ 500, and £ 700 mV for lead Il (reference lead).

ke

Figure 3-1 Five EKG electrodes and an SpO2 sensor are attached to the Fluke ProSim 8 simulator. Image
belongs to Fluke Biomedical (Fluke Biomedical, 2018).

Even more interesting would be the results of a test involving a programmable DAC Fig-
ure 3-2 and a database of pre-recorded patient live data. By streaming hundreds of dif-
ferent live EKG records through a patient monitoring system under test and further per-
forming statistical analysis a very good understanding of the monitoring system perfor-
mance can be obtained. An excellent example of a free physiological signal database is

PhysioNet, it will be explained further in this text.
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Figure 3-2 PXle-4322 8-channel analog output module can be used in verification tests. Image belongs to
National Instruments (National Instruments, 2018).

A portable data acquisition EKG device with high enough bandwidth would allow to ac-
quire additional live data from volunteers during clinical tests, thus enriching and refresh-
ing the existent physiologic signal databases with more up to date information on current
pacemaker devices. In a similar manner, the EKG acquisition device may show itself
useful when understanding the effects of electromagnetic interference produced by elec-
trosurgery, Left Ventricular Assist Devices (LVAD), Magnetic Resonance Imaging (MRI),

Radiation Therapy, Static Noise and other noise sources induced in the human body.

3.2 Hi-Resolution EKG Recorder Concept

To understand whether there is an actual need for yet another EKG device — firstly, the
concept must be formed and specifications estimated, secondly market research must
be done where the concept will be compared to already available models, which can be
freely obtained.

Device specifications are always set according to the device use case scenarios and
overall idea behind. In our case, the specifications of the Hi-Resolution EKG Recorder
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will be primarily affected by the basic properties of the input signals expected to be rec-
orded (acquired). Pacemaker pulses are of a major interest; therefore, these must be

analysed.

3.2.1 EKG & Pace Pulse Artefacts Signal Analysis

One of the EKG databases from http://www.physionet.org/ will be used for the analysis

Figure 3-3. In this context, a database is simply a collection of recordings (records), avail-
able as a set of flat files. PhysioBank databases consist tens to thousands of records
that may each be quite large (in some PhysioBank databases, the size of a record can
be a gigabyte or more, although typical record sizes are a few megabyte). Many of the
databases currently in the PhysioBank Archives were developed at MIT and at Boston's

Beth Israel Hospital (now the Beth Israel Deaconess Medical Center).

PHYSIONET - I T

PhySiONet Top LINKS

PHYSIONET LIBRARY

PHYSIOBANK About PhysioBank

v viv v viw

PHYSIOTOOLKIT Databases )| Clinical Databases Phy

| + I Rece
PHYSIONETWORKS LightWAVE Wav complex physiologic signa O"‘
Help PhysioBank ATM

PhysioBank - Data
PhysioBank Search

PhysioBank Database Index
PhysioBank Record Search
MIMIC-1ll Database @

Extemal Resources

AN PhysioToolkit - Softwaro

& S
BEaSns NS PhysioToolkit Software Index

PhysioNet offers free web access to large collections of recorded physiologic signals (PhysioBank) and related open-source
software (PhysioToolkit). PhysioBank databases are made available under the ODC Public Domain Dedication and License

PhysioNetWarks workspaces are available to members of the PhysioNet community for works in progress that will be made
publicly available in PhysioBank and PhysioToolkit when complete

Use the PhysioNet button (top left) or start from the site map to explore this web site, or use the Search tool (top right) to locate.
pages of interest. The answers to many common questions are in the FAQ

dical (maging.and Tutorials

Online Data Viewers

Figure 3-3 http://www.physionet.org/ main page (PhysioNet, 2018).

The selected database has hundreds of 12 lead EKG (8 channels) records with artificial
pacemaker artefacts being present as part of the physiologic signals. The format of each
record is as follows:

e MIT Signal files (.dat) are binary files containing samples of digitized signals.
These store the waveforms, but they cannot be interpreted properly without their
corresponding header files. These files are in the form: RECORDNAME.dat.

e MIT Header files (.hea) are short text files that describe the contents of associ-
ated signal files. These files are in the form: RECORDNAME.hea.

o (.prf) are called annotation files and contain information regarding the exact lo-
cation of each pacemaker pulse artefact.



16

Each record is roughly 15 seconds long and contains 16-bit samples at 75 kSa/s. Figure

3-4, Figure 3-5 and Figure 3-6 are given for better visualization of the database content.
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Figure 3-4 Waveform graph displaying 3 leads of EKG with clearly visible artificial pacemaker pulses. The
bottom graph visualizes pacemaker annotation data.
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Figure 3-5 Power spectrum of the above displayed EKG signal.
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Figure 3-6 Magnified view of the 9th artificial pace pulse of the above 3 lead EKG.

3.2.2 Bandwidth Definition

As mentioned in the previous chapter, one of the main functions of the recorder would
be to record live patient data, where the cardiac-pacing artefacts (pacemaker pulses) are
being part of the signal or EKG trace. To better understand this design requirement lets
refer to an ADAS1000 Electrocardiogram Analog Front End designed by Analog Devices
Inc. The ISIC has two Low Pass filters to choose from on its EKG channels: “monitoring”
and “diagnostic” with 40Hz and 150Hz bandwidths respectively. Such low bandwidth
makes an implanted pacemaker’s activity typically not noticeable on a normal EKG trace,
because the very fast pulses — with typical widths of hundreds of milliseconds — get fil-
tered. A solution to this problem for my device specifically would be to use high enough
filter bandwidth with a corresponding ADC sampling rate.

Similarly, each of the possible electromagnetic interference sources, which are likely to
induce noise in the human body, have their own typical frequency spectrum.
PhysioBank EKG records are samples at 75 kSa/s, as indicated in the previous para-
graph. This sampling rate implies to roughly 35 kHz of bandwidth (Nyquist—Shannon
sampling theorem). Such ADC bandwidth should be enough to represent an artificial
pacemaker signal as well as record various noise sources from the human body such as

electrical noises caused by electrosurgery or Left Ventricular Assist Devices (LVAD).
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3.2.3 Safety Design Requirements

An EKG simply monitors the electrical activity of your heart. It doesn’t emit any electricity
besides AC Lead Quality currents used to identify bad electrode connections and the
driven right leg circuit (DRL) intended to eliminate interference noise by actively cancel-
ling the interference. EKG is completely safe. However, both the patient and the operator
must be protected from power surges or overvoltage coming from the ac mains and from
any current path through the ECG electrodes that could exceed the recommended limit
of 10 yA rms. The ultimate goal is to ensure patient and operator safety from dangerous
voltages or currents that can occur should there be a fault condition in the ECG subsys-
tem itself or in some other medical device attached to the patient or operator. The human
heart is most sensitive to electric current in the 50 Hz to 60 Hz range. As little as 34 pA
rms at 50 Hz/60 Hz traveling through the heart has been shown to compromise the heart
and cause a life-threatening event. (Crone, 2011)

Defibrillator shocks carry another threat which must be considered. Victims of sudden
cardiac arrest (SCA) can be saved with a small, prompt lightning bolt to the chest. The
shock (3 to 5 kV and 50 A) stops the heart from unproductive fluttering (fibrillating), which
fails to pump blood to the brain and other organs. It also allows the heart to restart orderly
pumping of blood. With no warning or any preparations, the EKG recorder must endure
this electrical shock and continue working properly. The EKG recorder must maintain the
total probable leakage current below the threshold that can harm a human heart as pre-
viously explained. (Laumeister, 2014)

These safety challenges will be solved in the next chapter related to design of various
parts of the EKG recorder prototype. This will allow for the device to meet basic safety

design requirements and be used for practical measurements.

3.3 Market Research

Today there are many companies designing and manufacturing devices capable of EKG
recording. These EKG devices come in different form-factors, they are designed for var-
ious use cases, have different level of complexity and performance. Some are portable
EKG recorders that fit into one’s hand and are intended for personal use like the Omron
HeartScan HCG-801 (can be seen below), others are sophisticated diagnostic EKG ma-
chines capable of recording 12 lead EKG like the GE MAC 5500 HD, a third group of
commercially available devices is intended for research applications only.
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Prior to starting the design of yet another EKG recording device it is important to conduct
a basic market research intended to confirm the need for such device.

o Digidata 1550 Digitizer
The Axon Digidata® 1550 Digitizer is a low-noise high-resolution 16-bit data ac-

quisition system for electrophysiology recordings.

Figure 3-7
¢ |A-400D 4 Channel Physiological Amplifier

Each channel of the IA-400D has a switch to allow selection of either a 40 Hz or

10 kHz low pass filter.

Figure 3-8

When the above two devices are combined the performance will be good, but the system

will be big and bulky. This will limit the usability during clinical tests etc.

e [X-214 Data Recorder

Four channel physiological data recording unit.
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Figure 3-9

Amplifier frequency response limited to 2 kHz. Is not able to work in standalone mode,
requires PC.

e ECG100C Electrocardiogram Amplifier

Figure 3-10

Requires additional data logger.

e HeartScan HCG-801 ECG Monitor
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Figure 3-11

Great form factor but low input bandwidth. Only 1 EKG channel.

e Various patient monitors and EKG machines

Figure 3-12 GE 800 MAC.

Figure 3-13 GE PROCARE B20

These devices are not suitable due to their low sampling rate. Typical sampling rate used
is around 300 Sa/s.
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4 Prototype Design

4.1 Device Architecture, Component Selection and Embedded Software

As we have already set our goals and expectations, we know what we want from the
EKG recorder and its specifications has been estimated, it is an appropriate time to start
the actual design. The first step would be to define the principle schematic of the device
hardware followed by a detailed discussion on the exact hardware architecture, which
would be influenced by many factors as discussed further in this text.

4.1.1 EKG recorder Principle Schematic

50kQ

User Interface

i

Storage

media

Figure 4-1 Principle schematic of the Hi-Resolution EKG Recorder. To simplify the schematic only one set
of electrodes is displayed, denoted here as RA and V1.
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Figure 4-1 Everything starts from the actual EKG electrodes Figure 4-3 which are re-
sponsible for a continuous unbroken pathway from the skin to the rest of the measure-
ment circuitry. Each pair of electrodes that form a lead composition senses electrical
signal from a body’s skin surface and conducts each signal in differential format via
shielded EKG electrode cables, through 50kQ protective resistors and defibrillation pro-
tection. Low-noise amplifier is used to amplify strictly the difference of a particular lead
composition. Next follows the ADC stage responsible for simultaneous digitalization of
the amplified signal. After the microcontroller has received enough data from the analog
to digital converter — data is being transferred to a storage media in a predefined format.
Besides controlling the ADC and storage media the involved microcontroller is also re-
sponsible for the user interface operation, which consists of both controls and indicators.

Figure 4-2 gives an overview of the assembled recorder.

Figure 4-2 Assembled Hi Resolution EKG recorder.

4.1.2 EKG Electrodes. “The Sensors”.

Below is a photograph of a disposable, monitoring EKG electrode:
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Figure 4-3 SKINTACT® monitoring EKG electrodes inside their hermetic envelope. (Skintact, 2018)

A typical disposable electrode has an adhesive backing which is made of foam, clear
tape, soft cloth or other material and may provide secure placement of the electrode on
the skin surface for several days. The carbon sensor itself is in the middle of the adhesive
material and is covered by Ag/AgCl layer. Skin to sensor contact is provided by a liquid
gel, which actually limits the continues electrode use time, as it dries Figure 4-4.

Figure 4-4 Aqua based gel of a disposable EKG electrode. (Skintact, 2018)

4.1.3 Defibrillation Protection and Protective Resistors. Safety First.

As previously explained in “Safety Design Requirements”, defibrillation protection and
electrode leakage current protection must be implemented on each channel of the EKG
recorder. Application information for the ADAS1000 EKG analog front end will be used

as reference for the design Figure 4-5.
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Figure 4-5 Possible defibrillation protection on EKG paths using neon bulbs. Extract form
ADAS1000/ADAS1000-1/ADAS1000-2 documentation.

This design uses neon lamps to supress hi voltage defibrillator surges alternatively tran-
sient voltage suppressors (TVSs) or gas-discharge arrestor tubes can be used. The 22
MQ resistors shown connected to RLD are optional and used to provide a safe termina-
tion voltage for an open ECG electrode. Right leg drive (RLD) will not be available in our
EKG recorder, alternatively the 22 MQ resistors can be connected to ground. In addition
to the neon lamps, transient voltage clamping circuits such as SP724 can be used to
protect the amplification stage of the EKG recorder from overvoltage events.

Please note that the above circuit provides total serial impedance of 5 kQ per EKG path.
To ensure adequate current leakage protection the total serial impedance may be in-

creased to about 50 kQ. Some EKG patient cables include embedded resistors.

4.1.4 Amplification Stage

In many industrial, measurement, data acquisition and medical applications where dc
precision and gain accuracy must be maintained within a noisy environment, and where
large scale common-mode signals are present — instrumentation amplifiers are widely
used. These devices amplify the difference between two input signal voltages while re-
jecting any signals that are common to both inputs.

Below is a schematic of a typical instrumentation amplifier based on 3 operational am-
plifiers Figure 4-6. Op-amp U1C is used as a unity gain difference amplifier with precisely

matched resistors that are all equal in value: R; and R;3, R, and R,. Op-amps U1A and
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U1B in their noninverting configurations are used to buffer the inputs of the ampilifier, by

providing high input impedance and gain.

u1a
Win_1
; OPA422TPA R2
AN,
4 ’7/‘/ Yout_1 ki)

1kﬂ

Rg
500

AT 0PA422TPA
| ‘\J\ Waut_2 fa
A,
1 }( 1k
Win_2 OPA4227PA R3
u1B

Figure 4-6 Typical op-amp instrumentation amplifier topology.

The output voltage of op-amp U1A in its noninverting configuration is:

Vout1 = Vin1 (1 + ) Vina (;:_Z) (14)

Similarly, the output of U1B can be expressed as:

Voutz = Vinz (1 + :’_Z) — Vi (j:_Z) (15)

Therefore, the differential amplifier at the rightmost (U1C) has a differential input voltage:
R R R
Voutz = Vourr = Vinz (1 + é + RS) Vin1 (1 + = Z) (16)
Incase of Ry =Ry =R :
2R 2R 2R
Voutz = Vourt = Vinz (1 4+ 20) = Vint (14 22) = (1 4 522) Vinz = Vin)

(17)

Op-amp U1C has unity gain since, R, = R; = R, = R, therefore, the final output of the
instrumentation amplifier is:

out - 1(Vout2 - outl) - (1 + )(sz inl) (18)
where:

P Vout _ 2R
Gain = & e~ Lt kg (19)
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Two identical instrumentation amplifiers based on OPA4227PA were built for simultane-
ous recording of two EKG leads Figure 4-8, Figure 4-9. OPA4227PA contains 4 high

precision, low noise operational amplifiers Figure 4-7. Three were used to build instru-

mentation amplifier as previously described and one (U1D) was used to buffer an addi-

tional low pass filter stage intended to limit the signal bandwidth prior to analog to digital

conversion. It is also important to note that resistor R; is now connected to a low-imped-

ance source, such as a buffer or a voltage reference. The reference voltage will cause

U1C to shift/offset its output by 1.65V. This would allow for the instrumentation amplifier

to be directly interfaced to an analog to digital converter expecting signals in the range

from OV to 3.3V. Signal bandwidth and range will be further explained in the Analog to

Digital Conversion paragraph.

Vout

OPA4227PA R2 R1
Vout_1 1kQ 1kQ
LPF stage
R7
33kQ
c1
| ) ==10nF
5 Vout 2 R4 OPA4227PA  \no
1 + ‘ 1kQ 1.65v
Vin_2 = OPA4227PA R3

u1B 1kQ Vref

Figure 4-7 Amplification stage of the Hi-Resolution EKG Recorder.

OPA4227PA
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Figure 4-8 Stack of two instrumentation amplifiers based on OPA4277PA.

Figure 4-9 Stack of two instrumentation amplifiers based on OPA4277PA, bottom view.
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Instrumentation amplifiers are also available as integrated circuits from several manu-
facturers and will be used in future revisions of the recorder. An IC in-amp typically in-
cludes closely matched laser trimmed resistors and therefore offers excellent common

mode interference rejection.

4.1.5 Analog to Digital Conversion (Digitalization of EKG)

The world is not digital; it is analog. Microphones, thermometers, speakers, light sensors,
and even video cameras are all analog sensors. Electrical signals being sensed with a
pair of EKG electrodes are certainly analog as well. Even though the process of analog
to digital conversion involves quantization of the original analog signal and thus intro-
duces a certain amount of quantization error such conversion of the pre-amplified EKG
signal is a crucial step. This will significantly ease further signal manipulations by using
various digital signal processing techniques such as digital filtering (to be discussed more
further in this text). In addition, AD conversion will allow for the recorded data to be stored
digitally (magnetic tape, flash memory, optical media etc.) with many consecutive bene-
fits related to generation loss, management of records, compatibility with existent sys-
tems etc.

The result of an analog to digital conversion is a sequence of digital values that have
been converted from a continuous-time and continuous-amplitude analogue signal to a
discrete-time and discrete-amplitude digital signal. The number of bits in such digital
value defines the resolution of each conversion or sample. Typical MCU have 8-bit, 10-
bit, 12-bit ADC while high precision stand-alone AD converters may have 24-bits or even
32-bits.

v
Resolution = Vg = ref/ZN bits (20)

From the above equation, it's clear that the number of bits N alone is not enough to
define resolution which in our case has unit of volts [V/]. ADCs also require reference
voltage V;..;. This is a stable voltage to which the current reading will be compared

to produce the binary output. The analog reference voltage is scaled by the resolution.
Another important parameter in any AD conversion is the sampling rate or rate at which
new digital values are sampled from the analog signal. An integrated microcontroller an-
alog to digital converter (RX71M, S12ADC) will be used as part of the early prototype

design.
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4.1.6 Microcontroller Selection

The core component of my Hi Resolution EKG Recorder will be its microcontroller. Its
choice will greatly affect the design flow and selection of various components which all
together form the device circuitry. Figure 4-10 shows a general MCU structure to better
understand the functionality of the component:

, MCU
nput

Devices DA Repeats input—process
{compute)—output cycle, as
directed by instructions.

Switches, sensors, etc.

CPU Memory Peripheral

Functions

Reads, decodes,
and exacules
instructions.

| Stores instructions Connects CPLU
(program data). to |/O devices,

Figure 4-10 General MCU structure (Renesas Electronics, 2018).

The MCU incorporates a CPU (central processing unit), some memory, and some cir-
cuitry that implements peripheral functionalities. If we wish to anthropomorphize, we can
say that the CPU does the "thinking," the memory stores the relevant information, and
the peripheral functions implement the nervous system—the inputs (seeing, hearing,
feeling) and the responses (hand and foot movements, etc.). (Renesas Electronics,
2018)

The criteria for the project were to find a compact development board, based on a high
performance 32-bit microcontroller with a vast range of peripherals primarily targeting
connectivity and good development tools provided. These not very strict criteria can be
explained with the fact that what was needed, was a good platform with good potential
around which to build the system. It was decided to use the “RX71M Revelation Kit”. This
compact development board is based on 240MHz RX700 series microcontroller, which
is the highest performance series in the RX family of 32-bit microcontrollers Figure 4-11

first introduced in 2009 by Renesas Electronics. RX is an acronym for Renesas Extreme,
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a description of the key concept behind the product family, that is "extreme high perfor-

mance".
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Figure 4-11 Road map of the RX family. (Renesas Electronics, 2018)

Software support includes: “e? studio” — “Eclipse” based IDE, which covers build as well

as debug interface, Renesas Flash Programmer (programming of the microcontroller’s

flash) and FIT (Firmware Integrated Technology) Figure 4-12, which aims to simplify em-

bedded software development by providing middleware and drivers for I/O Ports (GPIO),

Serial Communication Interfaces, USB, FAT File System, ADC and a lot more.
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Figure 4-12 Firmware Integration Technology. (Renesas Electronics, 2018)

4.1.7 Secure Digital (SD) card vs USB flash drive.

When comparing user experience of using either SD card or USB flash there are not
many differences one may think of. Therefore, the one which would be easier to interface
with the RX71M microcontroller was used, providing the required level of performance.
In this paragraph, the storage media of choice will be discussed. SD card and USB flash
drive are perhaps the first two options one may think of. In general, both are compact,
widely spread flash memory devices of closely comparable storage capacity, data trans-
fer speed and price. Both devices can be seamlessly used with an operating system to
transfer data. At first sight, these are not the most intriguing but certainly practical solu-
tions for the application. And so, such will be my two options to consider.

If from user experience point of view there are barely any differences, then from interface
point of view SD card and USB flash drive are completely different. The default bus pro-
tocol for the SD Card is SD mode, but the card can also be configured to operate in the
much slower and simpler SPI mode. In SD mode, the card operates in clock serial mode
with bus widths of 1-4 bits. In SPI mode, the card operates in 1-bit mode only. In contrast,
USB flash drive uses no clock signal but a differential data line to communicate with a
host device. USB stands for Universal Serial Bus.

By looking at the RX71M features, both - full-speed USB 2.0 and SD host communication
interfaces are supported by hardware (high-speed USB 2.0 is not present in the 100-pin
version of RX71M). Therefore, the options to consider remain two: SD card, USB flash
drive.

As previously mentioned, “Firmware Integrated Technology” provided by Renesas was

used to lighten the embedded program development. “USB Host Mass Storage Class”
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and the dependent upon “USB Basic Firmware” are the two provided FIT modules for
USB flash drive interface. In contrast, the “SD Host Interface (SDHI)” FIT module re-
quired for the SD card functionality in its native Secure Digital mode was not available
as of Autumn 2017. Implementation of a custom SDHI drivers would have been simply
unpractical due to its complexity. Full-speed USB 2.0 has been selected for the initial
prototype design.

4.1.8 RX71M Revelation Board

In the heart of the development board Figure 4-13 (chip on the left IC1) Figure 4-14 is a
100-pin version of the 32-bit RX71M microcontroller (R5F571MLCxFP) featuring RXv2
processing core, 4MB Flash, 552kB RAM and vast range of peripherals. A QVGA TFT
LCD with touch screen, allows for a HMI (Human Machine Interface) solution on a single
chip microcontroller to be implemented. A USB port, several peripheral interfaces and
an On-Chip Debug circuit are also provided on-board.

000
©000000000000000" "t

0000000}
56888568 | ¥ coooacio

Figure 4-13 RX71M Revelation Board with a USB flash drive and user interface LED panel.
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Figure 4-14 Diagram of the bottom side of the RX71M Revelation Board. Top side contains the TFT display
and is thus not visible. (Quick start guide for the Renesas RX71M Revelation Kit, 2016)

e IC1-100 pin RX71M microcontroller.

e [IC2 - RX631 E2 Lite on-board debugger chip.

e USB CN3 — USB connector of RX71M USB unit O peripheral.

e USB CN9 - Power supply and USB port for the E2 Lite on-board debugger. Pro-
gramming of the board is done via this connector.

e CN1, CN2, CN8, CN10 — Connectors for hardware extensions.

e CNS5, CN6, CN7, CN13 — Jumper pins for configuring the LCD module located on
the top side of the development board.

e CN12 - Connector for the LCD module. This module is connected via a ribbon
cable.

e CN14 — Connector for a separate touch screen.

e CN11 — Connector for an external E1 emulator.

e SW1 — Push buttons for program functions.

e SW2 - Two switches to turn on the debugger mode or the reset mode, respec-

tively. SW2 functionality is summarized in Table 4-1.

Table 4-1 SW2 functionality.

Use Case SW2-1 SW2-2
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“Renesas Flash Programmer” ON OFF
Using debugger in “e? studio” ON OFF
Program execution (reset mode) | OFF OFF

e LEDS5 — E2 Lite on-board debugger status LED. This LED is continuously ON
when the connection to the debugger is established. Please refer to Table 4-2 for

more details.

Table 4-2 LED5 functionality.

LEDS Meaning

Continuous light USB connection to the PC driver at the
CN9 USB connector is established.

Flashing light Power supply active, but no USB con-
nection to the PC driver.

No Light No power supply at the CN9 USB con-
nector.

e LEDO, LED1 — user programmable LEDs.

4.1.9 Getting Started with “e? studio”. Development Environment.

Probably the easiest way to start working with the Revelation Board would be installing
the Eclipse IDE based “e? studio” with selected support for RX devices and the CC-RX

compiler.

4.1.9.1 Creating New Project

For detailed instructions on how to create a new project for the Revelation Board in “e?
studio” please refer to the Appendix 1.

4.1.9.2 Adding FIT Modules to the Project
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Before even trying to compile the just created project, r_bsp FIT module must be included

by using “e? studio” FIT Configurator Figure 4-15. The r_bsp package provides a foun-

dation for code to be built on top of. It provides startup code, iodefines, and MCU infor-

mation for different boards. There are 2 folders that make up the r_bsp package. The

'mcu’ folder contains files that are common to a MCU group. These files provide func-

tionality such as easy register access, CPU functions, and a file named 'mcu_info.h' for

each MCU group. The 'mcu_info.h' file has information about the MCU on the board and

is configured based on the information given in r_bsp_config.h. The information in

'mcu_info.h'is used to help configure Renesas middleware that uses the r_bsp package.

The 'board' folder has a folder with startup code for each supported board. Which MCU

and board is chosen is decided by the settings in 'platform.h’.

2l Peripheral Functions f Code Preview [ Properties

&

Name of the project to add FIT modules: | EKG_recorder

Target Board | RSKRX7TTM

Available Modules

~ | Advanced Filters...

T FIT Configurator 52

Selected Modules

fag | Fi] Generate Code

Modules Version
r_bsp 3.60
r_byteq 1.60
r_can_rx 212
r_crmtw_re 1.30
r_cmt_nc 3.20
rdac_mx 310
r_dmaca_mnx 1.05
r_dtc_m 2.08
r_eeprom_spi 2.34

Description

Board Support Packages.
Byte-based circular buffer library.
CAN APl for the RX71M, RX84M, ...
CMTW Driver

Sirnple CMT driver for creating ti...
Digital-to-Analog Converter driver
DMALC driver

OTC driver

Clock Synchronous Control Mod..

Modules
r_bsp

Version

3.60

Add Module »>

Details

<< Remove Module

Dependencies: None

The r_bsp package provides a foundation for cede to be built on top of. It provides startup code,
iodefines, and MCU information for different boards, There are 2 folders that make up the r_bsp
package. The 'mcu’ folder contains files that are common to a MCU group. These files provide

Figure 4-15 Inside FIT configurator list of supported FIT modules by the target board is displayed.

-

Value

After adding the selected r_bsp module "Generate Code” must be clicked in order to add

the corresponding module files to the newly created project named EKG_recorder.

O
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v = r_config
[E] r_bsp_config_readme.bd
|| r_bsp_config.h
[€] r_bsp_interrupt_config.h
|=| EKG_recorder HardwareDebug.launch

Figure 4-16 Project Explorer window shows changes made by the FIT Configurator. New directory "r_bsp”
and ’r_bsp_config.h” user configurable file have been included to the project.

The project folder bearing name ‘r_config’ contains user configurable files which corre-
spond to drivers or middleware modules added by the FIT Configurator Figure 4-16.
Each of these files contain various initialization and operation settings for a driver or
middleware and usually must be edited by the user for correct operation. In our case the
following parameters have been set inside the ‘r_bsp_config.h’ configuration file (part of
the Board Support Package) Figure 4-17:

o #define BSP_CFG_XTAL_HZ (12000000) -
Input clock frequency in Hz (XTAL or EXTAL).
e #define BSP_CFG_PLL_MUL (20.0) —

PLL frequency multiplier factor select.

e #define BSP_CFG_MCU_PART_PACKAGE (0x5) —
Microcontroller package type.

The input clock frequency is specified and then the system clocks are set by specifying
the multipliers used. The multiplier settings are used to set the clock registers in “re-
setprg.c”. In my case a 12MHz quartz resonator in combination with PLL frequency mul-
tiplier set to 20 results in system clock running at 240MHz (ICLK). Same file sets periph-
eral module clocks (PCLKA, PCLKB, PCLKC, PCLKD), flash-IF clock (FCLK) and
external bus clock (BCLK).
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BSP_CFG_USER_CHARGET_FUN
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BSP_CFG_RUN_IN_USER_MODE
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BSP_CFG_CLOCK_SOURCE
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k source (PLLSRCEL). Choose which clock source to input to the PLL circuit.
clock sources:
clock (default)

#define BSP_CFG_PLL_SRC (@)
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Figure 4-17 ’r_bsp_config.h” configurable file has been opened for further editing. "r_bsp_config.h” is part
of the Board Support Package.

5% Peripheral Functions || Code Preview [T] Properties | ¥ FIT Configurator 2 El | et | % Generate Code = = 5
Mame of the project to add FIT modules | EKG_recorder w * Pin Setting
I Option Value

Target Board | RSKRX7IM ~ | Advanced Filters...
Available Modules Selected Modules

Modules Version  Description ~ || Modules Version

T_rspi_n 1.70 RSP Driver r_bsp 3.60

T_rspi_smstr_n 1.14 RSPI Clock Synchronous Single Master Co... r_usb_basic 1.22

rrte_rx 27 Real-Time Clock driver r_usb_hmsc 1.22

r_s12ad_m 230 Multi-Channel A/D and Sensor Driver. r_tfat_driver_nx 1.03

rsd_m 3.04 ADPCM compress/de-compress codec so.. r_tfat m 3.03

r_scifa_smstr_nc 1.09 SCIFA Clock Synchronous Single Master C... r_gpio_n 230

r_scif_nc 1.20 Multi-Channel Multi-Mode SCI FIFO Driver. rs12ad_m 230

r_sci_iic_nc 220 Simple IC Driver.

r_sci_mx 2.00 Multi-Channel Multi-Mode SCI Driver. v

Add Module > | << Remove Module

Details

Dependency: r_bsp version(s) 2,90, 3.00, 3.07, 3.10, 3.20, 3.30, 3.40, 3.60 e

This A/D driver supports the temperature sensor, internal reference voltage sensor, and all analog channels
available on the MCU., Single scan and continuous scanning are supported, Group and Double Trigger
modes are supported. Triggers may be synchronous, asynchronous, or initiated by software. The RX210

Figure 4-18 Selecting additional FIT modules for peripherals and file system support.

The selected modules will be needed in our case Figure 4-18:
e r_bsp — Board Support Package.
e r_usb_basic - provides USB basic host and peripheral firmware.

e r_usb_hmsc - provides USB Host mass storage class driver.



39

r_tfat_rx - TFAT library is a FAT file system which just requres small memory.
TFAT library is based on FatFs.

r_tfat_driver_rx - memory driver interface connects TFAT library and Device
Drivers(USB etc).

r_gpio_rx - implements a General Purpose Input/Output driver.

r_s12ad_rx — 12-bit Analog to Digital Converter driver

4.1.10 Embedded Software

Even the most finely crafted prototype will not do anything useful without the microcon-
troller’s on-chip flash memory being programmed with the right set of instructions called
a machine code. Compilers and assemblers are used to convert both high-level and as-
sembly language codes into a compact machine code. In the case of RX71M, “e? studio”
IDE with connected CC-RX compiler will take care of this process. In case of successful
compilation of the human readable - high level C programming language, the develop-
ment environment creates a MOT file (machine code), which can be in turn directly up-
loaded to the Revelation board (RX71M development board). Image below Figure 4-19
shows the tool used to upload machine code contained in Record 1dot13.mot to the

target device.
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Es Renesas Flash Programmer V3.03.01 (Free-of-charge Edition) — b4

File  Device Information  Help

Operation  Operation Settings  Block Settings  Flash Options  Connect Settings  Unigue Code

Project Information

Current Project: Rec_Rash.mi
Microcontroller: R¥71M Group Endian: | Little ~
Program File

CAlUsers\alfavie? studio‘workspace'Recorder_1dot]3%Hardware Debug Recorder_1dot 1 3.rl Browse...

CRC-32 : BECS9EAB

Hash Operation

| Erase > Program >3 Verfy

Start

[Code Flash 1] 0xFFCO0000 - 0xFFFFFFFF  zize: 40 M A

Wiritine data to the target device
[Code Flash 1] 0xFFCO0000 - DxFFCOESFF  size: 57 K
[Code Flash 1] 0xFFFFFFO0 - 0xFFFFFFFF  zize : 256
[Confie Areal 000120040 - 0x0012007F  size : 64

Werifying data
[Code Flash 1] 0xFFCO0000 - 0xFFGOE3FF  size: 67 K
[Code Flash 1] 0xFFFFFFO0 - 0xFFFFFFFF  gize : 256
[Confiz Areal 0=00120040 - 0x0012007F  size: 64

Dizconnecting the tool
Operation completed.

Clear status and message

Figure 4-19 Renesas Flash Programmer V3.03.01 used to erase, program and verify the on-chip memory
of RX71M.

4.1.10.1 Source Code Ejxplained.

The flowchart below is intended to explain the algorithm of the EKG Recorder typical use
case as well as higlight some key points related to the device operation such as
initialization of peripherals Figure 4-20.



Interrupt upon scan

completion ?

Store ADC sample inside circular buffer

Figure 4-20 RX71M source code flowchart.

Host Mass Storage Device Class
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USB flash drive

detected ?

Create new record file on the USB flash

drive.
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in circular buffer ?
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Cloase record file.

Create Header File
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Before running the user application there are a series of operations that must be per-
formed to get the MCU set up properly. Common examples include: setting up stack(s),
initializing memory, configuring system clocks, and setting up port pins. No matter the
application, these steps need to be followed. To make this process easier the Renesas
Board Support Package, abbreviated as r_bsp, is used. At the lowest level the r_bsp
provides everything needed to get the MCU from reset state to the start of the applica-
tion’s main() function. These post-reset routines are defined in resetprg.c .

The first visible step on the flowchart is the RX71M USB peripheral initialization. This is
a complex step involving both initialization of the microcontroller and its surrounding
hardware. The USB peripheral use is simplified by USB Basic Host and Peripheral Driver
(USB-BASIC-F/W FIT). This module performs hardware control of USB communication
and initialization. Prior to using any of the driver functionality - input/output signals Figure
4-21 of the peripheral function have to be allocated to pins with the multi-function pin
controller (MPC), as shown below:

e P2<4> to USB0_VBUSEN -Turns the internal charge pump providing
VBUS on and off.

e P2<1>to USBO_EXICEN - Connect SHDN to GND to enter shutdown and
reduce supply current to less than 1pA.

Connect SHDN to VL for normal operation.

e P2<0>to USBO_ID - Output of ID_IN level translated to VL

e P1<4> to USB0_OVRCURA and P2<2> to USB0_OVRCURB
- Provide output voltage detection for use
during HNP handshaking (USB overcurrent

detection).
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Figure 4-21 Extract from the RX71M Revelation Board schematic featuring the USB port and
MAX3355EEUD+ USB OTG chip.

Besides supplying 4.8 V to the USB port when used in host mode and providing ESD
protection the OTG chip is intended to automatically notify the system on the type of USB
being connected to the USB port, that is A or B and eventually switching the mode of
operation from host to peripheral and vice versa. This functionality will not be used by
the EKG Recorder; thus, the USB port of the device will always remain in host mode
unless an overcurrent condition is detected by the USB-BASIC-F/W FIT driver. Next fol-
lows initialization of the USB driver Listing 1 and powering on the USB module (periph-

eral).

/*USB Initialisation™/

ctrl.module = USB_IPO;
ctrl.type = USB_HMSC;
cfg.usb_speed =USB FS;
cfg.usb_mode = USB_HOST;
[* Start USB module */

err! = R_USB_Open(&ctrl, &cfg);

(Listing 1. Initialization routine.)
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R_USB_Open(&ctrl, &cfg); - will supply the USB_IP0O module and will ensure its func-
tionality as a Full Speed Host Mass Storage Class USB. Finally, for the OTG chip to
supply the USB port — external USBO_VBUSEN pin will be set to high via the USBO
Device State Control Register 0 (USB0.DVSTCTRO).

At this point if a USB flash drive is connected to the EKG recorder it will be recognised
but prior to performing file/directory operations a filesystem object needs to be registered
with R_tfat_f _mount; function to the logical drive. R_tfat_f_mount and other high level
functions intended for file/directory manipulations are part of the Open Source FAT File
System [M3S-TFAT-Tiny] Module. FatFs is the File system module for the small embed-
ded systems. Fat Fs is developed by ChaN Software. For more information on the mod-

ule please refer to - http://elm-chan.org/fsw/ff/00index_e.html. Lastly a binary record file

will be created and ready for analog to digital conversion data to be written
(R_tfat_f_open; function).

The S12ADC begins conversion when it receives a trigger. When the conversion is com-
plete, a flag is set and an interrupt issued if enabled. If the S12ADC is operating in a
single scan mode, only one scan takes place per trigger. If the S12ADC is operating in
a continuous mode, scans continue indefinitely after the initial trigger occurs. Below in
Listing 2 can be seen an extract from the source code, taking care of the initial setting of
the RX71M analog to digital converter (S12ADC):

config.resolution = ADC_RESOLUTION_12_BIT;
config.alignment = ADC_ALIGN_RIGHT;
config.add_cnt = ADC_ADD_AVG_4 SAMPLES;
config.clearing = ADC_CLEAR_AFTER_READ_OFF;
config.trigger = ADC_TRIG_SOFTWARE;
config.priority = 4;

/* S12ADC initialization. Scan does NOT start here. */
R_ADC_Open(1, ADC_MODE_CONT_ONE_CH, &config, NULL);
(Listing 2. Part of the ADC initialization routine and start up.)

The key points in the above code are:
e 12-bit resolution.
e Average 4 samples mode.
¢ Analog to digital conversion will be triggered by software.

e ADC mode: one channel in continuous scan mode.
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e Interrupt upon ADC completion is enabled.

Continuous Analog to Digital conversion will be triggered by the following software com-
mand (the first argument of the function defines the ADC unit to which it applies):
R_ADC_Control(1, ADC_CMD_SCAN_NOW, NULL);

(Listing 3)

As defined in the initialization code, upon completion of an AD conversion — an interrupt
will be issued. This will lead to an execution of a call-back function intended to store the
result of the AD conversion in a circular buffer. Software implemented circular buffer will
allow for ADC data to be temporarily accumulated in the RAM of the RX71M. This in turn
will improve the data transfer efficiency over the USB as now it would be possible to
transfer multiples of 512 bytes (256 samples) at ones, being most optimal way to transfer
data into a FAT32 file system. The process of writing sampled data to the USB flash
drive as multiples of 512 bytes will continue until enough data has been collected as can
be seen from the flowchart, followed by closing of the previously opened record file by
means of the M3S-TFAT-Tiny library (module). In addition to the binary record file, a
corresponding human-readable header file will be created to make further decoding of
the recorded EKG data possible. The header file will contain at least the following infor-
mation about the record: LSB voltage, channel related information, total number of sam-
ples (file length), sampling rate.

4.2 PC based Utility
4.2.1 Need for a PC based Utility

Soon after the project work started it was clear that there will be a need to develop a PC
based supporting software (utility). This software would not only be a crucial extra in
addition to the EKG recorder, but also a vital tool which would help test and verify the
performance and functionality of the recorder throughout the development process.

Today numerous devices which have been designed to work independently (in
standalone mode) are shipped with some sort of software intended to help the end user
manage and organize all of the output data, view it in human comprehensive formats as
well as post process the raw output data for any further use. One example would be
photo cameras supporting RAW format file output. These cameras would typically come
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with proprietary software primarily intended to convert RAW image data into standard
RGB images suitable for printing and display as well as organization and pre-view of
photographs. The entire concept of RAW image files and their further post processing
outside of the camera body is intended to bring the user more control and flexibility over
noise reduction, white balancing, tone reproduction, compression etc., otherwise done
with default or “auto” settings inside the camera right after a picture was taken. Just like
in case with the digital cameras, the output files found inside the flash memory of the
EKG recorder will be of proprietary format, as previously explained this decision was
primarily based on performance considerations and therefore a proprietary software (util-
ity) must be provided to the user of the EKG recorder. This utility will have all typical
functionality: data management, preview capabilities and signal processing abilities with
further save options.

The utility will be designed for PC and must at least execute under Microsoft Windows
although the support of other operating systems would be an advantage. Having pleas-
ant experience with LabVIEW it has been easily decided upon the development environ-
ment. LabVIEW is a visual programming language from National Instruments (NI) origi-
nally released for the Apple Macintosh in 1986 and is commonly used for data acquisi-
tion, instrument control and industrial control. GE Healthcare uses NI software and hard-
ware to test and verify performance of their patient monitoring systems. Another example
of a use case will be Subaru advancing their hybrid vehicle testing Figure 4-22 using

similar NI platforms as GE.

Figure 4-22 National Instruments products used by Subaru Corporation (Fuji Heavy Industries). (Morita,
2014)
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4.2.2 Implementation in LabVIEW

Waveform Viewer

el |

%505 1 s 3 25 3 35 4 ssssasvsessgqsnosusazszasu

_si@el] |

Figure 4-23 Waveform Viewer front panel.

At its current state the Waveform Viewer utility Figure 4-23 allows the user to open and
view individually selected EKG records in 16-bit binary format Figure 4-24. Alternatively,
it is possible to import multiple EKG records by specifying a folder path Figure 4-24. Data
must be present in the MIT format, previously described in chapter - 3.2.1 “EKG & Pace
Pulse Artefacts Signal Analysis”. When selecting individual EKG records, absolute paths
to the corresponding header files (RECORDNAME.hea) must be specified and not the
binary files themselves. Besides displaying raw EKG data in time domain, the utility will
also show the peak magnitude spectrum for each EKG channel. If an artificial pacer
annotation data is available the exact location of each pace pulse will be represented as
the “Annotation Graph”.

Future revisions of the Waveform Viewer will include enchased signal processing func-

tionality with an ability of further export to both MIT and CSV formats.
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Figure 4-24 Individual EKG record selection. Extract from the Waveform Viewer front panel.

5 General Conclusions and Discussions

5.1 Overview

In this chapter, main milestones in the prototype design will be summarised and general
conclusions based on the overall Hi Resolution EKG recorder concept will be provided.
Furthermore, both the strengths and limitations of the recorder design are considered

and suggestions for further improvements are presented.

5.2 Prototype Summery

The main goal: “to create a prototype able to acquire live data from real patients, which
would be crucial for the design, optimisation and verification of various medical equip-
ment” — was first imposed in the introductory chapter to this thesis. The prototype created
during this project successfully proves the concept of a portable Hi Resolution EKG re-
corder. At its current state the device can amplify differentially sensed physiologic signal,
perform software triggered analog to digital conversion on one channel and continuously
record data to an external USB flash drive. In addition, the Wave Viewer PC utility allows
the user to view recorded data as described in chapter 4.2.2 “(Utility) Implementation in
LabVIEW”.
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5.2.1 Prototype Performance

Several tests of the prototype have been conducted to characterize its overall perfor-
mance. A sequential write test measured the average data transfer rate to a USB flash
drive to be 370 kB/s. This figure was obtained by measuring the time span required for
10 MB of binary data to be transferred sequentially as multiples of 512-byte to a 16 GB
USB 3.0 compatible flash drive. The 370 kB/s transfer rate corresponds to a theoretical
maximum sampling rate of 185 kSa/s at 12-bit (each sample being represented as 16-
bit unsigned integer). In combination with software triggered analog to digital conversion
the transfer rate has been measured to be as low as 180 kB/s, indicating a practical
average sampling rate of 90 kSa/s. Configuring the analog to digital converter of the
RX71M (S12ADC) to continuous scan mode and in combination with the implemented in
software circular buffer - would allow for higher and more importantly locked sampling
frequency. The continuous scan mode is explained in chapter 4.1.10.1 “Source Code
Explained”.

5.3 Further Performance Improvements

It is important to note that the minimum sampling rate depends on the bandwidth of the
original signal which is to be recorded and for most applications such as the artificial
pace pulse record, the currently available sampling rate should be enough. If an appli-
cation would require multiple EKG leads to be recorded simultaneously and/or higher
sampling rate, number of bits, then the current hardware configuration would not provide
adequate transfer rate to FAT USB flash drive over the available full-speed USB. One
solution would be to implement a native 4-bit SD host interface on the RX71M Revelation
board. As of April 2018, Renesas Electronics provides a device driver that controls the
on-chip SD host interface (SDHI) of RX family microcontrollers. Another approach would
be using a 177-pin version of the same RX71M group microcontroller to benefit from it's
high speed USB 2.0 host interface. In this case no new firmware or middleware would

be required.
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5.4 Real Product Considerations

To turn the prototype into a real product which would be ready for real applications some
additional aspects still need to be considered. The list bellow would summarize the pri-
mary areas in which work must be done:

e Mechanical enclosure design and PCB design.

¢ Implementation of the required defibrillation protection and current leakage elec-

trode protection.

¢ Power management, battery power source integration.

o Amplification stage using integrated instrumentation amplifiers.

e SD card support implementation may be needed.

e Improved user interface.

5.5 Secondary Goal

Besides the primary goal being — implementation of a Hi Resolution EKG recorder, the
secondary goal was to introduce the reader to the many aspects that need to be consid-
ered before starting the actual design of a new product, sequentially lead the reader
throughout the core elements of a typical design process as well as provide detailed
descriptions of particular hardware and software related solutions. Detailed instructions
related to the “e? studio” IDE as well an overview of the Renesas RX ecosystem may be
useful for the ones who are planning to switch from hobbyist oriented platforms such as
Arduino to more flexible and diverse solutions of various architectures and vendors used
commercially in the electronics industry. It is important to note that mechanical design,
manufacture and supply were not mentioned, as both are out of the scope of this thesis,
although being certainly vital elements for the design process of any device. | sincerely
hope that my secondary goal has been met, although ultimately each reader will decide

for themselves.
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Appendix 1. Creating New Project

In “e? studio” one works in projects. Projects for the RX71M development board (Reve-
lation Board) are "C” language projects, therefore this would be the type of project that

must be created.

Step 1: Specify project type and name.

orkspace - C/C+ + - Recorder_1dot13/src/Recorder_ldot13.c - € studio = x

File Edit Source Refactor MNavigate Search Project RenesasViews Run Window Help

New Alt-Shift+N > [ Makefile Project with Existing Code Gt DL EH SO g-E~-@F -t~ Q® F~
Open File.. ] C/Crs Project
(7, Open Projects from File System. ™ Project... [QuickAccess] || 2 | [ 8
Close CtbeW | [&] Converttoa C/Cs Project (Adds C/Cs Nature) s 2d = O 5= Outine 22 gtz = O
Close All CirleShiftsW 9 Source Folder A AR o % T
Save Chifs || Folder :J 1 that libh =
¢ Source File .: Lg‘pZ\o;rfo.‘th
s12ad_nc
CtrleShiftes | N HeaderFile u
(% Filefrom Template . ;
o ) o= art*/ /*Buffer start®/ /*Buffer start®/ /*Buf 9§ rehapi vads charl]
Mo % CodeGenerstor ©  DelayNmSec(unsigned int)  voic
Rename... (2] & (anonymous)
Refresh Fs [0 Other CulsN T circBuf t: st
Convert Line Delimiters To > | int maxten; :
t
Print. adsp [ ®
ataSpace[2561; e
SuchWokspace > | ade_buff = { @ circBufPush(circBuf_t, uint16.1)
Restat uffer = dataspace, ®  circBufPop(circBuf_t7, uint16 t[])
ped - 9, @ USB Init_and_Start(void) : void
Import. tail - @, F.
maxien = 16 ©  USB_Pin Setting(void)
Expert. & msc_File_Write(void) - voic
ADC_nitfvoid) : voicl
Properties Alt+Enter 8- !
utbata[4], inDate; 0 Bk Y
1 r.512ad_rc [Recorder_Tdoti3/../src] > < >
215122 n7Im_ifh [Recorder_Tdot13..] == = = Eon e ==
31r.usb_basic_if.h [Recorder_1dot13/..] =
4Recorder_idot13.c [Recorder_1dot13/src] = T o Tociom ™"
Exit
< =
LI TFAT_sample_RX71M_with_USB a8

(File \ New \ C/C++ Project to open the New Project dialog.)

|87 Mew Project m} x

Select a wizard

Create a new C or C++ project |

Wizards:
type filter text

(= General
v = GG+
[T C/C++ Project
[&] Makefile Project with Existing Code
(= Java

[[] Show All Wizards,

r‘?\,' < Back Mesxt > Cancél




(C/C++ Project should be selected.)

[eF] Mew C/C++ Project [m]

Templates for New C/C++ Project

All

Renesas Debui

-

GCC for R RX C/C++ Executable Project
o A C/C+ Executable Project for Renesas RX
using the GCC for Renesas RX Toolchain,

GCC for Renesas RX C/C++ Library Project
R ++ Liora. roject for Renesas uson
€S A C/Co+ Librory Project for R RX using
the GCC for Renesas RX Toolchain,
Renesas CC-RX C/C++ Executable Project

fo Ao Project for Renesas RX using the
Renesas CCRX tooichain,

Renesas CC-RX C/C++ Library Project
o Ac/Cr Library Project for Renesas RX using
the Renesas CCRX toolchain.

@)

L,

= Back MNext > Finish Cancel
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(Renesas CC-RX C/C++ Executable Project will be selected here. Previously installed

CC-RX compiler will be used.)

] o
New Renesas CC-RX Executable Project —
Mew Renesas CC-RX Executable Project |
Piject e | EKG. recorder] ‘
Use default location
Ci\Users\alfav\e2_studio\workspace\EKG_recorder Browse..
Create Directory for Project
default
Warking sets
[]Add project to werking sets New.
Working sets Sefect...
@ < Back Next > Cancel

(The project will be given a name “EKG_recorder” and saved into a default workspace

location.)

Step 2: Configuration of target hardware.
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[~ o X
New Renesas CC-RX Executable Project
Select toolchain, device & debug settings

Toolchain Settings

Language: @C OC++
Toolchain: Renesas CCRX £ ‘
Toolchain Version: |v2.07.00 ~
Manage Toclcha
Device Settings Configurations
Target Device: | RSF371MLCxFP 2 Create Hardware Debug Configuration
‘ Unlock Devices.. |E2 Lite (RY) -
Eodiore (BE B || e Debog Cantigtiaion ‘
Project Type: | Default R Simulator @

[] Creste Release Configuration

< Back Nedt » Cancel

(Exact version of the RX71M device, CC-RX compiler version and the model of the on-

board hardware debugger are being selected.)

Step 3: Adding support for FIT modules.
5]

New Renesas CC-RX Executable Project
Select Coding Assistant settings

Smart Configurator &

[ Use Peripherzl Code Generator

Use FIT Module ‘ Download FIT Modules ‘

[The €2 studio peripheral code generator automatically generates programs (device drivers) for MCU peripheral functions (clocks,
timers, serial interfaces, A/D converters, DMA controllers, etc.) based on settings entered via a graphical user interface (GUI).
Functions are provided as application programming interfaces (APIs) and are not limited to initialization of peripheral functions.
Conventionally, the information "CMCU initial settings”, "How to define a target board”, *File configuration”, "Names of functions”,
“Common interface with user application” etc; has in many cases varied by sample code, so changes needed to be made to sample
code when embedding inte a user application. With FIT, there are rules for this information, so each sample code can be embedded
into a user application with ease. Also, the periphers| function drivers and middleware which suppart FIT have a common interface
with user applications. This makes it easy to port user applications when migrating between RX micracontrollers.

User Application

r and Middleware

. FIT Modules
Driver Code Driver/Middleware
Board Support Package

Code Generator
Jojeinsipuo) 1|4

MCU Hardware

<Back Next > Cancel

S

(“Peripheral Code Generator” capable of automatically generating C code for selected

modules will not be used, instead support for FIT Modules will be selected.)
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#] workspace - C/C++ - EKG_recorder/src/EKG_recorder.c - ¢ studio - x
File Edit Source Refactor Mavigate Search Project RenesasViews Run Window Help
[& ][4 [® ] |45 Deoug | [ EKG recorder Hardwarebebug - B N T T s
T e— =@
R Project Bxpl.. 52 [£] EKG_recorderc &2 = 0 5= Outline 53 Build Targe =0
A 2 BlRRw e ¥
v [ EKG_recorder " o +  main(void) : void
& the comment when you use ios &
[l Includes 2 // Remove the comment when you use ios ®  main(void) :
v B s sendif &
[¢] EKG_recorder.c
(= HardwareDebug yold main{void);
B i oo - #ifdef _cplusplus
5] EKG_recorder Hardware it
void abort(void);
¥
Bendif
- void main(void)
il
- #ifdef _cplusplus
= void abort(void)
3 i
32
3 b b
21 Problems 3 ask ole [ Pro ' age [E] Stack 4 - e
0 items
Description i Resource Path Location Type
< >
Writable SmartInsert | 25:2 5]

(Project “EKG_recorder” was successfully created. Main C file “EKG_recorder.c” has

been opened in the text editor of “e? studio.






