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Abstract

The topic of this thesis was to design the Isolated Analogue circuitry of an ECG
recorder, and an RF Wireless link (Transmitter and Receiver) for use in a portable ECG
device for cardiac investigation. The un-isolated digital circuitry of the ECG recorder is

being designed as the thesis of another student (Jamil Khan).

The Isolated Analogue circuitry consists of an ECG preamplifier and protection circuit
with two channels of ECG data, a right-leg-drive, low and high pass filters (to remove
noise artefacts e.g., 50Hz from power lines), a gain stage, A/D conversion, and the

Isolation circuitry for the signal lines.

The RF link enabling Telemetry, transmits in the 900MHz ISM band thus allowing it to

operate in the US and Australian 915MHz unlicensed I|SM bands.

The isolated ECG circuitry and the wireless link are both complete and functional,
however more work on the digital design in particular the software pertaining to the
LCD menu architecture needs to be completed. Originally a Credit-Card device was

planned but this deviceis still initsinitial stages.
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Chapter 1 Thesis Overview

1.1 — Introduction

In 1996, Intellidesign Pty Ltd (then IntelliMed) was approached by a cardiologist to
design an ECG Holter monitor. This original device was a two or three lead, single-
channel ECG device, which could continuously record for a maximum of one hour.
Additionally, the device had Polar Chest Strap capabilities for the added functionality as
a Heart Rate monitor. The device could operate in four different modes. 1-hour ECG
Recording Mode, in which the device would record one continuous hour of near-
diagnostic quality ECG trace during exercise; Event Recording Mode, in which the
device would record up to 60, one minute segments around a recorded event, over a
period of up to 24 hours; Heart rate Recording Mode, in which the unit would have the
capacity to record up to 24 hours of heart rate information; and ECG Telemetry Mode,
in which the unit would transmit, via a Radio Frequency (RF) link, a real-time ECG

signal to areceiver unit.

However, after the initial number of units ordered had been supplied, the cardiologist
(who owned the marketing rights) abandoned the project, as it did not qualify as a

Holter Monitor under Medicare in Austraia



Recently, Intellidesign decided to resurrect the product, with its now obsolete
microcontroller, and redesign it as a state-of-the-art device. The new specifications
include continuous recording for a minimum of seven days (battery-life and Flash
Memory must be able to last beyond this), two-channel recording capabilities with an
optional Right-Leg Drive, and download to computer capabilities via USB technology.
It was also proposed that an ultra small version of the device be designed

(approximately the size of a credit card, with a depth of 5mm).

1.2 — Importance of Work and Aims of Thesis

The American Heart Association claims that cardiovascular disease is the cause of an
average of one death every 33 seconds. In Australia, one person dies every 10 minutes
as aresult of cardiovascular disease. With these statistics, there is an obvious need for

diagnostic devices in the prevention and detection of heart disease.

The aim of the thesis is to design two ECG devices to aid in the detection of heart
disease. One of these devices will be a holter monitor with an optional wireless link for
telemetry, and the other, a miniature credit-card sized device. While the second device

does not have awireless link, it has the feature of a rechargeable Lithium lon Battery.



1.3 — Thesis QOutline

The purpose of this thesis is to design and manufacture two working ECG devices.
These two devices will then be marketed and sold by Intellidesign Pty. Ltd. (the sponsor

company).

1.3.1 Tasks

The following tasks need to be undertaken:
Design the isolated analogue circuitry for the ECG device

Instrumental Amplifier
Right-Leg-Drive
Defibrillator Protection
Low pass filtering
High passfiltering
Gain stage (for maximum signal)
Analogue to Digital Conversion

Adeguate Isolation on signal lines.

Design of Wireless Link
Transmitter design and implementation

Receiver design and implementation



Design of Firmware
Transmitter Firmware design and implementation

Receiver Firmware design and implementation

N.B. Jamil Khan (another Thesis student), is responsible for the design of the un-

isolated digital circuit including the Microcontroller / LCD / USB / Power Supply.

1.3.2 Timeline

The following isaninitial project timeline estimating completion dates:
Fully designed analogue circuitry — March 2003
Testing of ECG PCB — April 2003
Final design of analogue circuitry — June 2003
Testing of PCB for the credit-card ECG device — August 2003
Fully designed Transmitter and Receiver — April/May 2003
Range calculations of Transmitter and Receiver performed — June/July 2003
Complete firmware for Wireless link — September 2003

Complete integration of Wireless link and ECG device — October 2003

The aim was to finish the project by September to allow for the fabrication of casing for

the devices, in particular the credit-card sized device which will not use a generic case.



1.3.3 Extension of Work

If time permits, PC software will be designed for Wireless Link viewing and the ECG
device download. In the event that no PC software is written, a Software Engineer at

Intellidesign will write the code.



Chapter 2 Background

2.1 - ECGs[1]

In order to be able to design an ECG recording device, one must have some background
into the physiology of the heart (with respect to its biopotentials) and an understanding

of exactly what it isan ECG is, and its function.

“The electrical activity of the heart can be recorded to monitor cardiac changes or
diagnose potential cardiac problems. The principle involved is simple: body fluids are
good electrical conductors. Electrical impulses generated in the heart are conducted
through body fluids to the skin, where they can be detected and printed out by a
sensitive machine called an electrocardiograph.  This printout is called an

electrocardiogram, or ECG.”[2]

Typicaly, an ECG is comprised of a series of three distinguishable waves or
components (known as deflection waves), each representing an important aspect of
cardiac function (as can be seen in Figure 1). The first wave, known as the P wave,
represents atrial depolarisation, and is a result of the depolarisation wave from the
Sinoatrial node (SA node) through the atria. This action precedes and is the cause of

atrial contraction.



The QRS complex is the result of ventricular depolarisation. It is caused by the
electrical activity spreading from the Atrioventricular node (AV node), through the
ventricles via the Purkinje fibres, and precedes ventricle contraction. During this time,
atrial repolarisation is also occurring, however its occurrence is usually masked by the

large QRS complex being detected.

Ventricular
repolarization

Atrial

depolarization

-L-H

Interval

Time(s) O 0.2

(Figure 1): An electrocardiogram tracing (lead 1) illustrating the three nor mally recognizable

deflection waves and theimportant intervals [3]

Finally, the T wave occurs when the ventricles repolarise. Repolarisation, is slower
than depolarisation, hence the T wave is usually wider than the P wave and the QRS

complex.



“In a headlthy heart, the size, duration, and timing of the deflection waves tend to be
consistent. Thus, changes in the pattern or timing of the ECG may reveal a diseased or

damaged heart or problems with the heart’s conduction system.”[4]

2.1.1 L ead Configuration

To perform a clinical electrocardiograph, it is important that more than one lead (also
known as a channel) be recorded in order to accurately describe the heart’s €electrical
activity. There are two planes in which these leads may lie: the frontal plane (the plane
of the body that is parallel to the ground when one is lying on one's back); and the
transverse plane (the plane of the body that is paralel to the ground when one is
standing erect). For atwo or three channed ECG, only the leads in the frontal plane are

required.

FL LL

(Figure 2): Position and orientation of thethree bipolar limb leads. (Leads|, I1,and I11) [5]



The frontal plane of an ECG consists of three basic leads, as can be seen in figure 2.
These leads are the result of the various combinations of pairs of electrodes located on
the right arm (RA), the left arm (LA) and the left leg (LL) of the patient. The resulting
leads are: lead I, LA to RA; lead Il, LL to RA; and lead Ill, LL to LA. Very often an
electrode is also placed on the right leg (RL) and grounded or connected to a Driven-

Right-Leg circuit.

2.1.2 ECG Parameters

The hardware of an ECG monitor, in its most ssimple form, is a biopotential amplifier.
The maximum voltage that can be acquired at the skin electrodes is 0.5 to 4 mV (Figure
3). In order to perform any analysis on this data, the signal will need to be amplified,

before any signal analysisis performed.

Parameter sensor location Voltage range Frequency range (Hz)
Electrocardiography (ECG) 0.54mV 0.01-250

Skin electrodes .
Electroencephalography (EEG) 5-200 pV DC-150

Sealp electrodes
Electrogastrography (EGG)

Skin-surface electrodes 10=1000 puV DC-1
Stomach-surface electrades 0.5-80 mV DC-1

Electromyography (EMG) 0.1=-5 mV DC-10,000
Needle electrodes

Electrooculography (EOG) 50-3500 uv DC=50
Contact electrodes

Electraretinography (ERG) 0-900 pV DC-50
Contact electrodes

Nerve potentials 0.01-3 mV DC-10,000

Surface or needle electrades

(Figure 3): Voltage and Frequency Rangesfor Some I mportant Parametersthat are measured in

the Human Body [6]



2.1.2 Exercise ECGsS

“Electrocardiograms often are obtained during exercise. These are valuable diagnostic
tests. As exercise intensity increases, the heart must beat faster and work harder to
deliver more blood to active muscles. If the heart is diseased, an indication may show
up on the electrocardiogram as the heart increases its rate of work. Exercise ECGs are
also invaluable tools for research in exercise physiology because they provide a

convenient method for tracking cardiac changes during acute and chronic exercise.”[2]

2.2 — Holter monitors

A Holter monitor is asmall portable ECG device named after its inventor, the American
biophysicist Norman Holter. The device records the electrical activity of the heart,
typically over a 24-hour period, while the patient keeps a diary recording their activities
and any symptoms felt. The ECG recording is then analysed, and irregular heart activity
is correlated with the patient’s record of their activities and symptoms. The Holter
monitor is useful for identifying disturbances which are sporadic and which are not
readily identified with the usual resting electrocardiogram test. In some instances, the
patient may manually activate an “event” if they are experiencing symptoms such as

palpitations, chest pain, or irregular rhythms are noticed.
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2.3 — Electrical Safety

For electricity to have an effect on the body, two conditions must be satisfied: an
electrical potential difference must be present; and the individual must form part of the
electrical circuit, permitting current to flow in aloop through the body. Assuming these
conditions are met, the actual effect of the electrical current passing through the body is
dependant upon the magnitude of the current and the pathway the current takes through

the body.

From Ohm's Law (V = IR), it is evident that the magnitude of current flowing in a
circuit depends on both the voltage between the connections and the electrical resistance
of the various pathways through the body. Most tissue in the body contains a high
percentage of water hence it is usually considered to be a fairly good conductor of
electricity. The body’s surface resistance also affects the amount of current that flows
through the body, with contacts being made directly onto moist skin having little

surface resistance and passing a considerable amount of current directly into the body.

“The danger in one's exposure to various electrical devices is not the voltage but the
magnitude and pathways of electrical current that flows through body tissue and major
organs. In addition, for electrically sensitive organs such as the heart, physiological

effects are a so dependent on the frequency and waveform of the current.” [6]
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As previously mentioned, the physiological effect of current depends on the path of
current through the body. Due to the distribution of current flow being determined by
the resistance of local tissue, the electrical current tends to spread out. This leads to a
number of aternate pathways for current flow through the body. It is possible for an
individual to come into contact with a relatively large voltage source and experience
only a minor electrical shock, whilst at the same time, application of a relatively low
voltage directly to the heart (e.g., during surgery or via the invasive components of
certain diagnostic and therapeutic equipment) can produce ventricular fibrillation, alife-

threatening arrhythmia.

Whenever electrical current passes through a resistive element, some of the electrical
energy is dissipated in the form of heat. If the temperature is high enough to affect the
biological tissue, damage, in the form of a burn, will result. This phenomenon is almost
certain to occur when the current intensity is quite high, and the pathway is limited to a

relatively small area.

When amedical device (e.g., electrocardiogram or blood pressure monitor) is connected
directly to a patient, there must be some sort of patient input isolation. “An isolated
patient connection not only limits leakage current levels from the patient contact points
to very low levels but also reduces the amount of current that can flow into the patient

connection from another (defective) device. It is recommended that equipment with

12



isolated patient leads be used whenever the device is to be in contact with the heart or

with afluid-filled catheter located within the heart of great vessels.”[6]

Although the two devices being designed will be powered by battery (usualy in this
situation there would be no need for any isolation), there is a USB (Universal
Synchronous Bus) connection for download capabilities. Due to USB architecture, it is
difficult to use the same input receptacle for patient leads and USB cable. Since two
different plugs will be used, a situation in which the patient is accidentally connected to
the computer (via the USB cable) could arise. In the event of an electrical fault, the
ECG hardware could see a very high voltage, and hence a high dose of current, being
passed into the patient. A situation like this must be avoided at all costs, and so it is
imperative that all signal lines to the patient are electrically isolated, and that any

circuitry connected to these isolated lines be powered by an isolated voltage source.

2.4 — Mains Interference

Power lines and electrical equipment at 240V AC generate ambient electromagnetic
fields at a frequency of 50 Hz and its corresponding harmonics. By Faraday’s law, if a

closed loop is placed in atime-varying magnetic field, a current is induced in the loop.

When acquiring an ECG, a differential signal, generated by the patient’s heart, appears

between the electrodes placed on the patient’s limbs. This signal is that required by the

13



cardiologist. However, alarge 50 Hz (or 60 Hz [US]) common-mode signal is typically
present between each electrode ant the local power-system ground. This is due to very
small capacitances between the patient’s body and the power line, causing the patient to
be connected to the voltage line. Similar small capacitances connect the patient to
ground. A differential signal of approximately 4mV should be present at the input of
the ECG amplifier, however, it will be masked by a much larger 50 Hz common mode
signal. Ideally the ECG amplifier should only be receptive to the differential signal.[7,

8]

There are several different methods of blocking the common-mode voltage. The first
being to use good quality limb leads that have been twisted and insulated. Following
this, the ECG amplifier should have a common-mode rejection ratio (CMRR) of at least
100dB, and finally low-pass filtering the signal below 50 Hz will cause the common-

mode signal to be removed.

Another method is to implement a negative feedback circuit where the common mode

voltage is fed to a third electrode via a feedback amplifier to oppose the common mode

signal. This method is known as right-leg-drive.

14



2.5 — Defibrillator Protection

Defibrillators are used in many emergency situations to restart the heart, by applying a
short pulse of very high voltage. When using a defibrillator, it is imperative that an
ECG be connected to the patient. Whilst an ECG device circuit would usually only
expect maximum input voltages of approximately 4 mV, ECG preamplifier inputs must
be designed to withstand a high-voltage (greater than a kilovolt) burst from a

defibrillator, which may last from 5 to 20 ms.

Many ECG devices use neon glow lamps across the input lines, which bypass the
voltage, and series resistors, which serve to limit the current flow. The neon lamps are
primarily a pair of electrodes mounted in a glass casing, which has been evacuated and
filled with low-pressure neon gas, or a mixture of inert gases. The impedance across the
electrodes is usually very high, however the impedance will suddenly drop to avery low
value if the voltage across the electrodes exceeds the ionisation potential of the gas.
Most lamps used in medical monitors have a firing potential between 45 and 70V.
When a defibrillator is used, most of the charge is bypassed to ground and the gas inside

of the lamps will ionise
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2.6 — Low Pass Filters[7, 9, 10]

2.6.1 Basic L ow Pass Filter

Two-stage RC second order low-pass filters as seen in Figure 4, are limited due to a
maximum Quality factor (Q) of Y2 When R1=R2 and C1=C2, Q=1/3. The Quality
factor approaches the maximum value of %2 when the impedance of the second RC stage

ismuch larger than the first. Most filters require Qs larger than %%.

R1 R2
Vi —’\W Vo
c2 C1

(Figure 4): Basic Second Order Low-Pass Filter. [9]

2.6.2 Sallen-K ey Filter

To attain a larger Q value, a positive feedback amplifier may be used. If the positive
feedback is controlled (localized to the cut-off frequency of the filter) almost any Q can
be realized. However, Q values are limited by the physical constraints of the power
supply and component tolerances. In 1955, R. P. Sallen and E. L. Key described these

filter circuits, and hence they are generally known as Sallen-Key filters.

The operation of a Sallen-Key filter can be described qualitatively:
At low frequencies, the signal is buffered to the output. (C1 and C2 appear as

open circuits)
16



At high frequencies, the signal is shunted to ground at the amplifier's input.
This causes no signal to be seen at V. (C1 and C2 appear as short circuits)

Near the cut-off frequency, there is positive feedback through C2, which
enhances the Q of the signal. (the impedance of C1 and C2 is of the same order

asR1and R2)

The standard frequency domain equation for a second order low-passfilter is:

K
. [2.6.2-1]

£,

Hep =

f o Qf

Where f. is the corner frequency and Q is the quality factor. When f<<f, Equation
[2.6.2-1] reduces to K, and the circuit passes signals multiplied by a gain factor K.
When f=f, Equation [2.6.2-1] reduces to §KQ, and signals are enhanced by the factor
Q. When f>>f., Equation [2.6.2-1] reduces to —K (f/f)* and signals are attenuated by the
square of the frequency ratio, which indicates a second order low-passfilter.

Figure 5 shows the Sallen-Key circuit configured for low-pass:

Vo

(Figure5): Low-Pass Sallen-K ey Circuit [9]

17



where: Z1=R1, 72=R2, 7z3= 1 za=1  adk=1+ ':_‘3‘

sC1 sC2

Theideal low-pass Sallen-Key transfer function is:

v K
29 (Ip) =
V, (Ip) s?(RIR2CIC2) + s(RIC1+ R2C1+ RIC2(1- K)) +1

1 _ v RIR2CIC2
,and Q =
2P v R1IR2C1C2 RIC1+ R2C1+ RIC2(1- K)

where: s= j2Pf, f, =

These eguations can be simplified to make them more efficient.

2.6.3 Quality factor consider ations:

Q<05 the poles of the transfer function are real.

Q>05 the poles are complex.

Q> 0.707 the frequency response peaks above H, just beyond the corner frequency.
This peak can be quite large for large Q values.

Q=0.707 this Q produces a maximally flat responsg, i.e. the sharpest fall-off near
the corner without any peaks larger than Ho,.

[Ho = maximum gain]

18



2.6.4 Simplification 2: Set Filter Components Equal

When R1=R2=R, and C1=C2=C, f_ = 1 ,and Q = i. This now means that f
2PRC 3-K

and Q are independent of one another, thus smplified greatly. The gain (K) of the
circuit now determines Q. RC sets f., (the capacitor is chosen and the resistor

calculated).

2.6.5 Component Selection|[9]

Theoretically, any values of R and C that satisfy the equations may be used, but
practical considerations call for component selection guidelines to be followed. In the
case of the low-pass Sallen-Key filter, the ratio between the output impedance of the
amplifier and the value of filter component R sets the transfer functions seen at
frequencies well above cut-off. The larger the value of R, the lower the transmission of
signals at high frequency. Making R too large has consegquences in that C may become
so small that the parasitic capacitors, including the input capacitance of the amplifier,

cause errors.

The best choice of component values depends on the particulars of your circuit and the

tradeoffs you are willing to make. General recommendations are as follows:

19



1. Capacitors
Avoid values less than 100 pF.
Use NPO if at al possible. X7R is OK in a pinch. Avoid Z5U and other low
quality dielectrics. In critical applications, even higher quality dielectrics like
polyester, polycarbonate, mylar, etc., may be required.
Use 1% tolerance components. 1%, 50V, NPO, SMD, ceramic caps in
standard E12 series values are available from various sources.

Surface mount is preferred.

2. Resistors
Valuesintherange of 10k to 200k are best.
Use metal film with low temperature coefficients.
Use 1% tolerance (or better).

Surface mount is preferred.

2.7 — Telemetry[11]

Wireless medical telemetry is generally used in the remote monitoring of a patient’s
physiological parameters (e.g., cardiac signals) viaaradio-frequency (RF) link. The use
of wireless medical telemetry allows patients greater mobility by freeing them from the

need to be connected to hospital equipment that would otherwise be required to monitor

20



their condition. Telemetry can also be used to monitor an athlete’s cardiac parameters

asthey train.

In recent years the USA, Europe and Australia have all introduced a new unlicensed
band (ISM band) for Industrial Scientific and Medical applications. Australia has
reserved the 918-926 MHz band for ISM applications. The US has a similar yet wider
ISM band with the frequency range from 902-928 MHz reserved. Therefore a device
can be designed in Australia and be distributed in the US, with absolutely no need for

alteration.

Many Transceiver integrated circuits (IC's) can be found on the market today. These
devices are designed especially to operate (Transmit and Receive) within the standard

ISM band.

2.7 — Existing Technology

There are a countless number of ECG holter monitor devices on the market, so why
design another one? Many of these devices are using prehistoric technology (e.g., data
storage on cassette tape, or data transferral via telephone line), are large awkward
devices, and not one device has anywhere near the battery-life capacity of the two

devices being designed.
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Three of the better devices on the market are the “King of Hearts express’
(manufacturer Instromedix) and two fairly similar devices from manufacturer Novacor,

the“R. Test 11" and “Unolter”.

The “King of Hearts express’ has the following features: 10 minute programmable pre
and post event memory; automatic activation during Bradycardia, Tachycardia and
sudden rate changes; transmission via telephone; one channel of ECG data; memory of
600 seconds (10 minutes); dimensions of (8.6 x 5.4 x 1.8 cm); power delivered via two

1.5V AAA batteriesfor a battery life of seven days.

The two devices from Novacor equally don’'t compare to the new device being
designed, with the better of the two, the “Unolter”, having the following specifications:
24 hours of recordable ECG on 2 channels; data storage on a 20Mb removable flash
card; power supplied by two 1.5V AAA batteries; and dimensions of (111 x 67 x 22

mm).

Despite these being some of the better devices currently on the market, their memory
storage capacities alone are inferior to those of the two devices currently being
designed. Other aspects such as size, battery-life, and even the ability to view the ECG
traces on a LCD screen, mean the new devices will be far superior to those currently

being sold.
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Chapter 3 Isolated ECG hardware

The ECG holter monitor being designed will continuously record two channels of
diagnostic ECG waveform. Being only powered by AA batteries with no method of
recharging, the devices will need to consume minute amounts of power if they are to
have a battery-life and hence continuous record span of a minimum of 5 days. This
requires that all components used in the device dissipate very small amounts of power

and hence current. Finally, the supply voltageis 3.3V (2x AA batteries).

For the compl ete isolated design schematic please refer to Appendix A.

3.1 - ECG Amplifier

In order to have a good signal to noise ratio, differential amplifiers are used. Since the
output is proportional to the difference between the two voltages, this circuit has afairly
good common mode rejection. Unfortunately, the differential amplifier’s performance
islimited due to low input impedance. This problem has been avoided by incorporating

adual Instrumentation amplifier in place of adifferential amplifier.

The instrumentation amplifier chosen (INA2321), is a microPower, Single-Supply
CMOS dua device from Texas Instruments. The INA2321 provides low-cost, low-

noise amplification of differential signals and boasts a micropower current consumption

23



of just 40 A/channel and a high CMRR of 94 dB, and states as one of its applications

the use in physiological amplifiers, in particular ECGs.[12]

(Figure 6): Power specifications of INA2321 I nstrumentation Amplifier [12]

(Figure7): INA321 Internal diagram and basic connections [12]
24




3.1.1 Setting the Gain

Theratio of R to Ry, or the impedance between pins 1, 5, and 6, determines the gain of
the INA321. With an internally set gain of 5, the INA321 can be programmed for gains

greater than 5 according to the following equation:

G:5+5&
R

The INA321 is designed to provide accurate gain, with gain error guaranteed to be less
than 0.1%. Setting gain with matching TC resistors will minimize gain drift. Errors
from external resistors will add directly to the guaranteed error, and may become

dominant error sources.

A gain of 10 was chosen for this stage of the circuit, therefore, R; = R, = 100k .

3.2 — Driven-Right-Leg System

A right-leg-drive system is an aternative to the grounding of a patient in many
electrocardiograph devices. In these circuits, an electrode is attached to the right leg
and connected to the output of an auxiliary op amp, where the common-mode voltage is
sensed by two averaging resistors, inverted, amplified, and returned to the right leg.

This causes negative feedback, which drives the common-mode voltage low. The
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body’s displacement current in turn flows to the op-amp output circuit, which reduces

the pickup of the ECG amplifier, and effectively grounds the patient.

The circuit also acts as an electrical safety device, by ungrounding a patient when the
amplifier stops driving the right leg due to the saturation of the auxiliary op amp caused
by an abnormally high voltage appearing between the patient and ground. This causes
the large paralel resistances, Ry and R,, to be between the patient and ground.
Although these resistances limit the current, they do not protect the patient, as a large
voltage would breakdown the op-amp transistors, and large currents would flow directly

to ground.

(Figure 8): Schematic showing Right-L eg-Drive, Defibrillator protection, and Instrumentation
amplifier
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The right-leg-drive circuit can be seen in the lower section of Figure 8. It consists of a
buffer (which gets its common mode input from the Instrumentation Amplifier),
followed by a common Driven-Right-Leg circuit.

Rf = R31, R, = R34, Ra2=R30, Rgr.=R63, V;=VRgszs, Vewm = Vi

ig = IRRL.

VCM

i

+£:O
Rf

RRLid

R
1+2 /
R.

Using Kirchoff’s Voltage Law, solve Vcu:

Vew =

VCM = Rold +V0

_ 2R,
Vem = Rjlg +- ?VCM

__ Riy
V(:M - 14 ZR/
R,
Vcm should be made very small. This can be done by making Ri>> R,, and R = R,.

Typicaly, R, should be quite large, (around 5M ).
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When Rf =5M , Ry =25k , then typically ig = 0.2 A. This then sets V¢y at 2.5mV,

which isvery small.

Choose real and available resistor values close to these:
Ri=R,=4.7TM

Ra/z = 10k

An unpopulated resistor R35 was added in the design for an aternative right-leg-drive

circuit that was not used.

3.3 — Defibrillator Protection

As discussed in chapter 2, ECG devices use neon glow lamps across the input lines, to
provide defibrillator protection. These neon lamps are used to bypass large voltages.
The maximum strike voltage (firing potential) of the lamps being used in the design is
90V.[13] A 330k resistor is placed in series on each input line, which limits the
current flow. 1206 Resistors have been used here, as they have a maximum voltage
rating of 200V, and a power rating of .125W, which far exceeds the ratings of smaller

resistors, which are being used for the remainder of the circuit due to size restrictions.
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3.4 — Filtering and Gain stage

ECGs have a frequency range from between 0.1 to 250 Hz. Due to noise at 50Hz from
the power mains, the acquired signal requires low-pass filtering below 50 Hz. For these
devices, the corner frequency has been selected at 34 Hz. To block any wandering DC

effects, a high-pass filter with a very low cut-off frequency has also been implemented.

3.4.1 High Pass Filter Design & Calculations

To nullify any wandering DC effects, a simple RC high pass filter set to approximately
1.6Hz has been implemented on the ECG Hardware directly following the

Instrumentation amplifier stage.

To caculate the filter characteristics, the High Pass filter equation was used.

1
¢ 2PRC
1.6 :L
2PRC
_ 1
2P 16

RC =0.09947...» 0.1
chooseC=1 F

R » 100kW
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3.4.2 Low Pass Filter Design & Calculations[7, 9, 10]

An LT1496 quad channel op-amp from Linear Technologies has been chosen for use in
the positive feedback amplifier. Two cascaded second order sallen-key filters have
been used for the Low Pass filter. By cascading the filters, sharper roll-off and better

attenuation is achieved.[ 14]

Step 1. Calculate the gain of the filter from the ideal Quality factor.

fc=34Hz.  Q=0.707 (flat response, sharp falloff).

0.707 = 1
3- K

K =1.5856
Step 2: Calculate the resistor divider circuit from the known gain.

K=1+24
R3

\ R4 0.5856
R3

Step 3: Choose valuesfor R3 & R4
choose R4 = 30k .

Liags 0.5856

R3
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R3 » 51kW

\ the actual Quality factor (Q) = 0.7083, and K = 1.588

Step 4: Calculate the filter requirements

=1
° " 2PRC
-1
2PRC

RC =0.00468

Choose C = 47nF; R =100k .

3.4.3 Final Gain Stage

The final gain stage has been designed around a simple non-inverting amplifier circuit

similar to the one seen in Figure 9.

(Figure 9): Non-inverting operational amplifier circuit [15]
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V, = R V,
R+R,

A\/ :\£:1+&
Vi R

To calculate the final gain, the gains from all the previous stages must be cal cul ated.
ECG expected input: 2.7 mV

Instrumentation Amplifier: 10

Low passfilter: 1.588

Maximum voltage output: 1.3V

\ 1.3v =2.7mV 7" 10" 2" 1.588" A,
A, »15.16

\ 1516 =1+ 2
R

R =14.16

S0, R, =14.16 X R;

choose R1=560 ;andR2=33k .
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3.5—-A/D conversion

Instead of using the onboard Analogue to Digital (A/D) converter on the MSP430
microcontroller on the ECG device which would use up quite a lot of power, two
micropower A/D converters from Linear Technology (LTC1285) were chosen for the
following reasons: their typical supply current is a low 160 A and there is an Auto
Shutdown feature which typically draws only 1nA. Thisis an extremely useful feature
to have in a micropower device. For the majority of time, the A/D converter will
operate in the shutdown mode, only being turned on when a conversion is needed. This
saves a great deal of power and in a situation where power needs to be minimal thisis

essential.[ 16]

3.6 — Isolation

For the isolation of signal lines, coming out of the A/D converter, very low-power
optocouplers from Agilent (HCPLO730A) have been used. Each channel can be driven
with an input current as low as 40 uA. These high gain couplers use a LED and an
integrated high gain photodetector to provide an extremely high current transfer ratio
between input and output. To isolate the power lines, an isolation transformer from

Halo electronicsis being used.[17]

" Refer to Jamil Khan' sthesis also entitled “Portable ECG Logger” for more information.
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3.7 —Capacitor Discharge

The final component of the isolated circuitry is a dual SPST switch from Maxim
(MAX4732) which when activated by the microcontroller, allow the capacitors of the
high-pass filter to discharge. Thisintegrated circuit (IC) was chosen due to its very low

power consumption of 0.5nW.[18]
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Chapter 4 Wireless Link

4.1 - Choice of Transceiver

The Nordic nRF903 Transceivers were chosen as the wireless link solution, as
Intellidesign (the company the project has been done in conjunction with) recommended
Nordic chips be used because they are readily available. When the device was being
designed, the new 2.4GHz transceiver chips were not yet in production, hence the 900

MHz alternative (nRF903) was used.

4.3 - Antenna Analysis & Design[19, 20]

For RF designers developing low-power radio devices for short-range applications,
antenna design has become an important issue for the total radio system design. Taking
the demand for small size and low cost into account in the development of such radio
modules, a small-tuned loop antenna on the same printed circuit board as the radio

module is a good solution.[ 19, 20]

The definition of an electrically small loop antenna, is an antenna such that the
circumference is less than one-tenth of a wavelength. These antennas have field
patterns similar to those of infinitesimal dipoles, null perpendicular to the plane of the

loop and with its maximum along the plane of the loop.
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This section describes the geometry and the electrical equivalent circuit for a
rectangular loop antenna. Physical dimensions for the antenna are used to calculate the
components in the antenna equivalent circuit and the antenna efficiency. The T-
matching method is presented in order to match the impedance of the antenna to a

transmitter/receiver.

4.3.1. L oop antenna physical parameters

The loop antenna physical parameters used in the calculations are
al = loop antenna width [m]

a2 = loop antenna length [m]

b1 = thickness of loop conductor [m]

b2 = width of loop conductor [m]

For aloop antenna fabricated on a printed circuit board (PCB), the thickness of the loop
conductor b1 means the thickness of the copper layer on top of the substrate. In order to
calculate the electrical parameters of the antenna, the rectangular loop has to be
modelled as an equivalent quadratic loop, and the planar loop conductor has to be

modeled as a wire conductor with an equivalent circular radius.[19, 20]

From the parameters above the equivalent quadratic sides of the loop are given by:

a=4aa,
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a=+24"10°" 415 10°°
a=0.031559...m

a» 31.56mm

The calculated equivalent quadratic sides are used in the formulas below for the loop

area A, and the inductances LA and LI.

The loop areais given by:

A=a? =996mm? =996 10 °*mm?

The equivalent electrical circular radius of the loop conductor is given by:

b= 0.35xb1+ 0.24xb2
b=0.35x35" 10° +0.24x1" 107

b=252.25"10°m

In electrostatic, the equivalent radius represents the radius of a circular wire whose
capacitance is equal to that of the noncircular geometry.[20]

Directivity of antenna:

Umax = maximum radiation intensity

Prad = real power radiated by the loop
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The maximum effective apeture is calculated by:

/? 3/2
A =—D =——

4P ° 8P

3" (327.87° 10°%)?
23 ( )

8P

A, =0.01283171651

A, _ 001283

= s 107 - 128882713

Electrically, the loop is about 13 times larger than its physical size. To be effective, a

small loop must be larger electrically than its physical size.

4.3.2. Loop antenna electrical equivalent cir cuit

The input impedance of the loop antenna needs to be calculated in order to estimate the

capacitor Cp used to resonate the antenna. Radiation resistance, |0ss resistance of the

loop conductor and other ohmic losses have to be determined in order to estimate the

antenna efficiency.

The equivalent circuit for the input impedance of a small loop when the loop is used as

atransmitting antennais shown in Figure 10.
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(Figure 10): Loop Antenna Equivalent Circuit (Transmit mode) [19]

The loop antenna input impedance Z;,is given by:

Z =(Ry+R +R)+ j2Pf, (L, + L)

where:

Rr = radiation resistance[ |

R_ = loss resistance of loop conductor [ ]

R« = additional ohmic losses (ESR in capacitor CP etc.) [ ]
La = inductance of loop antenna[H]

L; = inductance of loop conductor [H]

The radiation resistance is given by:

, Area’
R =31171" ( T )
where
_c_ 310°
f 915" 10°
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/ »0.3279m
cisthe speed of light equal to 3x108 m/s

fo is the resonance frequency in Hz.

fo = 915MHz
\ R =31171" 9% 10°)°

' (327.87° 10°%)*
R =2.67585W

The loss resistance of the loop inductor is given by

R _I_Rs_a1+a2 fOn%P
TP T +b \ s

_ (415+24)" 10° \/915' 10°° 4P 107" P
" (35+1000)" 10°° 5.8" 10’

R, =0.4994W

where
| = length of the metal loop conductor
P = perimeter of the cross section of the loop conductor
Rs = conductor surface resistance
o= permeability of free space (4 x10-7 H/m)

= conductivity of the conductor (5.8x107 SY/m for copper).
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The inductive reactance Xa of the loop is computed using the inductance L of

Square loop with sides a and wire radius b:

L, =2m S[(In%) - 0.774]

©1n-3 ©1n-3
L, =2 4P° 107" 31.56" 10 [ 31.56" 10

n ) - 0.774]
P 252.25" 10

L, =1.02386" 10"’ =102.386nH

The reactance X; of the loop conductor can be computed using the inductance L; of the

loop. For asingle turn this can be approximated by:

L =—ma
i 2/76

L, :%’ 4P 1077 31.56" 10"

L, =1.98297" 10°® =19.8297nH

The additional ohmic losses that isintroduced mainly because of ESR (Equivalent
Series Resistance) of the capacitor C;, is given by:

_2Pfy(Ly L)
Q

R

X

RR' RL

m 2P 9157 10°((102.386 +19.8207) " 10°°)

) - 2.676- 0.4994
40

R, =14.39W
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As the above expression indicates, the main determinate of the maximum quality factor
(Q) of aloop antenna is the ESR (i.e. the quality factor) of the capacitor C,. The
addition of a resistor Ry in parallel with C, can be used to control the Q-value of the

antenna at the same time as reducing the input impedance of the antenna.

The capacitor C, is used in parallel to Z, to resonate the antenna. 1t can be shown that
the parallel capacitor C, at resonance is given by:

_ LatL
Cp - 2 2
(R + R +R,)” +[2Pf (L, + L)]

c - (102.386 +19.8297) " 10°°
P (2.676+0.4994 +14.39)° +[2P ~ 915" 10°(102.386 +19.8297) " 10°°]°

C, =0.2474pF

The antenna efficiency can then be expressed as:

— RR
R, +R +R,

_ 2.676
2.676 +0.4994 +14.39

h =0.152345
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4.3.3. Antenna impedance and Q-value with chip capacitorsin the loop

The antenna impedance is dependent of both feed length and Q-value (read parallel
resistor Rg). The Q-value is independent of the impedance of the antenna, which means

that one chooses a Q-value and then chooses the feed length.[19, 20]

In order to ensure that the transmitter power radiation and receiver sensitivity are
always identical, the Q-value of the antenna has to be exactly matched to the capacitors
that will be used to tune the antennato the correct resonant frequency. The Q-value of
the loop can be determined from the following formula:

1

K 1+1%100)- 1

The tol variable is the percentage tolerance of the capacitors. The equation assumes that

the variation in radiated power due to capacitor variations should be lower than 3dB. If
the tolerance is 4% the Q-value will be 50. If a higher Q-value is chosen, each antenna

has to be tuned to keep the variation in radiated power lower than the assumed 3dB.

Capacitors with a tolerance of approximately 5% have been chosen for the antenna,
hence the Q-value of the antenna must be:

1

_( 1410/ 0)-1




) 1
(J1+ g0 - 1

Q=40

4.3.4. Range calculations

Unlike optical IR systems, RF systems operation in the UHF band are not restricted to
line-of-sight coverage. This is because of the diffraction and reflection of radio waves
at edges and conductive surfaces as well as the capability of RF waves to penetrate
dielectric materials.
The range calculation parameters are:

transmitter output power, PRF [dBm]

transmitter and receiver antenna efficiency,

antennarange, R[m]

free-space loss, L, [dB]

additional propagation losses other than free-space loss, Ly [dB]

receiver sensitivity, S[dBm]

When the transmitter and receiver have a clear, unobstructed line-of-sight path between

them, the free space propagation model is used to predict received signal strength.

The free-space loss factor L, is given by:



/2
L =(——
» = (PR

This loss factor accounts for the losses due to the spherical spreading of the energy by
the antenna. From the eguation it can be seen that the received power strength is
dependant upon the square of the transmitter-receiver separation distance. Thisimplies

that the received power decays with distance R at arate of 20 dB/decade.

When reflection and polarization-matched antennas are aligned for maximum
directional radiation and reception, the communication range can be calculated by the

following formula. Pge isthe output power and Sis the sensitivity of the antennas.

This equation assumes that the two antennas are separated by a distance R >2D?
where D is the largest dimension of either antenna. The operation range may increase
due to the wave guidance which sometimes occurs along conductive surfaces. As
previously mentioned, the free-space path analysis applies to line-of-sight propagation,
hence the other propagation losses Ly such as signa reflection, diffraction, scattering
and polarization losses will need to be considered. With the inclusion of these losses,

the communication range can now be calcul ated:
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R=——

ap |5
L /%Py

Given the required range R, assumed losses L, sensitivity Sand equal TX/RX antennas,

the necessary output power PRF is given by:

P, =10dBm=10mwW [21]
S=-104dBm = 0.03811pW [21, 22]

0.3279

4P 0.03811" 102
(0.152345)2 " 10” 103

R=2.036km

4.3.5. Selection of Capacitor s and Resistor

The antenna is designed by placing three series capacitors in parallel with a resistor.

This resistor determines the Quality factor of the circuit.

Capacitorsin series:

Cp:(i+i+i)‘l

G, G G
0.2474° 10°* =(i +i+i)'1
C, C G

46



a2 102=1+ 1t L
C, C G

4.042° 10% =3’ 1
C

4042 10 =3" —

C, =0.74pF

\ choose real capacitor valuesin this vicinity.

C, =056pF
C, =0.82pF
C, =1.00pF

1 1 1.
C, =( )"

+ +
0.56pF 0.82pF 1.00pF

C, =0.2496pF

The manufacturer of the transceiver chip (Nordic VLSI) recommends the use of an

18k 1% resistor for Ry.

4.4 - Wireless link hardware implementation

The Transceiver and Receiver circuits are very similar. To have a matched wireless

link, the antennas need to be identical, and the Transceiver chip’s external circuitry
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remains the same. The magjority of the external components were taken directly from
the NRF903 Transceiver datasheet, with the exception of the antenna components which

were calculated in the Antenna design section (4.3) of thisthesis.

4.4.1. Transmitter

The Transmitter circuit begins with a rotary locking FPC connector along which the
power and four output lines from the primary ECG device are input. One of the data
lines serves to power up the wireless board, by switching on a P-channel MOSFET.
When there is no signal, the MOSFET is off, because the data line is high at 3.3V and
no current is drained across the resistor. When the line is switched to an active high, the
data line will read low at OV, and the MOSFET will turn on, thus providing power to

the Transmitter circuit.

The three other data lines are used in the following way: Data line for the transmission
of seria data; a Clock line to read the data in from; and a Transmit enable line which
when high, tells the on-board microcontroller (M SP430F1232) to put the Transceiver

chip into transmit mode, by passing along a high to the TXEN pin.

The microcontroller (MSP430F1232) is the link between the input data lines and the
Transceiver chip. It initiates and configures the nRF903 and is responsible for the
passing of ECG waveform data to the wireless link. For more information please refer

to section 4.5 (Wireless Software Design).
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For the complete Transmitter schematic, please see Appendix B.

4.4.1. Receiver

As previously mentioned, the Receiver hardware is not unlike the Transmitter hardware,
except for the addition of a USB circuit. Datais now input viathe RF link which passes
the data to the onboard microcontroller (M SP430F1232 - same model as the Transmitter
microcontroller). The data is then passed on to the USB IC (FT8U232BM) which isa

serial USB controller.

The Receiver circuit is powered from the USB. As USB outputs 5V, and the circuit
operates for a V¢ of 3.3V, voltage regulation needs to occur. The FT8U232BM USB
IC has an option for outputting 3.3V. From this output, the voltage is fed into a 3.3V

linear regulator (LM S5213) to ensure that the power to the circuit is smooth.

For the complete Receiver schematic, please see Appendix C.

4.5 — Wireless link software implementation

The wireless link is dependant upon the transmission and reception (via the nRF903
transceiver chips) of the ECG data. Whenever the device is powered up, the transceiver

chips need to be configured. The following parameters are set during configuration: the
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frequency band of operation; the channel number; the output power and the

microcontroller clock frequency outpuit.

4.5.1. Configuration Mode

Configuration is performed by clocking a 14-bit configuration word into a shift register.
These 14 bits are decoded into the corresponding frequency band, channel, output
power and output clock frequency. Transceiver parameters are clocked into the data
shift register in the internal configuration unit by using the three-pin Serial Peripheral
Interface (SPI) consisting of the pins CFG_DATA, CFG CLK and CS. Once
configured, the pins are not used again unless one or more of the parameters need to be
changed. (Figure 11) shows the contents of the register, with bit 13 being the most

significant bit (MSB).

(Figure 11): nRF903 Configuration word [22]
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Chip Select (CS) is used to enable the transceiver configuration mode. During
configuration, CS is set high, and the configuration word is clocked into the shift

register. When CSisreset, the new configuration setup isinitialised.

Data is read into the shift-register via the CFG_DATA pin. This datais clocked in on
the rising edge of the CFG_CLK (configuration clock) pin. The CFG_DATA hit rate

may not exceed 1IMbit/s.

The configuration of both the transmitter and receiver boards is exactly the same. The
configuration word being clocked into the shift-register is: 0x3DD2.
The channel centre position (or channel number) is calculated using the following

formula:

f =902.1696" 10° + CH ~ 153.6” 10°[HZ]

centre_915MHz

feentre a15MHz WaS chosen as 920 MHz, as this frequency isalegal 1SM frequency in both

Australiaand the United States. Thisallowsfor agreater market area.

_920° 10° - 902.1696" 10°
153.6" 10°

CH

CH » 116
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Clock output channel number Frequency
Output power band

13 |12 |11 |10 |9 8 7 6 5 4 3 2 1 0

1 1 1 1 0 1 1 1 0 1 0 0 1 0

- _ - _J - _J
- ~— ~—
3

o <

This indicates that:
1. Thefrequency band isthe 915 MHz band.
2. The channel number is 116 (920 MHz operation)
3. Theoutput power isamaximum of 10 dBm

4. The microcontroller system clock is equal to fy.ta / 8 MHZz.
Once configured, the device behaviour is set by the external signals TXEN,
PWR_DWN, STBY and DATA. (Data is an input pin during transmission, and an

output pin when receiving data.)

4.5.2. Operating M ode Contr ol

As well as the four general mode control pins, there are also two other output pins, one
being integral to the device operation. The C_SENSE (receiver carrier sense) signal isa

stable low, when no carrier is detected in the receiving channel. When the signal goes
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high, the transceiver is receiving transmitted data. Therefore, when a positive transition

occurs on this pin, the microcontroller will begin to process the incoming data.

The four mode control pins are utilized in the following manner. To operate the
transceiver in transmitter mode, the TXEN pin should be set high. The DATA is sent
along a bi-directional pin. When TXEN is high (transmitter mode) the DATA is an
input pin, and when TXEN is low (receiving mode) that DATA is an output pin. The
PWR_DWN and STBY signals are both inputs used to put the device in low power

modes of operation.

4.5.3. Transmission and Packets

The transmitter device relies on obtaining three signal lines of data from the ECG holter
monitor device. These three lines are: the Transmit line, which tells the device to
power-up the transmitter and put it into transmit mode; the Data line, upon which ECG
digital datais transferred for transmission; and the clock line, which allows the data to

be compiled at the microcontroller end.

As the data is of a serial nature, it needs to be compiled into bytes to allow for
transmission. Data being sent to the transceiver chip needsto be UART encoded, and in
packet format. Each packet must consist of the following data items. Preamble;

Address; Payload; and Checksum.
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The suggested preamble for UART encoded data is four bytes of 0xCC followed by one
byte of OxFO. (CC CC CC CC F0). This preamble is used to stabilize the receiver and
to synchronize the receiving UART. The address is used by the receiver to identify
packets. It can either be a system address or a device address and is usually one or two
bytes long. The payload is where the data bytes meant for transmission are located.
The number of bytes in the payload is undefined, however a shorter payload will have a
greater survival through the link. Finally the checksum is used to validate the packet. It
is calculated from the address and payload bits. Usually one byte of checksum is
sufficient. When a packet reaches its destination (in this case the PC), it will first of al
be identified by the preamble. The receiver will use this preamble to identify the start
of the packet. The preamble will then be stripped off. Following this, the address byte
will be checked. If there is a match, the packet will be kept for further analysis, if the
address byte does not match the expected address then the packet will be deemed
corrupted and deleted. Once the address has been matched, a checksum will be
calculated and compared to the checksum on the received packed. If there is a match

again, then the data will be kept and used.

4.54. FIFOs

In computer programming, FIFO (first-in, first-out) is an approach to handling program
work requests from queues or stacks so that the oldest request is handled next. The
transmitter software routine implements two FIFOs. When data is read in from the

ECG deviceit is stored in the first FIFO. This datais then pulled out of the stack to be
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added into a packet. Packets of data are stored in the second FIFO, until the UART is

able to encode and transmit them to the transcei ver for wireless transmission.

45.5. UART

UART encoding is used on all data transmitted and received by the wireless link, as
well as al data transmitted through the USB to the computer. When data is passed to a
UART buffer, a start and stop bit is added to the data, to enable the receiving device to
reassemble serial transmitted data. A receiving UART on the other end of the link

reassembles the data into a byte and reads this byte into the receive buffer.

4.5.6. Transmitter Software

The basis of the transmitter software revolves around FIFOs. Data is clocked in from
the ECG device microcontroller to an MSP430F1232 microcontroller on the transmitter
board. Hereit is assembled into a byte and stored in a FIFO named receive_fifo. Once
ten bytes have been placed in the receive fifo, the method send_packet is initiated.
Send_packet runs by utilizing the method send_wireless which reads bytes into the
transmit UART buffer, UTXBUFO, if it is empty. Send packet initially sends the
preamble, followed by an address bit, followed by the ten data bytes which are read out
of the FIFO. If UTXBUFO is full, data should not be written to it, as this will cause
errors in transmission. In this case, the packet data will be stored in the send_fifo until
it can be read out into UTXBUFO. Data from UTXBUFO is read into the nRF903

Transceiver chip where it isthen transmitted via the loop antenna.
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4.5.7. Receiver Software

The receiver software is much more simple than that of the transmitter. When the
carrier sense line on the NRF903 Transceiver goes to an active high, the receiver is
detecting the transmitter. This notifies the receiving M SP430 microcontroller to power
up the circuit. Received data is read into the URXBUFO (UART receiving buffer)
where it is passed into the UTXBUFO for transmission to the USB controller. This

action will only occur if the UTXBUFO is empty.
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Chapter 5 Product Evaluation & Outcomes

The intended plan of this project was to design two devices, an ECG Holter Monitor
device with a wireless link for real-time data viewing on an external computer, and a

small Credit-Card sized device with no wireless link.

Unfortunately due to many unforseen problems, the Credit-Card device is only at an
unpopulated PCB stage. These problems included: unavailability of the LCD screens
chosen for the device so new comparative screens needed to be sourced; the PCB
manufacturer placing the PCB board into the drilling machine the wrong way round,
which resulted in a delay of a month on the PCBs for this device; and generally an
idedlistic time plan which did not account for the lack of expertise in Software

development.

For work completed on this thesis, the Holter monitor and Wireless Link were
completed to full functionality, albeit later than initially planned. The isolated hardware
for the Credit-Card device is unchanged from the larger Holter device, so in that respect

this part of the project was aso completed.

Most of the future work on the project will centre around the digital circuit, in particular
the menu structure of the LCD display. Thereisalso alot of work to be completed on

the Credit-Card device, with screen drivers needing to be written for a completely
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different screen. In the future, the Wireless Link could be made bi-directional, and a
better and more marketable software program developed for both download from the

ECG device and the Wireless Link viewing.

Over the course of the project, the following problems/detours were encountered:

Design of the transmitter was originally using the nRF904 Transmitter chip. This
however was abandoned after it was discovered that no Australian suppliers stocked
that part, and extremely large quantities would have to be purchased. Another large
problem was the frying of components, in particular the USB chip, after the power and
ground of the USB were unintentionally reversed. The greatest problem over the course
of the project, was the lack of expertise in C programming, which slowed down the
entire process. Whilst the project fundamentally was finished in the end, these factors,
in particular the last, all contributed to the project extending long after the planned

finish date.
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APPENDIX A: Isolated Analogue Schematic
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APPENDIX B: Transmitter Schematic
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APPENDIX C: Receiver Schematic

63



APPENDIX D: Transmitter Code

#include <signal.h>
#include <msp430x12x2.h>
#include "fifo.h"

unsigned int i;
unsigned int j;
unsigned int k;

void send_packet();

unsigned char recByte;

unsigned char fifo_busy=0;

unsigned char fByteCompl ete=0;

unsigned char address=0xA®6;

unsigned char checksum=0x00;

long configword=0x3DD?2; //11 1101 1101 0010 14-bit configuration data (3DD2)

FIFO send fifo;
FIFO receive fifo;

[*FIFO for data input*/
void fifo_init(FIFO *fp)
{

fp->tx_buf tail =0;
fp->tx_buf _head = 0;
fp->buf_count = 0;
fp->max_buf_size =0;
fp->hval =0;

fp->lval =0;

}

I* check if fifoisfull*/
int fifo_full (FIFO *fp)

{
return (((fp->tx_buf_head + 1) % FIFOSZ) == fp->tx_buf_tail);
}

/*knows how many bytesin fifo*/
int num_bytes fifo(FIFO *fp)
{
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return (fp->buf_count);

}

[* check if fifo is empty*/
int fifo_empty(FIFO *fp)

{
return (fp->tx_buf_tail == fp->tx_buf _head);
}

/* push avalue into the FIFO*/
void fifo_push(FIFO *fp, int d)

if (! fifo_full(fp))
{

fp->data[fp->tx_buf _head] = d;
fp->tx_buf _head = (fp->tx_buf_head + 1) % FIFOSZ;
fp->buf_count += 1,
if (fp->buf_count > fp->max_buf_size)
fp->max_buf_size = fp->buf_count;
if (fp->hval < d)
fp->hval =d;
if (fp->lval > d)
fp->lva =d;

/* pop avaue out of the FIFO*/
int fifo_pop(FIFO *fp)
{

int r=0;
if (! fifo_empty(fp))
{

r = fp->data[fp->tx_buf_tail];
fp->tx_buf tail = (fp->tx_buf tail + 1) % FIFOSZ;
fp->buf_count -= 1;

}

returnr;

}

int fifo_len(FIFO *fp)
{

return fp->buf_count;
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}

int main(void)

{

WDTCTL = WDTPW + WDTHOLD; //Disables Watchdog Timer

P1SEL=0x00;

P2SEL=0x00;

P3SEL=0x30; //select UART mode on pins4 and 5.

P1DIR=0x00; //al inputs

P2DIR=0x01; //output on pin O - TXEN pin.

P3DIR=0x37; //output on pins0,1,2,4,5- CFGCIk, CFGData, CS, Stby, PwrDwn

/*
* Initialise clock module
* - Start up crystal oscillator
* - Setup MCLK, ACLK, SMCLK dividers and clock sources
* - Turn the high-speed crystal ON
*/

BCSCTL1 |= XTS; /IACLK = LFXT1 =HF XTAL
do
{

IFG1 &= ~OFIFG; //Clear OSCFaullt flag

for (k = OXFF; k>0; k--);  /[Timefor flag to set
}
while (IFG1 & OFIFG)!=0); //OSCFault flag till set?

BCSCTL2 |= SELM1 +SELMO; //IMCLK = LFXT1 (safe)
UCTLO = 0x13; /1Set SWRST for initialisation: Master mode, 8-bit character.
UCTLO = 0x12; {/Iclear SWRST

UTCTLO = 0x10; /l ACLK used for baud rate generation
UOBRO = 0x68; /I18MHz 76,800 - 104

UOBR1 = 0x00; il

UMCTLO=0x00; //no modulation

ME2 |= 0x02; /IEnabled USARTO TXD

IE2 |= 0x02; /[Enabled USARTO TX interrupt

P3SEL |= 0x30; /IP3.4,5 USART TXD/RXD

P3DIR |= 0x10; //P3.4 output direction

fifo_init(&receive fifo);
fifo_init(&send_fifo);

[* configuration of RF module. Must be set in TX or RX mode to configure. Choose
TX mode.
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Configuration on P3.0 - CFG_CLK, P3.1 - CFG_DATA, P3.2 - CS*/

P30UT=0x00; /ICLK=0, CS=0
P30UT=0x04; /ISets CS pin high for configuration

for (1I=0; i <14, i++) /Nloop writesin config word

{
P30UT& =~0x01,; //sets CFG_CLK pin low

if (configword & (0x2000 >>i)) //writing in config word

P30OUT |= 0x02; /(= is bitwise inclusive or)
}

else
P30OUT &= ~0x02;
P30OUT|=0x01; /ftoggles CFG_CLK pin high
}

P30UT=0x00; //Clears P3 to stop configuration mode.
P20UT=0x01; //TX pin high for TX mode.
eint(); /lenables interrupts

P30UT=0x20; //power down mode.
LPM4; /* Enter Low Power Mode 4 */

while (1)
{

TXBUFO=Data in;
if (fByteComplete == 1) //ByteComplete flag is set

fifo_push(&receive_fifo, recByte); //Send the byte to UART or FIFO
fByteComplete = 0;

if (num_bytes fifo(&receive_fifo) == 10)
{

}
}
return O;

}

interrupt (PORT1 VECTOR) Port_1 (void)
{

send_packet();
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unsignedint Y;

Y = PlIFG;
Y &= 0x05;
if (Y ==0x04) /linterrupt on TX alow pin
{
if (PLIES == 0x00)
{
LPM4 EXIT; //Exit Low Power Mode 4
P30UT=0x00; /lwake up Transceiver
P20UT=0x01; //TX pin high for TX mode.
}
else
P30UT=0x20; /lput Transceiver into power down mode
LPM4; I/ Enter Low Power Mode 4
}

P1IES"=0x01,; /ltoggles to alow interrupt on alternative edge.

elseif (Y == 0x01) {linterrupt on clock pin

{

}

static unsigned char X=0;
static int BitNum =0;

BitNum++;

X = P1IN; //Read P1 to variable X

X &= 0x02; //Mask X to isolate TX Data (pin 1)
X =X>>1, //Shift value right one place.

recByte = (recByte << 1); //Shifts contents of recByte 1 place left.
recByte |- (X & 0x01); I/Places value of X in bit O of recByte.
if (BitNum >=7)
{

fByteComplete = 1,

BitNum=0;
}

P1IFG = 0x00; /Iclears interrupt flag to allow future interrupts.

}

interrupt(UARTOTX_VECTOR) usartO_tx (void)

{

if (1 fifo_empty(&send_fifo))

{

TXBUFO = fifo_pop(&send_fifo);
fifo_busy = 1;
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}

else
fifo_busy = 0;

}

void send_wireless (char Pack)
{

if (fifo_busy ==0)

{

TXBUFO = Pack;

fifo_busy = 1,
}
else

fifo_push(&send fifo, Pack); //push on to send FIFO
}

void send_packet()
unsigned char datachar;

[*preamble*/

send_wireless(OxCC);
send_wireless(OxCC);
send_wireless(0xCC);
send_wireless(0xCC);
send_wireless(0xFO0);

[*address byte*/
send_wireless(address);
checksum = address;

[*data*/

for (j=0; j<10; j++)

{
datachar=(fifo_pop(&receive fifo));
send_wireless(datachar);
checksum = checksum + datachar;

}

[* Checksum*/
send_wireless(checksum);

}
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APPENDIX E: Fifo.h

#ifndef FIFO_H
#define FIFO_H

#define FIFOSZ 50

struct fifo{
unsigned char data] FIFOSZ];
int tx_buf_tail;
int tx_buf _head;
int buf_count;
int max_buf_size;
int hval;
intlval;

h

typedef struct fifo FIFO;

void fifo_init (FIFO *fp);

int fifo_full (FIFO *fp);

void fifo_push (FIFO *fp, int d);
int fifo_pop (FIFO *fp);

int fifo_read (FIFO *fp);

int fifo_len (FIFO *fp);

int numbytes fifo(FIFO *fp);

#endif
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APPENDIX F: Receiver Code

#include <signal.h>
#include <msp430x12x2.h>
#include <msp430x12x.h>
#include <stdio.h>

unsigned int i;

unsigned int k;

long configword=0x3DD2; // 1111 0111 0100 10 14-bit configuration data: make a
16-bit word - 0x3748

/lunsigned char data=0xEA;

int main(void)

{
WDTCTL =WDTPW + WDTHOLD,; //Disables Watchdog Timer
P1SEL =0x00;
P2SEL =0x00;
P3SEL=0x30; /IUART mode on pins 4 and 5.
P1DIR=0x01; /loutput on pin 0 - CTS#. Input onpinl- RTSH
P2DIR=0x00; /[Datainon pinsOand 1. CLK_OUT & C_SENSE
P3DIR=0x5F,; /loutpust on pins0-4 & 6 - TXEN, CS, CFG_DATA,
CFG_CLK, UART TX, RESET#. Input on Pin 5 (Uart RX).
1l P3DIR=0xDF; /louput on pins 0-4,6,7 - TXEN, CS, CFG_DATA,

CFG_CLK, UTXDO, STBY, PWR_DWN.

/*

* Initialise clock module

* - Start up crystal oscillator

* - Setup MCLK, ACLK, SMCLK dividers and clock sources
*/

/[Turn the high-speed crystal ON

BCSCTL1 |= XTS; /Il ACLK =LFXT1=HF XTAL
do
{

IFG1 &= ~OFIFG; /I Clear OSCFalt flag

for (k = OXFF; k>0; k--); /I Timefor flag to set
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}
while (IFG1 & OFIFG)!= 0);

BCSCTL2 |= SELM1 +SELMO;

UCTLO = 0x13;
Master mode, 8-bit character.

UCTLO = 0x12;

UTCTLO = 0x10;
generation

UOBRO = 0x68;

UOBR1 = 0x00;

UMCTLO = 0x00;

ME2 |= UTXEO + URXEQ;
RXD

IE2 |= 0x03;

P3SEL |= 0x30;

P3DIR |= 0x10;

[/OSCFault flag till set?

/IMCLK = LFXT1 (safe)
//Set SWRST for initialisation:

[/Iclear SWRST
/I ACLK used for baud rate

/I8MHz 76,800 - 104
Il
//no modulation
/IEnabled USARTO TXD &

/lEnabled USARTO TX & RX interrupts
//P3.4,5 USART TXD/RXD
//P3.4 output direction

/* configuration of RF module. Must be setin TX or RX mode to configure.

Choose RX mode.

Configuration on P3.1 - CS, P3.2 - CFG_DATA, P3.3 - CFG_CLK.*/

P30OUT=0x00;
P30UT=0x02;

for (i=0; i < 14; i++)
{
P30OUT &= ~0x08;

if (configword & (0x2000 >> 1))

P30OUT |= 0x04;
is bitwise inclusive or)

}

else

{

}
P30UT |= 0x08;

P30OUT &= ~0x04;

}

P30UT=0x00;

eint();

/ICLK=0, CS=0
//Sets CS pin high for configuration

/Nloop writesin config word

/Iwriting in config word

(=

/ftoggles CFG_CLK pin high

/ISets CS pin low for normal modes

/lenables interrupts
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while (1)

{
1 TXBUFO = RXBUFO;
}
return O;
}
[*interrupt (PORT2_VECTOR) Port_2(void)
{
unsigned int R;
R=P2IFG;
R&=0x02;
if (R==0x02) lInterrupt for RX or power down mode
{
if (P2IES==0x00)
{
P30UT=0x80;//wake up Receiver & put into RX mode.
LPM4_EXIT,; // Exit Low Power Mode 4
}
else
{
P30UT=0xBO; /Iput Receiver into Power Down mode.
LPM4; /! Enter Low Power Mode 4
}
P1IES*=0x02; /ltoggles to aow interrupt on alternative edge.
}
P11FG=0x00; /lclears interrupt flag to alow future interrupt
y*/
interrupt (UARTORX_VECTOR) usartO_rx (void)
{
unsigned char delete;
if (P2IN & 0x02)
{
TXBUFO = RXBUFO;
}
else
{
delete = RXBUFQO;
}
}
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