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ABSTRACT

Impedance cardiography is a non-invasive technique for measuring cardiac
output and for diagnosing cardiac disorders. The basal impedance of human thorax is
normally 20—30Q and it decreases by 0.1-0.2Q during systole due to blood
pumped into the thoracic region. This change in the thoracic impedance is sensed by
injecting a high frequency (20 — 100 kHz) current (<5 mA) into the thoracic region
through a pair of electrodes and by measuring the voltage across another pair of
electrodes. The impedance variation thus measured is known as impedance
cardiogram (ICG) and can be used for estimating stroke volume by using appropriate
models of blood flow and can also be used for diagnostic information. The objective
is to improve the hardware modules of the existing instrument for better performance.
The oscillator module has been modified for better short term amplitude stability. The
precision rectifier in the demodulator has been modified for better frequency
response. The parameters of the drift cancellation circuit has been modified for better
performance. An earlier microcontroller based designed thoracic impedance
simulator has been enhanced by using a digital potentiometer based circuit, to
simulate step and sinusoidal types of variation in change in the impedance, for testing

and calibration of impedance cardiograph.
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Chapter 1
INTRODUCTION

1.1 Background

The electrical activity of the heart can be monitored by investigating the
electrocardiogram (ECG). But the main action of the heart is mechanical pumping of
blood. Impedance cardiography (ICG) is a technique which allows non-invasive
monitoring of this mechanical action of the heart. It involves injecting a high
frequency low intensity current into the thorax through a pair of electrodes. Voltage
developed across a pair of sensing electrodes gets amplitude modulated because of
variation in the thoracic impedance due to changing blood volume. The variation in
the impedance is sensed and used for estimating the stroke volume (SV) i.e., the
amount of blood pumped by the heart per heartbeat and for obtaining other diagnostic
information on cardiac functioning. Compared to other techniques, ICG is non-

invasive, easy to apply and low in cost.

1.2 Project objective

This project involves modification of the hardware used for the existing impedance
cardiograph instrument developed at IIT Bombay for better performance. It is a
continuation of earlier work done at IIT Bombay. The instrument consists of an
oscillator, a V-l converter for current excitation of the thorax, voltage sense amplifier,
demodulator and drift cancellation circuit. The sections which need to be modified
include the oscillator section whose short term amplitude stability needs to be
improved, the V-I converter in which the stray current and common mode pick-ups
has to be reduced, the instrumentation amplifier whose CMRR can be increased and
the demodulator section where the performance at the frequency used (100 kHz) is
not satisfactory and the modification of the parameters of the drift cancellation circuit

for optimum use of the ADC dynamic input range.



A thorax simulator is required for testing and calibration of impedance
cardiograph. This has been developed as an upgradation of an microcontroller based
earlier design, with provision for variation of heart rate, basal impedance, change in
impedance, shape of change in impedance (square or sine) and amplitude of ECG

common mode and differential mode signals.

1.3 Dissertation outline

Chapter 2 reviews the basics of impedance cardiography. The third chapter gives the
block description of the existing instrument. The hardware modifications
implemented in the impedance cardiograph instrument are reported in the fourth
chapter. The fifth chapter gives details about the design of the thorax simulator. The

sixth chapter gives a summary of the work and some suggestions for future work.



Chapter 2
BASICS OF IMPEDANCE CARDIOGRAPHY

2.1 Anatomy of the heart

The heart consists of four chambers namely left atrium, left ventricle, right atrium,
and right ventricle, as shown in Fig. 2.1 [1][2][3]. The left atrium and ventricle are
separated by the mitral valve. The right atrium and right ventricle are separated by the
tricuspid valve. The valves between the atrium and the ventricle are also known as
atrio-ventricular (A-V) valves. The pulmonic valve is situated between the right
ventricle and the pulmonary artery and the aortic valve between the left ventricle and
the aorta. The deoxygenated blood (blood poor in oxygen content) from all peripheral
organs of the body flow into the right atrium. The right atrium pumps it to the right
ventricle, from where it is pumped to the lungs through pulmonary arteries for
oxygenation. From the lungs, the blood arrives to the left atrium through pulmonary
veins. The left atrium pumps the oxygenated blood to the left ventricle which in turn
pumps it to the peripheral organs through the aorta, completing the blood circulation.
The mechanical activity of the heart is actually caused by the electrical activity of the
cardiac muscle cells. Each cycle is initiated by spontaneous generation of an action
potential in the sino-atrial (SA) node located in the anterior wall of the right atrium.
These potentials travel through both atrium to the A-V node, located between the

atriam and ventricles, and then to the ventricles.

2.2 Thecardiac cycle

A cardiac cycle consists of a systole and diastole of both atria plus a systole and
diastole of both ventricles. As a chamber of the heart contracts, the pressure of the
fluid within it increases. Due to this, pressure changes occur and blood flows from

areas of higher blood pressure to areas of lower blood pressure. As shown in Fig. 2.2.



the cardiac cycle can be divided into three phases: diastole or relaxation, ventricular
filling, and ventricular systole.

In the relaxation phase, all four chambers are in diastole at the end of a
heartbeat. As the ventricles relax, pressure within the chambers drops and blood starts
to flow from the pulmonary trunk and aorta back towards the ventricles. As the
pressure drops below the aortic pressure, the aortic valves close. There is a brief
interval when the ventricular blood volume does not change because both A-V valves
and aortic and pulmonic valves are closed. This period is called isovolumic relaxation.
As the ventricles relax, the space inside expands and the pressure falls rapidly. When

ventricular pressure falls below atrial pressure, the A-V valves open and ventricular

filling begins.
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Fig. 2.1 The chambers of the heart and blood vessels [3]

As soon as the A-V valves open, there is a large amount of blood flow which
had accumulated in the atria during the time the ventricles were contracting. The
firing of the SA node results in atrial depolarization which is followed by atrial
contraction after some time. At the end of ventricular diastole, there is about 130 ml

of blood in each ventricle which is known as end-diastolic volume (EDV).



The impulse from the SA node after passing through the A-V node reaches the
ventricles causing them to depolarize. Ventricular contraction begins and blood is
pushed up against the A-V valves forcing them shut. As ventricular contraction
continues, the pressure inside rises rapidly. For about 0.05 s, all four valves are closed
again. This period is called isovolumic contraction. When left ventricular pressure
surpasses aortic pressure and right ventricular pressure rises above the pressure in the
pulmonary trunk, both aortic and pulmonic valves open and ejection of blood begins
and continues until the ventricles start to relax. Then the aortic and pulmonic valves
close and another relaxation period begins. The volume of blood still left in each
ventricle after ventricular systole is known as end-systolic volume (ESV). At rest, it is
about 60 ml.

During each cardiac cycle, four heart sounds are generated. In a normal heart,
however, only the first two are loud enough to be heard by stethoscope. The first heart
sound, which can be described as "lubb", is the sound created by blood turbulence
associated with closure of the A-V valves soon after ventricular systole begins. The
second heart sound, which can be described as "dub”, is the sound created by blood
turbulence associated with closure of the aortic and pulmonic valves at the beginning
of ventricular diastole.
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Fig. 2.2 The cardiac cycle [1]



2.3 Cardiac output

The volume of blood ejected by the ventricle with each contraction is known as stroke
volume (SV). Cardiac output (CO) is the amount of blood ejected from the left
ventricle (or the right ventricle) into the aorta (or pulmonary trunk) each minute.
Thus, cardiac output is SV times the heart rate (HR), the number of heartbeats per
minute. In a typical resting adult, the stroke volume averages 70 ml/beat and heart rate
is about 72 beats/min. This gives an average CO of 5.04 litres/min.

Stroke volume is the difference between the end-diastolic volume (EDV) and
end-systolic volume (ESV). Three important factors regulate stroke volume in
different circumstances: preload, contractility and afterload [1][2].

Preload: This refers to the amount of stretch on cardiac muscle fibres just
before they contract. According to Frank-Starling law of the heart [1], the more the
heart is filled during diastole, the greater the force of contraction during systole i.e.,
the greater the EDV, the more forceful the contraction. EDV is determined by two
factors: duration of ventricular diastole and venous pressure. When heart rate
increases, the duration of diastole is shorter. Less filling time means a smaller EDV
and the ventricles may contract before they are adequately filled. When the venous
pressure increases, the amount of blood forced into the ventricles increases and EDV
increases.

Contractility: This is the strength of contraction of the ventricular muscles at
any given preload. Substances that increase contractility are called positive inotropic
agents and those that decrease contractility are called negative inotropic agents. Thus,
for a given preload, the stroke volume is larger when a positive inotropic substance is
present. Positive inotropic agents promote Ca2+ inflow during cardiac action
potentials which strengthens the force of the subsequent muscle fibre contraction.
They include stimulation of the sympathetic division of the autonomic nervous
system, hormones such as epinephrine and norepinephrine, increased Ca2+ level in the
extracellular fluid, and the drug digitalis. Negative inotropic agents include inhibition
of the sympathetic division of the autonomic nervous system, anoxia, acidosis, some
anesthetics, and increased K+ level in the extracellular fluid.

Afterload: This refers to the pressure that must be exceeded before ejection of blood
from the ventricles can begin i.e., the pressure that must be overcome before the

semilunar valves can open. When afterload increases, the stroke volume decreases.



Afterload can increase when blood pressure is elevated or arteries are narrowed by

atherosclerosis.

2.4 Basisfor impedance cardiography

The resistivity of blood is lesser than that of other body tissues [4][5]. Thus, when the
volume of blood in the thoracic cavity increases, the impedance of the thorax
decreases. The typical values of resistivity of biological materials [4] are given in
Table 2.1.

Table 2.1 Resistivity of biological materials [4]

Material Resistivity (p), .cm
Blood 150
Plasma 63
Cardiac muscle 750
Lung 1275
Fat 2500

In impedance cardiography, a high frequency (20 — 400 kHz) low amplitude
(<5 mA) current is passed through the thorax [4][5]. During systole, when the volume
of blood in the thorax increases, the impedance falls. The corresponding voltage drop
is recorded which is thus proportional to the stroke volume. The mean impedance of
the thorax is about 20 € and change in impedance is 0.1 to 0.2 Q [5][6].

An impedance model for the thorax was proposed by Kubicek and a formula
for stroke volume calculation was derived by him from the model [7][8]. The model
known as parallel column model consists of two parallel columns of conducting

material as shown in Fig. 2.3, one with constant impedance Zy, and other with a
variable impedance Zn. The net impedance is given by

Z(t)=Z, || Z (2.1)
If the cross sectional area of the column "N" varies from zero to a finite value the
change in impedance across the parallel column is given by

2(t) = Z(t) - Z,



and hence

_ Zo2
2(t) = CAEN) 2.2)

Since Z, >> Z,, we can write

ZZ
Z(t) = —=°
O~

(2.3)

N
If the excitation frequency used for impedance measurement is kept in
40 - 400 kHz, the impedance measured is almost nearly resistive. Hence impedance

terms used in this discussion actually refers to resistance.

L 2= ¥ ZfY) = Netimpedance
. £, = Buse impedance
Z iﬁf Lz =Variable impedance
£ = Resistivity of the materical
i ] ¥ L =Length

Fig. 2.3 Parallel column model [9]

Considering Z, to be a cylinder with length, L, cross-sectional area, A, and

volume v= LA, Z, isgiven by

2
z, =Pt (2.4)
v

where, p is the resistivity of the material. Hence the impedance variation can be
given as

Zv
pL’

z(t) = — (2.9)

An assumption was made that the inflow of blood into the thorax is the source of
impedance change and the volume of the column N is zero before systole. So during
systole, the impedance starts decreasing and assuming no blood leaves the thorax
during systole, the maximum impedance change can be written as

AZ =(-2)

max



The change in volume of the column, AV =V__, is given by

2
AV = p%AZ (2.6)

The outflow of blood from the lungs into the heart was not accounted during systole.
Later a correction was made [7][8], in which the extrapolation technique shown in
Fig. 2.4, was introduced to account for the outflow of blood from the lungs into the
heart in the later part of systole. This is as given below
L>( dz
AV = ”—2(— EJ Toe @2.7)

(o]

where, (— %) is the most negative (upward in the graph) deflection during systole

measured from zero, and T, is the left ventricular ejection time (time between the

first heart sound “B” and aortic valve closure “X”) as shown in Fig. 2.4. A number of

other refinements have been reported [9][10].

2.5 Impedance cardiogram

The impedance variation signal is z(t) waveform. It is customary to plot -z(t), because
an increase (positive deflection) in this waveform is related to increase in the volume
of blood. The derivative of this waveform, -dz/dt is termed as the impedance
cardiogram, and is used for calculation of stroke volume, as well as for obtaining
diagnostic information. A typical impedance cardiogram is shown in Fig. 2.5. The ‘R’
point of the ECG waveform is used as a reference. Phonocardiogram (PCG) is used as
a reference to monitor the heart sounds resulting from opening and closing of heart
valves. Points on the dz/dt waveform have been identified to correspond to the

following physiological events:

Atrial contraction

Closure of tricuspid valve
Closure of aortic valve
Closure of pulmonic valve
Opening snap of mitral valve
Third heart sound

N O X X T 2>



The contribution of cardiovascular system to the impedance signal is a sum of

two components [9]:

1. Plethysmographic component — The contraction of the ventricles causes the

pressure in aorta to change which in turn causes the volume of the aorta to

change leading to the impedance change.
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Fig. 2.4 Stroke volume calculation by extrapolation technique [7]

2. Erythrocyte-orientation component — At the end of diastole, the erythrocytes

are randomly oriented within the plasma. The current lines have an extended

path-length and the resistivity of blood is high. During systole, the

erythrocytes become aligned with their plane parallel to the main axis of the

aorta. As the velocity increases, the percentage of aligned erythrocytes
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increases thus, the conductivity of flowing blood is higher than that of
stationary blood.
The heart itself does not significantly contribute to the impedance signal due
to the following reasons:
1. The physical volume of the heart represents 10% of the total volume of the thorax
and its conductivity is totally shielded by the aorta and the vena cava.
2. During systole, the heart is expelling blood increasing its impedance while the
impedance of the blood vessels is decreasing due to the inflow of blood into them.

Calibration
s Lifs
Y |

APV

R

e ™ --.-r-r1-11:r|1ltrr||r|t-|'1-|1|1-1-11||

1] i 2 3 Time [s] 4

Fig. 2.5 Typical impedance cardiography related waveforms -z(t) and -dz/dt, along
with ECG and PCG [7]

2.6 Earlier work at || T Bombay

Work on impedance cardiography has been carried out at 1IT Bombay from 1990
onwards. An instrument for measuring the cardiac output and stroke volume was
developed by Joshi in 1993 [11][12]. In 1997, Patwardhan developed software for
off-line display of all the recorded physiological signals and also developed a thorax
simulator for calibration of the impedance cardiograph [13]. Kuriakose in 2000

11



modified the circuit to improve the sensitivity and consistency of the instrument [14].
Manigandan in 2004 improved the instrument further, particularly by implementing
a microcontroller based drift cancellation circuit and improving the thorax
simulator [15]. Later Naidu in 2005 improved the short term amplitude stability of the
oscillator, implemented vector lock-in amplifier technique for demodulator, modified
the parameters of the drift cancellation circuit for optimum use of the ADC dynamic
input range and developed a microcontroller based impedance simulator [16]. During
the same period, work has been carried out by Vinod K. Pandey on improving the

signal processing of ICG waveform [17][18].
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Chapter 3
IMPEDANCE CARDIOGRAPH

3.1 Block diagram
As a result of earlier work at 1T Bombay [13][14][15][16] based on the design used
by Qu et al. [19][20], a prototype ICG instrument was developed. The block diagram

of the instrument is as shown in Fig. 3.1. The various blocks are explained below.

> ICG
Extraction

L

E1

— - -—9
"\ T E2

/\ / ECG
Extraction _l

1 4 4

L ~-——— 1 Excitation ECG  z(t) Zo

- source
.
12

Y

y

Fig. 3.1 Block diagram of the existing ICG instrument [15]

3.1.1 Excitation circuit

A Wein bridge oscillator and a voltage-to-current converter constitute the excitation
circuit. The Wein bridge oscillator produces a sinusoidal waveform of 100 kHz. There
is a buffer stage to improve stability of the oscillator by avoiding the load on the
oscillator. Two circuits were tested for the voltage-to-current converter: unbalanced
and balanced. In the unbalanced one, one of the current injection points is at virtual

ground and the output voltage is developed at the other end. In the balanced one, the

two current injection points are maintained at 180° phase [21][22]. In the assembled

prototype, the unbalanced voltage-to-current converter was used.

13



3.1.21CG and ECG extraction circuits

The two voltage sensing electrodes are connected to the ICG extraction circuit.
It consists of an instrumentation amplifier with bandpass filter, demodulator, averager
for Zy and drift cancellation circuit for z(t). The instrumentation amplifier amplifies
the signal obtained and has a 16 kHz high pass filter at the input to attenuate power
line and other low frequency pickups, ECG, and other motion artifacts, without
affecting the signal centered around 100 kHz. The demodulator section consists of
a full wave precision rectifier followed by a low pass filter to get the impedance
waveform. A microcontroller based drift cancellation circuit is used to remove
respiration artifacts to obtain z(t). The pair of voltage sensing electrodes is also
connected to ECG extraction circuit which has an instrumentation amplifier and a low
pass filter to get ECG. The ECG is obtained from two sensing electrodes on the chest
and is different from the signals obtained using standard leads. The ECG is primarily
for use as timing reference for processing of the ICG waveform, and not meant for
any diagnostic information itself. Provision for obtaining ECG from limb electrode
configuration has also been provided. High impedance indicator circuit indicates

whether the contacts of the electrodes with the body are proper or not.

3.2 Softwar e signal processing

The signals, z(t), Zo, ECG, and PCG are acquired using a USB-based data acquisition
unit. The PCG signal is obtained from a separate phonocardiograph. The signals are
processed using filters, the required parameters according to the formula for SV are
evaluated and the SV calculated. The signal processing is done in MATLAB. Most of
the motion artifacts fall in the range of the frequency range of z(t) and thus filtering
can not be done to remove them. In this case, ensemble averaging can be used with

the R points of the ECG waveform providing as fiducial marks [17].

3.3 Electrodes

There are two possible kinds of electrode configurations possible: two-electrode and
four-electrode. A four-electrode configuration of electrodes is used, wherein; two
outer electrodes inject current while two inner electrodes detect the voltage.
In a two- electrode configuration, the two electrodes injecting current also measure
the voltage. This can lead to errors because of voltage drops across the skin-electrode

contact impedance [23]. This is eliminated in a four electrode configuration. Suction

14



cup stainless steel electrodes are used for the current injecting electrodes and
pre-gelled disposable Ag-AgCl ECG electrodes are used as the sensing electrodes.
Gel is applied between the electrode and the skin at the skin-electrode interface to
obtain a good contact. The instrument can also be used with band electrodes.

The main sources of interference in ICG are from respiration and body
movements. Respiration causes changes in the amount of air in the thorax and
movement of the thorax which leads to changes in the impedance. The changes in the
orientations and locations of the internal body parts during movements also contribute
to noise by changing the distribution of current in the body segment. Electrodes are
placed in the central area of the body where body movements cause minimal
displacement of the electrodes. They are also located in the area which is the largest

contributor to the impedance signal.

3.4 Hardwar e modifications needed

The short term amplitude instability of the oscillator has to be studied and brought
down. The precision rectifier used for amplitude demodulation does not perform well
at the excitation frequency used (100 kHz). Therefore this section needs to be
modified by changing the configuration in the existing circuit or by going in for a
different demodulation scheme. The drift cancellation circuit has to be modified for

optimum use of the ADC dynamic input range.
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Chapter 4
THORAX SIMULATOR

4.1 Introduction

A thorax simulator is necessary for testing and calibration of the impedance
cardiograph instrument and has been developed based on earlier designs [15][16]. The
unit developed can be used for testing and calibration of (a) the ICG extraction circuit,
or (b) the ECG extraction circuit. It generates sinusoidal and step changes in
resistance which can be used for finding the sensitivity and response time (or
bandwidth) of the impedance detector circuit of the instrument. It generates square
pulses of known magnitude, both in differential mode as well as common mode for
testing the gain and CMRR of the ECG amplifier circuit of the instrument. It has been
designed to work in only one of these modes at a time. Option for feeding external
pick-ups is also incorporated. The simulator is powered by a 9 V battery. An earlier
design by Manigandan [15] used astable multivibrators, manual switches, and
potentiometers. In order to reduce wiring related pick-ups and to introduce flexibility
in operation, Naidu [16] redesigned the unit with a microcontroller and analog
switches based circuit which takes inputs from two input keys for selection of various
options and has a LCD for display. The earlier designs were capable of simulating
only step change in impedance. In the new design, a digital potentiometer replaces the
analog switches used to generate impedance variations. The digital potentiometer in
the new design facilitates to simulate step, sinusoidal or other types of variation in

change in the impedance.

4.2 Thorax ssmulator model

A resistive model of the thorax, used in the thorax simulator is shown in Fig. 4.1.
The high frequency current is injected through the terminals corresponding to the

current electrodes 11 and 12. The variation in impedance is sensed through the
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terminals E1 and E2, corresponding to the voltage sensing electrodes. In this model,

Re’s constitute the tissue-electrode contact resistances for 4-electrode configuration.
Resistances Ry and Rg are the parallel column model resistances and Rg; and Rg are

the fixed resistances in the current path. Option for feeding external pick-up is

denoted by Vp and the resistance in the pick-up path by Ry The voltage sources Veg

and Vg represent the differential mode and common mode ECG signals respectively.

Rs1 Re1i

I ”

Cardiac
cycle
Ext. Gnd
Ved /2
A . E2
Rs2
Red

A 12

Fig. 4.1 Thorax model

A very simplified simulation of the variation in the thoracic impedance is used here.
The thoracic resistance is given as Rs|| Ry, with R, varying with cardiac systole
pulses. This pulsating change in the resistance is useful for calibration of the
impedance detector circuit of the ICG instrument. Voltages Veq and Ve can be used
for calibration and testing of the ECG amplifier circuit of the instrument. Further if
the model is implemented, such that we either have resistance variations or the ECG
voltages, the sensitivity of the two circuits and their cross-responses can be tested.
Externally injected voltage Vp can be used for testing the pickup rejection by both

circuits of the instrument.
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4.3 Simulator circuit

The thorax model of Fig. 4.1 has several sources without a common node. In order to
have an easily realizable circuit, the model can be modified to a schematic shown in
Fig. 4.2. Relations of the component values in the schematic of Fig. 4.2 to those in the

model of Fig. 4.1 are as the following

R =Rgq+Rg 4.1)
Ry = Rep (4.2)
R = Rs 4.3)
Ry =Res + Rs2 (4.4)
R =R (R, +R,) (R, +R,,) (4.5)

The differential (DM) and common mode (CM) voltages are developed by two square
wave voltages V1 and V2 which develop the voltages V1 and V> at points A and B

respectively.

Ry Rz %
vp

Ext. Gnd
R3

—\VW\—e E2
R4

—\W\—< 12
Fig. 4.2 Schematic of the model shown in Fig. 4.1

The voltages Vg and Vec of Fig. 4.1 are related to voltages Viand V2 of Fig. 4.2 by
V=V, -V, (4.6)
V, =05, +V,) 4.7)

In Fig. 4.2, we have

V, =V, xR, (R, +R;) (4.8)

18



V, =V, xR, /(R, +R,,) (4.9)
where,

Ryll =Ry | (R, + (RyZ I Ra),

RyZ, =Ry | (Rz + (Ryl | Rn))

Thus by controlling Vx1 and Vx> we can vary Veg and Vec.

4.4 Har dwar e blocks of the smulator

The impedance simulator consists of four blocks: (i) variable resistance circuit, (ii)
CM/DM ECG simulator, (iii) digital controller, (iv) power supply. These blocks are

described in the following subsections.

4.4.1 Variableresistancecircuit

R1
Rt v, A —wW—o
2
L—w—o0
Vcet
Vit (rh) Ry13 1
SDI o o 9
CLK o= S $re
z 6| AD5200 |4
TS o
3
Vo @) Ry23 10
Vce- R3
—AMA—0
R4
Rx2 v, B —ww—o

Fig. 4.3 Circuit diagram of resistance simulator

The circuit diagram of the variable resistance circuit for the schematic shown in

Fig. 4.2 is shown in Fig. 4.3. The resistance across points AB is given as

Ra=RIRN(RR)+(RLIIR)) (4.10)
The variable resistance Ry provided by the digital potentiometer is given as
R, =Ry XN/ 255 (4.11)
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where 0< n > 255 is the control byte written to the digital potentiometer for
controlling its resistance. Different base values of Rz can be realized by using
resistances in series with analog switches. For this purpose, CD4066 with quad analog
switches has been used. All the 4 switches in an IC are connected in parallel together
to reduce the on-resistance, and the effective variation in on-resistance. Circuit

diagram of the four values of Rz are governed by control voltages RB7 and RB6, and
are given as

(R)o = Rg + R
(R)or = (Rg + Reg) | (R + Rgony + Rss)
(R)1p = (Reg + Reo) I (Reg + Riggom) + Re1)
(R)11 = (Rog + Reo) | (Reg + Rigony + Ra) | (R, + Ry + Res)

R35 JP14
Vg R2B v
2.2k 220 jpys
< Veet R32 5 Veet
R30Z 10 s R36
Veek 1 4 220
R28 & ’—TJ
1003 1 1 4] 8| 11 c16 1 4] 8| 11
0.1pF
7 5 13 14 13 14
RC50—5 5 5 c13
47—0 RC3 0—6 u7 s 6 us [ us 0.1pF
RC1 o8] AD5290 1p|  CD4066 1p|  CD4066
3 7 7
R29 1 10
1003 rer 2| 3 910 ree 2 3 9 c1105
Vce- s R33 < Vce- R37 JP16
R313 10 vee. a3, F 220
c—‘RZ7 R38 JP17
Ve 22k v, w

Fig. 4.4 Circuit diagram of thoracic resistance simulator with multi-basal thoracic

resistances

4.4.2 Power supply
The power supply circuit generates +5 V and ground for the digital section and

+2.5V, -2.5 V and ground for the analog section, from a single 9 V supply as shown
in Fig. 4.5. It consists of two voltage regulators, U1 and U2, which give +5 V at their
output. An opamp (U3A) is used to generate the midpoint of the supply which is used
as analog ground for the circuit and with respect to this ground, we get £2.5 V supply.

20



JH3

O

Vee+
S1 JP1 U1 U2 R1 2
In Out In  Out
+ VDD q AGnd
9V Com Com 1
T TcmF 5 c18 2 oot Rz C2
4.IMY 0.1pF
TO'“‘F 0.1pF] . ! T o JH5
—TL VCC

Fig. 4.5 Circuit diagram of power supply (U1, U2: LM7805, U3: LM324)

443 CM / DM ECG generator
The purpose of this circuit is to generate square wave of precise amplitude. We have

two modes of operations. In CM mode, we need to have Vy1 = V2 S0 that Vgg = 0. In
the DM mode we need to have Vy1= —Vx2 S0 that Vg = 0. A reference voltage of

1.25V is generated using a voltage reference IC, U4. This voltage is then given to a

gain control circuit built around op amp U3B as shown in Fig. 4.6. Depending on the

BJ.O R13
33k Mk
- Vi
R8 R9 R11 R12 u3cC —O0
Veor U2 VA—p—W— |+
cc 1 33k 33k 33k ,.1 33k
R3 JP7p3. 64; ~ U5A
2.2k R4 U3B o P3. 3<L
+
c3 100k 1, R5 l
10p$ 9y
U5D 10 r} uss
P3.7
P3.5

Fig. 4.6 Circuit diagram of ECG amplitude control (U5, U6: CD4066)

switch combinations, the amplitude can be scaled by 0, 0.1, 0.2 or 1.0, as given in
Table 4.1. The output voltage, Vy, is given to two polarity controlled amplifiers which
are controlled by switches such that the output switches between +V, and -V, for
each polarity controlled amplifier.\VVoltage V, is given to two polarity controlled
amplifiers (U3C, U3D). The control signals for the switches of the polarity controlled
amplifier are generated by the microcontroller in such a way that V; and V, are

square waves either in-phase for common mode or out-of-phase for differential mode.
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Table 4.1 Switch configurations for ECG amplitude control

usD U5B usC VUVrer
On X X 0
Off On Off 0.1
Off On On 0.2
Off Off Off 1.0

4.4.3 Digital controller
A 28-pin microcontroller PIC18F252 has been used for controlling the resistance
variation in the impedance simulator circuit as well as for simulating CM and DM
ECG signals. Main objective of using a microcontroller based circuit for control and
user interface is to reduce the length of signal tracks and wires and hence possibility
of external pickups. The interface is through two keys and a 16x2 LCD. Assignment
of the microcontroller port pins is given in Table 4.2 and the controller circuit is
shown in Fig. 4.7. Basically there are two modes of operation- ICG and ECG. In ICG,
there are options for changing the frequency, F, basal resistance, R, change in
resistance, 4R, and the modes by which the resistance has to change, using the soft
keys. The basal resistance can be selected out of four actual values of 197.83 Q,
89.26 Q, 60.24 Q and 44.13 Q. For each value of R, AR can be varied from 0.1 % to
0.9 % in steps of 0.1 %. The frequency of variation varied from 1 Hz to 5 Hz in steps
of 1 Hz. Within ECG, there are two modes- common mode (CM) and differential
mode (DM). In each of these modes, the frequency and the amplitude can be varied.
The LCD shows the current mode and the value of the variable parameters.

There are two soft keys - Function and Change. The Function key selects the
various options one-by-one in a cyclic manner. The parameter which is currently
selected is shown blinking. The Change key allows the user to vary the parameters

through a set of different choices available for it in a cyclic manner.

4.5 Software

The software has following tasks: (i) scanning the keys, (ii) updating the display, and
(i) generating ECG signal if ECG mode is selected or sending data to the digital
potentiometer on SPI interface at specified intervals to generate impedance variations.

The microcontroller is fed with a 20 MHz external crystal oscillator. The 20 MHz
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clock is internally divided by a factor of four and the resulting clock of 5 MHz is used

for the microcontroller operations. A hardware timer, timer 0 in the microcontroller is

T s | Rt Rao 1o\|;DD
— VDD
vss [l 330
Vee | o2 Wil oo veo2 480
fo} A
RS | o3 K393 1Ra3 GND[E =
RIW|o 6 7 RA4 PIC RC5 116y =
E |02 Liras 167252 RO [14% o4
DBO | o1~ NC 8! RB7 3 [12
DB1 | 013 NC C3{§% RB6 R RES WK vop
DB2| o NC NCo-2-1 RB5 RA2 [—-oNC
DB3|{ofINC  NCo-2> RB4 RAO 5
DB4|o 12 2 RB3 RA1 TR42 4.7k
DB5 |02 5| RB2 ;7 S2 | ss
DB6 | 1> 22 Re1 RC6 0
DB7 12 RBO RCT —11} c2
LED+ |o—IONC  C8 RCO |
LED- [o-{1NC  33p =
| _|_—+:1'_§Tg XTAL1 RC2 59
LCD LTl XTAL2 Rea |15} €1

Fig. 4.7 Circuit diagram of the microcontroller circuit for user interface,
resistance control, and generation of CM and DM ECG
configured in 16-bit mode to give an interrupt at every 1 ms. Since the timer registers
will not get reloaded automatically, they are reloaded in the interrupt service routine.
The integral multiple of this 1 ms can be used to derive other timings for ICG and

ECG waveform generation, delay for key debouncing and delay necessary for writing

Table 4.2 Assignment of pins for various functions on the microcontroller

Port pin Function

RB0O - RB4 LCD Data pins

RA3 Enable of LCD

RA4 RW of LCD

RAS RS of LCD

RC6, RC7 ECG square wave generation
RCO0, RC2, RC4 ECG amplitude control

RAO, RA1 Soft keys

RC1, RC3, RC5, RB6, RB7 ICG control signals
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to the display. The communication with the digital potentiometer at the specified

interval and ECG signal generation at the specified frequency are time critical and

take very short time to perform. So these tasks are performed in the interrupt service

routine of the timer 0. The other two tasks are less time critical. They are performed

in the main routine. In the main routine, either of the tasks, updating the display or

scanning the keys is performed in every 50 ms. For this purpose, a flag named “main

loop” flag is used. This flag is set in the timer O interrupt service routine. The task

display update has higher priority than the task “key scan”. Once a key press is

detected, it is confirmed in the next 20 ms. A valid key press invokes a part of the

code which alters the necessary variables for the mode (ICG, ECGC or ECGD),

frequency (F), resistance (R), change in resistance (4R) and finally marks a flag for

display update. The algorithm for the main routine and the interrupt service routine

are as follows.

Main Routine

Step 1: Disable all interrupts, set port pin direction registers, configure timer, enable
timer interrupt and start the timer.

Step 2: Initialize the variables with default values

Step 3: Initialize the display

Step 4: If main loop flag is not set, go to Step 13

Step 5: Clear main loop flag.

Step 6: If display update is not marked, go to Step 8

Step7: Update display and go to step 13

Step 8: If key confirmation is not marked scan keys and mark for key confirmation
and go to step 13

Step 9: If key de-bouncing time is not over, go to Step 12

Step 10: Clear key confirmation mark, scan keys and check with previous key value

Step 11: If the key press is valid, increment respective variables and mark for display

update.

Step 12: Go to Step 4

Timer Interrupt Routine

Step 1: Reload timer registers

Step2: Increment the variables used for timing calculation

Step 3: If mode is not ICG, go to Step 6

Step 4: If SPI communication delay is not over, go to Step 7
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Step 5: Clear SPI communication delay variable, load the value in to the SPI data
register and go to Step 7

Step 6: If ECG delay is over, toggle the port pins used for ECG generation

Step 7: If main loop delay is over, set the main loop flag.

Step 8: Return from the interrupt routine.

4.6 Assembly and testing

The individual circuit blocks and the software have been described in the
previous sections. The circuit diagram of the thorax simulator, incorporating all these
blocks is shown in Fig. 4.18. The digital part of the circuit is powered by 5 V
(between Vpp and GND) obtained using regulator IC U12 from a 9 V battery.
Another 5 V regulator U13 is used to obtain supply for the analog circuits. This 5 V
supply is split using U2a, giving Vcc+, AGND, Vcc.. It is to be noted that with respect
to AGND, Vce+ = 2.5 V and Vee. = -2.5 V, and with respect to GND, Vcer = 5V,
AGND = 2.5V and Vcc. = 0 V. The digital control operation is handled by the
microcontroller U7 (PIC18F252) with internal program memory and data RAM.
Operator is controlled through two switches S1 and S2 connected to the
microcontroller port pins RAO and RAL. The LCD display is connected to the 16-pin
connector J1. This is a 16 character x 2 line display with 4-bit parallel interface. Port
pins RC1, RC3, RC4 are used for interfacing with the digital potentiometer U3. The
analog switches U4 and U5 used for changing basal resistance are interfaced through
port pins RB7 and RB6. The analog switches U9B, U9C, and U9D used for ECG
amplitude control are connected to the microcontroller through port pins RC0, RC2,
and RC4. The port pins RC6 and RC7 connected to USA and U8B are used to control
ECG mode.

For the circuit diagram in Fig. 4.18, PCB layout, for a 12 mm x 12.5 mm
double sided PCB with plated through hole (PTH), was prepared with a large ground
plane on the component side. After fabrication of the PCB, all the components were
assembled on the PCB. The track layout of the component and solder sides and the
component placement on the PCB are given in Appendix C. We refer to this
assembled instrument as THS-06.

For testing the resistance variation of the circuit, it was excited, across
terminals 11 and 12 with a 100 kHz 5 V,, sinusoidal waveform from a function

generator (Agilent 333120A) in series with a fixed resistance of 560 Q and the

25



voltage developed across the terminals E1 and E2 was measured with an oscilloscope
(Tektronix TDS5054). The observed voltage was used for calculating the resistance
across the terminals. The calculated and observed values of sinusoidal resistance

variation are given in Table 4.3.
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Table 4.3 Basal resistance R for different switch status and resistance variation AR

for digital potentiometer setting

Switch Calculated M easured
status

S1 2 R(Q) AR(Q) AR/R(%) R(Q) AR(Q) | AR/IR(%)
0.00 0.0 197.83 0.00 0.00
0.20 0.1 197.44 0.36 0.18
0.40 0.2 197.15 0.65 0.33
0.59 0.3 196.94 0.86 0.43
0.79 0.4 196.66 1.14 0.57

0 0 197.83 1.00 0.5 196.36 1.44 0.73
1.19 0.6 196.13 1.67 0.85
1.39 0.7 195.84 1.96 0.99
1.58 0.8 195.57 2.23 1.13
1.78 0.9 195.17 2.63 1.33
0.00 0.0 89.26 0.00 0.00
0.09 0.1 89.07 0.13 0.15
0.18 0.2 88.88 0.32 0.36
0.27 0.3 88.76 0.44 0.49
0.36 0.4 88.67 0.54 0.60

0 1 89.26 0.45 0.5 88.58 0.62 0.70
0.54 0.6 88.40 0.80 0.90
0.62 0.7 88.30 0.90 1.01
0.71 0.8 88.13 1.07 1.20
0.80 0.9 88.00 1.20 1.35
0.00 0.0 60.24 0.00 0.00
0.06 0.1 60.10 0.10 0.17
0.12 0.2 59.96 0.24 04
0.18 0.3 59.86 0.34 0.56
0.24 0.4 59.75 0.45 0.75

1 0 60.24 0.30 0.5 59.66 0.54 0.90
0.36 0.6 59.51 0.69 1.15
0.42 0.7 59.34 0.86 1.43
0.48 0.8 59.26 0.95 1.57
0.54 0.9 59.15 1.05 1.75
0.00 0.0 4413 0.00 0.00
0.04 0.1 44.04 0.06 0.13
0.09 0.2 43.95 0.15 0.35
0.13 0.3 43.90 0.20 0.45
0.18 0.4 43.87 0.23 0.52

1 1 44.13 0.22 0.5 43.76 0.35 0.78
0.27 0.6 43.70 0.40 0.90
0.31 0.7 43.63 0.47 1.06
0.35 0.8 43.59 0.51 1.15
0.40 0.9 43.54 0.56 1.28
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Chapter 5
|ICG HARDWARE DEVELOPEMENT

5.1 Introduction

As mentioned in Section 3.4, hardware sections of the prototype of the ICG
instrument developed in the lab [14][15][16], are: signal source, demodulator, and
drift cancellation circuit. For this purpose, the performance of existing circuits was
analyzed, alternatives evaluated, and a modified or new version of the circuit was
finalized. All the blocks were integrated on one PCB, with layout specially designed

for reducing noise and pick-up. This chapter presents this hardware development.

5.2 Signal source

As mentioned in Section 2.4, the mean impedance of the thorax is about 20 Q and
change in impedance is 0.1 to 0.2 Q [5][6]. The variation in the impedance is 0.5 % to
1 % of the basal impedance. The spectral content of ICG signal is in the range of 0 to
15 Hz [17]. Since the ICG signal is extracted from the amplitude modulated voltage
signal sensed through the sensing electrodes, the injected carrier current amplitude
should be stable enough to meet the above criteria. It was decided to study the
performance of the Wein bridge oscillator circuit in the existing prototype, and work

out alternatives.

5.21 Evaluation of oscillators developed earlier at [IT Bombay for I1CG
instrument

The Wein bridge oscillator circuit used by Manigandan [15] as the voltage source for
the V/I converter driving the current electrodes is shown in Fig. 5.1. It was modified
by Naidu [16], as shown in Fig. 5.2, to increase its short term stability [24][25].
A quadrature oscillator was also developed by Naidu [16] which is shown in Fig. 5.3.
The amplitude of the oscillator output is measured with a digital storage oscilloscope

(Agilent 54621D) at different time base setting from 1 us/division to 500 ms/division
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with amplitude resolution set at 20 mV/division, to measure the amplitude range of
variations in different frequency regions. The short term amplitude variations
measured as variations in the positive peak output of the oscillator circuits of Fig. 5.1,
5.2, and 5.3 were found to be 60 — 130 mV, 50 - 110 mV, and 45 - 100 mV. The
above measurements were done in the positive peak of 5 V peak-to-peak outputs. The
short term amplitude instability in the three oscillator circuits are 2.4 - 5.2 %,

2.0-4.4%, and 1.8 - 4.0 % of the positive peak respectively.

5.2.2 Modified Wien bridge oscillator

The Wien bridge oscillator was modified with a new amplitude stabilization loop for
better short term amplitude stability [24]. The circuit diagram of modified Wien
bridge oscillator is shown in Fig. 5.4. The amplitude stabilization loop consists of a
peak detector and an error amplifier. The output of the oscillator was given through

the diode D1 to the error amplifier. The error amplifier has two inputs. The output of

R7
Wv
1k
D1
1N4148
D2 o
1N4148
Vce-
[ |_
Cc1
c3 | R1 15k
22n 7 c2 100p
100p

Fig. 5.1 Wein bridge oscillator used by Manigandan [15] (U1: LF356)

peak detector was given to the inverting input of the error amplifier and the non-
inverting input of the error amplifier was fed with a reference voltage. The amplitude
of the oscillator output can be varied by changing this reference voltage. The
reference voltage can be between 0 to (Vo) max The output from the error amplifier is
connected to the gate of the JFET, which was configured as a voltage controlled
resistor. The output from the error amplifier is a low pass filtered comparator output.
The error amplifier compares the reference voltage and the peak detector output.

Whenever the peak detector output becomes more positive than the set point, the
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comparator output goes to negative saturation. This negative voltage was given to the
gate of the JFET, which reduces the gain of the oscillator by increasing the input

resistance of the oscillator.

R7
AMY
1k
D1
1N4148
RS
27k, Veo.
2.2k !
RS R1 15k |E1—
C3 100
22n 7 1.2k R2 () P
kT T 100p

Fig. 5.2 Wein bridge oscillator used by Naidu [16] (Ul: LF356)
5.2.3 High-frequency precision function gener ator

It was decided to test an IC MAX038 based oscillators. MAX038 is a high-frequency
precision function generator with selectable output of sine, square, saw tooth or
triangle and pulse waveforms. The circuit diagram of the oscillator using IC MAX038
is given in Fig. 5.5. The frequency of oscillation is decided by the input resistor Rj,
and the capacitor Cr. For any frequency between 0.1 Hz to 20 MHz, the value of R,

and Cg can be obtained from

5
F. = 5.1
°"Rn G &Y
For 100 kHz sine wave, we selected R, = 15.5 kQ and Cg =330 pF. The Agand A;
pins of MAX038 were connected to ground and V. respectively to select the internal
multiplexer to output sine wave. This work was jointly done with J. N. Sarvaiya [26]

who worked on developing an impedance glottograph.

5.2.4 Comparisons of short-term amplitude stability of different oscillators
The amplitude variations were measured at different time setting from 1 ps/division to
500 ms/division on different oscillators discussed above. For the comparison purpose,

the output amplitude of the oscillators was set at 5 V peak-to-peak. The short term
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amplitude instability in the Wien bridge oscillator in the existing instrument
(Fig. 5.1), Wien bridge oscillator developed by Naidu [16] (Fig. 5.2), and the
quadrature phase shift oscillator developed by Naidu [16] (Fig. 5.3) varied about
2.-5.2%, 2.0 - 4.4 %, and 1.8 - 4.0 % respectively of the positive peak of the output.
For the three oscillators discussed above, the amplitude variations increased when

measured with the time base setting form 1 ps/ division to 20 ms/ division and the

R5

47kQ

D2 R10
1N4148 1Mo

R4
15 kQ

Fig. 5.3 Phase shift oscillator used by Naidu [16]
(Al - A5: LF356)
amplitude variations remaind the same for the time base setting above 20 ms/division.
For the modified Wien bridge oscillator of Fig. 5.4, the amplitude variations were
0.08 - 0.67 % of the positive peak of the output. For the modified Wien bridge
oscillator, the amplitude variations decreased when measured with the time base
setting was increased from 1 ps/ division to 1 ms/ division, remained the same for the

time base setting above 1 ms/division.
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Fig. 5.4 Modified Wien bridge oscillator (U1 — U3: LF357)
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Fig. 5.5 High-frequency precision function generator

The amplitude variations were similarly measured for the sinusoidal source
circuits of modified Wien bridge oscillator of Fig. 5.4 and MAX038 based function
generator of Fig. 5.5. Since the output of the high-frequency precision function
generator is 2 V peak to peak, the output amplitude of modified Wien bridge

oscillator was set at 2 V (p-p) by setting the reference voltage at 2 V for comparison
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purpose. The amplitude variations in the modified Wien bridge oscillator were
0.22 - 0.97 % of the positive peak of the output. For the high-frequency precision
function generator, the amplitude variations were 0.97 - 1.50 %. These amplitude
variations decreased as the time-base setting of the oscilloscope was increased from
1 ps/division to 200 ps/division and they increased as the time-base increased form
200 ps/division to 2 ms/division. The amplitude variations remained the same for the
time base settings from 2 ms/division to 20 ms/division and then decreased for
20 ms/division to 500 ms/division. The modified Wien bridge oscillator of Fig. 5.4
exhibited better short term amplitude stability than the other oscillator circuits tested.
Hence it was decided to use the modified Wien bridge oscillator of Fig. 5.4 as signal

source.

5.3 Voltage-to-current converter
The circuit diagram of the voltage-to-current converter in the existing instrument is

shown in Fig 5.6. The excitation current is given as

| :% (5.2)

The V/I converter also has a 2.2 kQ resistance in parallel with the excitation
electrode path. This limits the dc voltage gain of the circuit and prevents the opamp
from going into saturation in case of loose skin-electrode contact. The current from
the V/I converter is fed to the outer current injecting electrode pair 11 and 12 of the

four-electrode configuration through DC blocking capacitors. In this current source,

0.1u
] g_ _
I 7
RS 22k C7 I
——AM——
1 I ‘L u Z thorax
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R7 1k
V1c ANV 2 7 6 01u |
u3 ———|}—o— — =
t 14 12
3 c8
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680E Vee-

Fig. 5.6 Excitation circuit used in the existing instrument [15]
(U3: LF356)
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Fig. 5.7 High frequency transformer-based balanced excitation circuit
(U3: LF357)

one of the nodes is at virtual ground. Hence the two terminal voltages are unbalanced
with respect to ground. This leads to the possibility of stray currents and common
mode pick-ups. A high frequency transformer-based balanced excitation circuit is
used to solve this problem as shown in Fig. 5.7. In the new circuit the excitation
current is given as

Vo
Ro + Ry

There is bound to be coupling loss due to transformer, but it provides isolation and

(5.3)

helps in pick-up rejection

5.41CG extraction circuit
The ICG extraction circuit has two major sections: the instrumentation amplifier

section and the demodulator and filter section.

5.4.1 Instrumentation amplifier

The instrumentation amplifier used in the existing instrument is a conventional
3 opamp configuration as shown in Fig. 5.8. This is configured to give a differential
gain around 10. This circuit was evaluated for CMRR and phase delay at the
operational frequency of 100 kHz. An instrumentation amplifier based on single chip
instrumentation amplifier INA128 which is shown in the Fig. 5.9 also was evaluated
for ‘CMRR’ and phase delay at the operational frequency of 100 kHz. The differential

gain of the single chip instrumentation amplifier was kept at 10 for the comparison.
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purpose. The differential gain Ay of the single chip instrumentation amplifier is given
as

_ 50000
A —1+m (5.4)

It was observed that the CMRR of the conventional instrumentation amplifier used in
the existing circuit is 45.3 dB and the phase lag between input and output is 23" and
same for the single chip instrumentation amplifier is 47.8 dB and 6  respectively.

Hence it was decided to use the single chip instrumentation amplifier.
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100k

° I}
E2 100p
100k R21

Fig. 5.8 Instrumentation amplifier used in the existing instrument [15]

(U7 — U9: LF356)
1k R16

Ez O 3 t
C8 33n R13
100k  Vee-

Fig. 5.9 Single chip instrumentation amplifier (U5: INA128)

5.4.2 Demodulator section

The demodulator section in the existing instrument is shown in Fig. 5.10. It consists
of a conventional precision rectifier and a low pass filter to get the envelope of the
amplitude modulated waveform. But at 100 kHz, because of phase shifts and
switching delay, the amplitudes of the positive and negative half cycles do not
properly align, this result in distorted rectified output. Another configuration of

precision rectifier is shown in Fig. 5.11 [27]. In this configuration, the opamp used for
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rectification is active for both the half cycles of the input signal and gives better
output as compared to the previous one. The input and output waveforms of both the
circuits are given in Fig. 5.12 and Fig. 5.13. As the modified circuit gives satisfactory
full-wave rectification at excitation frequency (100 kHz), it has been selected for use

in the new design.
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— A 22k C20 ,, 47n
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R34b

Ve c18 D7 22k Veet
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47n +U10 ——o

R29 s

R36 Vee-

15k

Fig. 5.10 Demodulator circuit in the existing instrument [15]
(U9, U10: LF356)
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Fig. 5.11 Modified precision rectifier [27] (U6, U7: LF357)

5.5 Contact impedance indicator

The contact impedance indicator circuit was designed to ensure proper contact of the
electrode with the skin. The output of the precision rectifier is buffered and given to
the non inverting input of a comparator. The inverting input of the comparator is fed
with voltage corresponding to the nominal thoracic impedance through a simple
voltage divider network. When the electrode contact is not proper with the skin, the

precision rectifier output will be more than the voltage corresponding to the nominal
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thoracic impedance. This switches the comparator output to the positive saturation

and turn on the LED connected to the output.

Freq(1): 100.3kHz Pk-Pk(1): 1.97V th—Pk(z): 1.28V

[ I G I'eii(—l’eﬂ(l »

M Fremmm:yl Period

Fig. 5.12 Input and output waveforms of precision rectifier circuit of Fig. 5.10

(when C20 removed)
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Aqulilg IB’W Limit Ven'ller hvert 0 Probe
1.0 : 1

Fig. 5.13 Input and output waveforms of modified precision rectifier of
Fig. 5.11
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Fig. 5.14 Circuit diagram of contact impedance indicator (U13, U14: LF357)

5.6 Base-linerestoration circuit

In the sensed thoracic impedance signal, the amplitude of the varying thoracic
impedance signal is typically 1 to 2% of the basal impedance [5][6]. This varying
impedance is contaminated by respiratory and motion artifacts. These artifacts result
in large base-line drift as compared to the varying impedance signal. Thus if the
signal is used as such, only a portion of the available input dynamic range of ADC
will be used for analysis of the signal. Therefore, it is important to partly remove the

base-line drift for the effective use of input dynamic range of ADC.

Microcontroller

Vino + A —0 Vo
DAC Vi
// em—m————————— Vi Ve
| | Ll
| Correction ]l up Threshold
— Logic ! ON Detector
|
|
|

-

Fig. 5.15 Block diagram of drift cancellation circuit

As a solution to this problem, a microcontroller based drift cancellation circuit
was developed. Block diagram of the technique is shown in Fig. 5.15 and the detailed
description is given in Appendix A. In this circuit, whenever the output voltage
crosses the range set by two pre-defined thresholds, it is detected by comparison and
the correction voltage is estimated and subtracted or added to the signal to bring the
output within the middle of threshold range. It was decided to use this circuit for drift

cancellation from z(t) waveform. The circuit schmatic is given in Fig. 5.16. Threshold
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voltages, Vi1 and Vi, are obtained by using a resistive voltage divider. The output
voltage is compared with the thresholds using comparators, U1B and U1C, and the
outputs of the comparators are connected to port pins P1.0 and P1.1 of the
microcontroller. The tracking up/down counter is realized using software inside the
microcontroller. The count value is output to a DAC as an approximation to the

baseline drift. This work was jointly done along with Mr. Vinod Kumar Pandey.
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R1=R2=100 kQ, R3=50 kQ, R4=1 kQ, R6=180 kQ, R6=22 kQ, R7=66 kQ2, R8=22 kQ,
R9=R10=R11=R12=10 kQ, R13=15 kQ, R14=R15=5.6 kQ, R16=10 kQ, C1=C2=10 nF, C3=10 uF,
C4=0.1 yF, C5=C6=22 pF, C7=C8=C9=C10=0.1 uF, CRY1: 24 MHz Crystal, D1,02,D3,D4: 1N4148,
D5: 4.2V Zener, Voer=+5 V, Voo =5 V, Vop=+5 V, U1: TL084, U2: AT89C52, U3: TLV5618A

Fig. 5.16 Circuit diagram of the microcontroller based implementation

5.7 ECG amplifier

The ECG amplifier is a part of the impedance cardiograph and is used to acquire the
ECG simultaneously with the ICG signal. This ECG signal is used as a fiducial mark
for ensemble averaging of the ICG signal to calculate the cardiac output. The ECG
amplifier is connected to the voltage pickup electrodes E1 and E2 of the ICG
extraction circuit. The filter section in the instrumentation amplifier section eliminates
the ICG signal from being picked up by this amplifier. The circuit diagram of the
ECG amplifier to be used in the new design is shown in the Fig. 5.17. The filter
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section of the circuit was adapted from Manigandan [15] and the instrumentation
amplifier section of the circuit used by Manigandan [15] was replaced with a single
chip instrumentation amplifier. The low pass filter cut-off was kept at 22 Hz and the
high pass filter cut-off was kept at 1.6 Hz. The portion of signal which is of interest to
ICG is the QRS complex, which falls well with in this pass band.

27k R37

c14 | 100n
R3s 8
£ c10II 33n 100K 2
° 1 Ve
E2 0—— 3 o
C11 33n R36 O R43
100k  Vee- 12k
R44
1k
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A 2 716 R4S Vs
| u18 b AM\——0
3-T4 100E ECG
Vee-

Fig. 5.17 Circuit diagram of the ECG amplifier [15] (U15 — U18: LF357)

5.8 Overall circuit assembly and testing
In the pervious sections, various circuit options for each block have been discussed.
Based on the detailed testing, the overall hardware was assembled, with the circuit
diagram as shown in Fig. 5.18. It consists of
a) Modified Wien bridge oscillator (Fig. 5.4), with IC U1 and U4,
b) High frequency transformer-based balanced excitation circuit (Fig. 5.7), with
IC U2,
c) Voltage sensing amplifier using single chip instrimentation amplifier
(Fig. 5.9), with IC U5,
d) Modified precision rectifier (Fig. 5.11), with IC U6 and U7,
e) Contact impedance indicator (Fig. 5.14), with IC U11,
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f) Base-line restoration circuit (Fig. 5.16), with IC U22, U23, U24, U25, and
U26,ECG amplifier (Fig. 5.17), with IC U17, U18, U19, and U20.
The circuit is powered by a £9 V source, which is regulated to Vces+ (+5 V) and
Vce(-5 V) using linear regulators U9 (7805) and U15 (7905). The base-line
restoration circuit is powered by separate 9 V supply and 5 V regulator U27 (7805), in
order to limit any contamination of the analog supply by digital noise. The base-line
restoration part of the circuit is separately shown in Fig. 5.19.
For the circuit diagram in Fig. 5.18 and 5.19, PCB layout, for a
16 mm x 15 mm double sided PCB with plated through hole (PTH), was prepared
with a large ground plane on the component side. After fabrication of the PCB, all the
components were assembled on the PCB. The track layout of component and, solder
sides, and the components placement on the PCB are given in Appendix C. We refer

to this assembled instrument as 1CG-06.

5.8.1 Testing of the hardware with thorax simulator

The output of the ICG instrument 1ICG-06 was tested by connecting it to the thorax
simulator THS-06 with basal resistance set at 44.13 Q and change in resistance set at
0.1%. The waveforms for sinusoidal change and step change at 1 Hz and 5 Hz are

shown in Fig. 5.20 and Fig. 5.21 respectively.

5.8.2 Acquiring ICG from subjects

We made recordings using our instrument ICG-06 and a widely used instrument
HIC 2000 [28] from Bio-Impedance Technology (Connecticut, U.S.A.) using spot
electrodes as well as band electrodes, in order to have appropriate comparison. The
recordings were taken on a healthy subject under normal conditions with band as well
as spot electrodes. The ICG signal recorded simultaneously along with the ECG
signals from subject LV with band and spot electrodes are shown in Fig. 5.22 and Fig.
5.24 respectively. These signals were directly acquired from the impedance
cardiograph ICG-06 using a data acquisition unit (Keithley KUSB 3102) with
sampling rate of 1k Sa/s. These signals were then digitally filtered using filters
developed in SPI Lab by Vinod. K. Pandey to remove the noise and motion artifacts.
The filtered waveforms are shown in Fig. 5.23 and Fig. 5.25. Recordings were done

on the same subject with the instrument HIC 2000 using band and spot electrodes.
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The acquired waveforms using band and electrodes are shown in Fig. 5.26 and Fig.

5.28, and the filtered waveforms are shown in Fig. 5.27 and Fig. 5.29.
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Fig. 5.19 Base-line restoration circuit.
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Fig. 5.20 Output waveform z(t) from 1CG-06 connected to thorax simulator THS-06,

for sinusoidal change in resistance with frequency of (a) 1 Hz (b) 5 Hz. R =44.1 Q,
AR/R =0.001
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(@) (b)

Fig. 5.21 Output waveform z(t) from ICG-06 connected to thorax simulator THS-06,
for step change in resistance with frequency of (a) 1 Hz (b) 5Hz. R=44.1 Q,
AR/R =0.001
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Fig. 5.22 Signals recorded from subject LV with ICG-06 instrument using band
electrodes (a) -z(t), (b) -dz/dt, (c) -Zo, and (d) ECG (x axis: seconds, y axis: arbitrary
unit).

46



0 W%M
L L ! L L ! ! L
o 50 1 2 3 4 5 51 T 8 9
(a]
005 T T T T T T T T
0 WMWMWWWNWWMV
1 1 | 1 1 | | 1
0'050 1 2 3 4 5 5] T 8 9
)
O T T T T T
1k 2
5 1 | | 1 1 | | 1
a 1 2 3 4 5 5 T 8 9
(@
03 T T T T T T T T
a MMMMWMWW\MM
03 I I | I I | | |
a 1 2 3 4 g5 51 T 8 9

Fig. 5.23 Processed output of signal in Fig. 5.22 (a) -z(t), (b) -dz/dt, (c) -Z,, and
(d) ECG (x axis: seconds, y axis: arbitrary unit).
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Fig. 5.24 Signals recorded from subject LV with ICG-06 instrument using spot
electrodes. (a) -z(t), (b) -dz/dt, (c) -Zo, and (d) ECG (x axis: seconds, y axis: arbitrary
unit).
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Fig. 5.25 Processed output of signal in Fig. 5.24 (a) -z(t), (b) -dz/dt, (c) -Zo, and
(d) ECG (x axis: seconds, y axis: arbitrary unit).
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Fig. 5.26 Signals recorded from subject LV with HIC 2000 instrument using band
electrodes (a) z(t), (b) -dz/dt, (c) Zo, and (d) ECG (x axis: seconds, y axis: arbitrary
unit).
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Fig. 5.27 Processed output of signal in Fig. 5.26 (b) -dz/dt, (c) Zo, and (d) ECG
(x axis: seconds, y axis: arbitrary unit).
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Fig. 5.28 Signals recorded from subject LV with HIC 2000 instrument using spot
electrodes (a) z(t), (b) -dz/dt, (c) Zo, and (d) ECG (x axis: seconds, y axis: arbitrary

unit).
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Fig. 5.29 Processed output of signal in Fig. 5.28 (b) -dz/dt, (c) Zo, and (d) ECG
(x axis: seconds, y axis: arbitrary unit).
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Chapter 6
SUMMARY AND CONCLUSIONS

The project objectives involved developing
(a) a throx simulator for testing and calibration of impedance cardiograph
hardware.

(b) an impedance cardiograph hardware.

Development of throx simulator involved upgrading the design of a
microcontroller based circuit, by using a digital potentiometer based circuit to
simulate step, sinusoidal, or other types of variation in change in the impedance.
Thorax simulator was developed based on a design with digital potentiometer. An
earlier design by Naidu [16] uses a microcontroller and analog switches based circuit
to generate impedance variations, two input keys for selection of various options, and
a LCD for display. The earlier design was capable of simulating only step change in
impedance. In the new design, a digital potentiometer replaces the analog switches
used to generate impedance variations. The digital potentiometer in the new design
facilitates to simulate step, sinusoidal, or other types of variation in change in the
impedance.

Development of impedance cardiograph involved improving the earlier design
for better sensitivity by critically examining circuit blocks of an earlier developement
hardware of impedance cardiography. The impedance cardiograph hardware consists
of an excitation circuit, ICG extraction circuit, and ECG amplifier. The excitation
circuit involves an oscillator as a source and a V/I converter with balanced ac
coupling to drive the electrodes. The ICG extraction circuit consists of an
instrumentation amplifier, AM demodulator, and base-line restoration circuit. The
ECG amplifier has an instrumentation amplifier and a filter. A study on different
oscillators was carried out in terms of short term amplitude stability and the most

appropriate one was selected. The Wein bridge oscillator with modification in the
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amplitude stabilization loop to improve its short term amplitude stability was selected
as source with 100 kHz output. The high frequency current is injected through a high
frequency transformer (PT6E) to provide galvanic isolation and impedance balanced
output in order to minimize the external pick-up. In the ICG extraction circuit, a
single chip instrumentation amplifier INA 128 was selected. The precision rectifier in
the demodulator was redesigned for better performance. The parameters of the drift
cancellation circuit have been modified for better performance. All the circuit blocks
were tested together, and integrated on a single PCB with circuit layout designed with
special consideration to reduce the noise pick-up.

The impedance cardiogram output from the instrument can be acquired in the
PC through a data acquisition unit and can be further processed using MATLAB. ICG
recordings were taken from normal male subject with band and spot electrodes.

It is suggested that an isolated power supply can be designed to make device
portable and safe for clinical recordings. To ensure safty of the subject in which the
recording will be carried out, optical isolation can be provided by using a linearized

optoisolator between the outputs of the ICG instrument and the recording device.
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Appendix A
Tracking based baseline restoration circuit for
acquisition of bio signals

Vinod K. Pandey®, Prem C. Pandey?, and L. Venkatachalam®

BME Group, Bio School, 11T Bombay, Powai, Mumbai- 400 076, India

2EE Dept., |1 T Bombay, Powai, Mumbai- 400 076, India

Phone: (+91-22) 2576 7445

Fax: (+91-22) 2572 3707

E-mail: pcpandey@ee.iitb.ac.in

Abstract- Most of the bio signals have a baseline which may drift over a large range compared to
the excursion of the signal of interest. To make effective use of the input dynamic range of the
signal acquisition setup, this offset drift needs to be cancelled. The circuit reported here uses
amplitude tracking technique for fast estimation and removal of the baseline drift. This circuit is
independent of the processor to which the signal acquisition unit is interfaced, and can be used in
set-ups with real-time as well as offline processing.

Keywords - Baseline restoration, Offset drift cancellation, Bio signal acquisition,

Impedance cardiogram.

1. Introduction

Bio signals generaly consist of a time-varying component, related to the
physiological phenomenon of interest, superimposed on a baseline with an offset.
This offset may drift over a range much larger than the excursion of the signal
component. The baseline may be changing with time due to body movement and
motion artifacts, or due to offset drift in the analog signal conditioning circuit. To
make effective use of input dynamic range of the signal acquisition set-up, it is
imperative to restore the baseline, at least partly, by removing the offset drift.
Generally, the spectra of the drift are overlapped with that of the signal, making it
difficult to restore the baseline drift by high pass filtering the signal. Here, we
present a fast baseline restoration circuit, developed as a part of instrumentation
for impedance cardiography, which may be used for acquisition of severa bio
signals.

Impedance cardiography is a noninvasive technique, based on sensing the

variation in electrical impedance across the thorax, caused by change in the blood
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volume during the cardiac cycle, for monitoring stroke volume and obtaining
diagnostic information on cardiovascular functioning [2], [4], [5], [6], [8], [9],
[10], [12]. The impedance change caused by cardiovascular activity is about 1 to
2% of basal impedance [9, 10]. Sensing of this variation is confounded by
variation in the thoracic impedance caused primarily by change in the dimension
of the thoracic cage and/or skin-to-electrode impedance. These respiratory and
motion artifacts have large amplitudes as compared to the impedance variation
due to cardiovascular activity, and can cause alarge baseline drift.

Severa circuits for automated balancing of offset drift have been reported,
including self-balancing system [3], successive approximation register (SAR)
based method [10, 11], and integrator based drift cancellation system [4]. Self-
balancing system circuit [3] requires up to 2n cycles for a n-bit D/A converter
depending on the value of the offset. Successive approximation register (SAR)
technique requires n clock cycles for a baseline balancing using n-bit SAR. A
simpler version based on ramp approximation was later reported [4], which used
an integrator in place of the SAR and D/A converter. However, capacitor
discharge and op amp offset errors in the integrator introduce a drift, whose
correction may lead to oscillatory drift. This can be removed in the subsequent
signal processing, but it reduces the usable input dynamic range of A/D converter.

In the circuit presented here, tracking has been used, in place of successive
approximation, for estimation and removal of the baseline drift. The baseline
restoration requires only one clock cycle. This technique has been implemented

using a microcontroller, and aD/A converter.

2. Method

The block diagram for the tracking based baseline restoration is shown in
Fig. A.1. An estimate of the baseline voltage V is subtracted from the signal such
that the signal after amplification would be within a range marked by two
thresholds. It isto be noted that the baseline drift which does not result in crossing
of athreshold range will not be compensated. This range is set after considering
the excursion of the actual signal and the input range of the signal acquisition unit.
Further, signal is not usable during the drift correction interval, and hence this

time interval should be short and correction should not take place too frequently.



The up/down counter and a D/A converter are used to track the baseline drift
in the input signal, and the estimated drift is subtracted from the input to give the
drift balanced output V,. Two thresholds [V, V2] are selected corresponding to
the desired range of the signal or the input range of the A/D converter used for
signal acquisition. Whenever the output crosses the threshold range in either
direction, a new estimation of the drift is carried out in the up/down counter
depending on the direction of the drift, and the value is output to the D/A

converter.

A —oV,
/ SR Vi Vi

I
| | Ll
: Correction |_UP Threshold

T
I Logic : DN Detector
I

I
: Microcontroller :

Ny

Fig. A.1 Block diagram for the tracking based baseline restoration

The baseline drift correction is done in one clock pulse, hence a relatively
sower D/A converter can be used. One quantization step of the D/A converter
after amplification is set to haf of the output threshold range. Hence, after
crossing of the threshold in either direction, the signa is brought back in the
middle of the two thresholds.

The relationship between input voltage Vi, and the output voltage V, aong
with the correction voltage Vx is shown in Fig. A.2, for (a) increasing input and
(b) decreasing input. It is to be noted that drift cancellation has a hysteresis, and

the actual output depends on the direction of input change.

3. Circuit description

The circuit diagram of the microcontroller based implementation is shown in
Fig. A.3. The circuit uses quad op amp TL084 as U1, 40-pin microcontroller
AT89C52 [1] as U2, and 12-hit serial D/A converter TLV5618A as U3. The D/A
converter has been used as 8-bit D/A converter by masking 4 LSBs. This circuit
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has been developed for baseline drift removal in an impedance cardiograph [7]

with £5V supply.
Vo Vo N
(VirtVig)/2 > / 4
V” ________________________ -
Vi s Vi
_rw 4
']\ ' '
Vo Vo
(a) (b)

Fig. A.2 Input-output relationship for (a) increasing input, and (b) decreasing
input.
Out of the four op ampsin U1, op amp U1A is used as a summer for the input
voltage, Vin, with gain A, the reference voltage, Vrer, With gain A;, and the

correction voltage, Vy, with gain —Ay. Hence the output is given as

Vo =VinAs.+VREFA -VXA< (1)

where, A, = (R, IRy/(R +R, [ R))(L+ Ry / Ry),
A = (RIR/(R+R IR)A+R/Ry),
andA, = R/R,

Output of the D/A converter is unipolar, and hence reference voltage Vger IS
required for realizing a bipolar range. Op amps U1B and U1C are used as
comparators for comparing the output V, with the threshold voltages Vy; and Vi,
which are set using a resistive divider. The port pins P10 and Pl1.1 of
microcontroller U2 are used to scan threshold detector outputs. The tracking
up/down counter of Fig. A.2 isrealized using software inside the microcontroller.
The count value is written as control byte to the D/A converter, interfaced serially
to the microcontroller via serial peripheral interface (SPI). In our implementation,
the microcontroller operates with 24 MHz crystal. The 8-bit up/down counter and
SPI interface (3-wire) on port pins P3.0, P3.1, and P2.2 are implemented through
software. The output voltage of the D/A converter can be varied from 0 to 4.2 V

in 256 steps, in accordance with the counter outpui.
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R9=R10=R11=R12=10 kQ, R13=15 kQ, R14=R15=5.6 k3, R16=10 kQ, C1=C2=10nF, C3=10 pF,
C4=0.1 pF, C5=C6=22 pF, C7=C8=C9=C10=0.1 pF, CRY1: 24 MHz Crystal, D1,02,D3,D4: 1N4148,
D5:4.2V Zener, Veoi=+5 V, Voo==5 V, Vpo=+5 V, U1: TLOB4, U2: ATBIC52, U3: TLV5E618A

)—T—H]u

Fig. A.3 Circuit diagram of the microcontroller based implementation.

A stable voltage references Vrer is obtained using Zener diode D5. An attenuated

value of thisis given as reference input to the D/A converter

Veer1r =[Rig /(R + Rig)]/ Vier )
Let input consist of actual signal Vs superimposed on baseline drift Vg,
Vin = Vs + Vd (3)

Input range is mapped to the output voltage, and hence the gain for the input
signal is selected as

A& = (Vtz 'th)/(vsmax 'Vsmin) (4)

If the summer output V, goes below the lower threshold Vi, the comparator U1C
is driven to positive saturation, producing high input to pin P10 of
microcontroller U2. The up/down counter is decremented, and the D/A converter
output Vy is correspondingly decremented by one step. Similarly, if V, goes above
the upper threshold Vi,, input P1.1 of microcontroller becomes high, the counter is
incremented and V is increased by one step. Thus the correction voltage Vy is
given as
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V,(t,+D) = V, () +AV,, V,(t,) >V,
Vx (tn) - AVx ’ Vo (tn) < th (5)
V,(t,), otherwise.

For N stepsin the D/A converter, the step voltage is given as

AV, = (Vsmac ~Vemin)/ N (6)
The gain for the correction voltage is given as

A = 0.3(Vip -Vi) 1AV, (7)

This feedback voltage is used for baseline drift correction to bring V, within the
threshold range. If V, is gill outside the range [Vi1, Vio], the process is repeated. |
the output V, is within the range [Vi, Vi], both the comparator outputs are low,

the count in the counter is not changed, the correction voltage remains constant.

3. Results

Component values shown in Fig. A.3 were selected for threshold voltages of +3
V, signal gain of 45, correction voltage gain of 180, Vrer = 4.2 V, and reference
voltage gain of 90. The maximum time for restoring the drift is lessthen 1 ms. An
example of drift cancellation by the implemented circuit is shown in Fig. A.4.
Input consist of 40 mV (p-p) impedance cardiogram waveform, with fundamental
frequency of 1.2 Hz, superimposed on a slow varying baseline drift, with a slope
of 40 mV/s. Output waveform shows that baseline has been restored and drift is
tracked when the signal after amplification crosses the threshold range in either
direction.

4. Conclusion

A tracking based circuit for fast restoration of baseline by canceling offset drift
has been presented. The correction logic is implemented in software with an 8-bit
microcontroller. Although the circuit has been developed for impedance
cardiography, it can be used for acquisition of other bio signals with large drift or
abrupt baseline shift. This circuit is independent of the processor to which the
signal acquisition unit is interfaced and can be used in set-ups with real time as
well as offline processing. In the present implementation, tracking of baseline is
initiated by the output going out of the defined range.
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Fig. A. 4 Output of the baseline restoration circuit for the impedance cardiogram

with large baseline shifts (a) input, (b) correction voltage, (c) output.

Alternatively, the microcontroller can be programmed to carry out the tracking for
drift cancellation at periodic intervals, which may be appropriate for certain

applications.
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Appendix B
LIST OF COMPONENTS

Table B-1: List of components for thorax simulator

Appro | Approx
Component Part Component Qty. X. cost
designator description specification Rate (Rs)
(Rs.)
R1,R3,R22,R27 Resistor 220Q, V4 Watt | 4 0.50 2.00
R2,R17,R24 Resistor 2.2kQ, 1/4 3 0.50 1.50
Watt
R8,R4 Resistor 4.7kQ, 1/4 2 0.50 1.00
Waitt
R5,R16 Resistor 10Q, VAWatt | 2 0.50 1.00
R6,R20 Resistor 47Q, 1A Watt | 2 0.50 1.00
R7,R13 Resistor 100 Q, 1/4 Waitt | 2 0.50 1.00
R9,R14,R15,R21 Resistor 10 kQ, 1/4 Watt | 4 0.50 2.00
R10 Resistor 330 Q, V4 Watt | 1 0.50 0.50
R11,R12,R18,R19, | Resistor 33kQ, 1/4 Watt | 6 0.50 3.00
R25,R28,R29,R30,
R31,R32
R23 Resistor 100 kQ, 1/4 1 0.50 0.50
Watt
R26 Resistor 11 kQ, /4 Watt | 1 0.50 0.50
C1,C2,C3,C4,C5,C6, | Ceramic capacitor 0.1 pF 14 0.50 7.00
C7,C8,C9,C10,C11,
C12,C13,C14
D1 Voltage reference LM385-2.5 1 1.00 1.00
Y1 Crystal oscillator 20 MHz 1 5.00 5.00
S1 Switch SPDT 1 8.00 8.00
2, S3 Soft keys 2 10.00 | 20.00
U1,U6 IC LM7805 2 10.00 | 20.00
U3 IC AD5290 1 100.00 | 50.00
U2 IC LM324 1 10.00 | 10.00
U4,U5,U8,U9 IC CD4066 4 9.00 36.00
U7 IC PIC18F252 1 200.00 | 200.00
Battery 9V 1 10.00 | 10.00
JP1 - JP5 2-pin male connector 5 1.50 7.50
J1 16 character by two 1 150.00 | 150.00
line LCD
PCB 1 500.00 | 500.00
Total cost 1038.50
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TableB-2: List of components for |CG instrument

Qty | Approx. | Approx.

Component Part Component Rate cost
designator description specification (Rs.) (Rs)
R1,R3 Resistor 1.5kQ, V4 Watt | 2 0.50 1.00
R2,R14,R16,R32 Resistor 0Q, 1/4 Watt 4 0.50 2.00
R4 Resistor 6.4kQ, 1/4Watt |1 0.50 0.50
R5 Resistor 750 Q, V4 Watt |1 0.50 0.50
R6,R43,R53,R60, Resistor 1kQ, 1/4 Waitt 6 0.50 3.00
R67,R72
R7,R8,R13,R20,R21 | Resistor 10kQ, /4 Watt | 17 0.50 8.50
,R24,R25,R26,R30,
R33,R35,R36,R39,
R49,R66,R73,R74
R9 Resistor 3.3kQ, 1/4Watt |1 0.50 0.50
R10 Resistor 49kQ, 1/4AWatt |1 0.50 0.50
R11,R17,R18,R22, Resistor 100 kQ2, V4 Watt | 11 0.50 5.50
R23,R46,R51,R62,
R63,R64,R65
R15,R12 Resistor 47kQ, UAWatt | 2 0.50 1.00
R27,R57 Resistor 27kQ, V4 Watt | 2 0.50 1.00
R28,R58 Resistor 52kQ, V4Watt | 2 0.50 1.00
R31,R34 Resistor 500 Q, V4 Watt | 2 0.50 1.00
R37 Resistor 3.9kQ, /4Watt |1 0.50 0.50
R38,R40,R50,R61 Resistor 100Q, /4Watt | 4 0.50 2.00
R52,R42 Resistor 1 MQ, /4 Waitt 2 0.50 1.00
R45 Resistor 12kQ, Y4Watt |1 0.50 0.50
R47 Resistor 33kQ, V4Watt | 1 0.50 0.50
R48 Resistor 82kQ, /4 Watt |1 0.50 0.50
R54,R75 Resistor 15kQ, Y4Watt | 2 0.50 1.00
R55 Resistor 220kQ, V4 Watt |1 0.50 0.50
R56 Resistor 3.3MQ, /4 Watt | 1 0.50 0.50
R59 Resistor 180 kQ, /4 Watt |1 0.50 0.50
R68,R70,R71 Resistor 56 kQ, 1/4Watt | 3 0.50 1.50
R69 Resistor 8.2kQ, V4Watt |1 0.50 0.50
C1.C2 Ceramic 1nF 2 0.50 1.00

capacitor
C3,C4,C5,C6,C7,C8, | Ceramic 0.1 uF 48 0.50 24.00
C12,C13,C14,C15, capacitor
C16,C17,C20,C21,
C23,C26,C27,C29,
C31,C32,C33,C34,
C35,C36,C37,C41,
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C43,C44,C45,C46,

C48,C49,C51,C52,

C53,C54,C56,C57,

C60,C61,C62,C63,

C64,C65,C66,C69,

C72,C73

C9,C10,C25 Ceramic 47 uF 3 0.50 1.50
capacitor

C11,C18,C19,C67, | Ceramic 10 nF 6 0.50 3.00

C68,C70 capacitor

C22,C24,C38,C55, | Ceramic 33 nF 5 0.50 2.50

C58 capacitor

C28,C30,C39,C40, | Ceramic 10 uF 7 0.50 3.50

C47,C50, C75 capacitor

C42 Ceramic 100 pF 1 0.50 0.50
capacitor

C59 Ceramic 2.2nF 1 0.50 0.50
capacitor

C71,C74 Ceramic 22 pF 2 0.50 1.00
capacitor

D1,D2,D3,D4,D6, Diode 1N4148 8 0.50 4.00

D7,D8,D9, D11

D5,D10 Voltage LM385-2.5 2 10.00 20.00
reference

S1 Switch SPDT 1 8.00 8.00

Ul-Uv7, IC LF357 19 35.00 665.00

U10-U14,

U18 —U23, U26

u8,ul17 IC INA128 2 100.00 | 200.00

U9,u16 IC LM 7805 2 10.00 20.00

Ui15 IC LM 7905 1 10.00 10.00

u24 IC AT89C52 1 200.00 | 200.00

u25 IC TLV5618A 1 50.00 50.00

T1 Pulse PT6E 1 700.00 | 700.00
Transformer

Q1 FET BFW10 1 5.00 5.00

J1-X 2-pin male 9 1.50 13.50
connector

JP1—-JP17 2-pin male 17 0.50 8.50
connector

Y1 Crystal 24 MHz 1 5.00 5.00
oscillator

PCB 1 500.00 | 500.00

Total cost 2464.00
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Appendix C
PCB LAYOUT

| mpedance car diogr aph:

Fig C.1 Component side of impedance cardiograph PCB
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Fig C.3 Component layout of impedance cardiograph PCB
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Thoracic impedance ssmulator :
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Fig C.4 Component side layout of simulator PCB
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