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• Cardiac cycle
• Eindhoven’s triangle
• 12 lead EKG
• Biopotential amplifiers
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Syllabus for Unit 3 - revised
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Topics

Week 12 Chapter 2 Inductive, Piezoelectric and Capacitive Sensors, Digital Filters

Week 13
Capacitive Sensors (problems), Chapter 6 Biopotential Amplifiers, 
(11/18) Homework #5

Week 15
Chapter 6 EKG examples, EKG design - In class project
(12/2) MATLAB Assignment 3

Week 16
Chapter 5 Biopotential Electrodes, Blood Pressure, Heart Sounds, Exam 
Review
(12/7) Homework #6, (12/7) EKG project (optional)

Week 17 Final Exam 12/14/21, 11:00 am – 1:45 pm, ECSN 2.126



Cardiac Cycle Introduction

• ECG Basics
• Animated ECG
• Reference: Quantitative Human Physiology by Josef Feher
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https://www.youtube.com/watch?v=iB4OQUMuu-A
https://www.youtube.com/watch?v=RYZ4daFwMa8


Understanding ECG Measurement
• Cardiac vector: from – to + charge
• Electric dipole created by the electric field 

generated by the heart
• Represents the electrical field at a specific 

instant
• Magnitude and direction vary as the 

cardiac cycle progresses – it rotates
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Measuring voltage from charge spread
• Cardiac vector is also called a dipole in video and many texts
• Voltage is vector pointing towards + charge, magnitude depends on amount of 

separated charge and distance of separation.
• Cardiac vector is projected onto a measurement axis as below

• By having 3 or more axes, we get multiple views or projections to get a more 
complete picture. Ideally these are equally separated around 360o
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Basic 3 Lead ECG
• Standardized lead location
• Standardized naming convention

– Lead I – RA to LA (0º)
– Lead II – LL to RA (60º)
– Lead III – LL to LA (120º)

• This is known as Einthoven’s triangle
• KVL tells us that I – II + III = 0
• Using this we can determine the 

cardiac vector
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Cardiac Vector and Cardiac Cycle
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Cardiac dipole traces a closed curve 
during each heartbeat. This is QRST at 
Lead II.



P wave
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QRS complex and T wave
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Connections for Augmented Lead ECG
• Basic connections for the augmented leads are shown below
• Electrical equivalent circuit is to the right
• R shunts each circuit between central terminal and the lead, which reduces the 

signal amplitude
• Notice the right leg is grounded (all leads are unipolar)
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va = RA to gnd

VR= RA to CT



Augmented Leads - improved
• If we disconnect the connection 

between the limb being measured and 
the central terminal, we can increase 
the signal amplitude by 50%

• This is an improvement via 
measurement technique

• Proof is in the text (Example 6.1)
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Sample Results from Different Leads

13 •
Video: ECG Basics

https://www.youtube.com/watch?v=iB4OQUMuu-A


The Standard 12 Lead ECG
• Frontal Plane: 

3 Basic + 3 Augmented

14 •

• Transverse Plane: 
6 Chest Leads



Lead Placement - typical
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ECG Waveform – typical – Lead II is continuous 
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Biopotential Amplifiers: Problems
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Problem 6.1

• Greatest sum of voltages for leads I, II 
and III:

• Maximize the sum of the projections:
• M is the cardiac vector
• 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝜃𝜃 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 60 − 𝜃𝜃 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 120 − 𝜃𝜃
• For Lead II, Lead I, Lead III, in that order
• take derivative and set equal to zero, see 

solution in Problem Set

• Or, by inspection, cardiac vector is 
strongest when aligned to Lead II
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Problem 18

• A positive voltage on Lead I is in the 
direction of 0 degrees.

• A negative voltage on Lead II is in the 
opposite direction of 60 degrees (in 
EKG space, which is clockwise from 0 
degrees) or -120 degrees (in EKG 
space)

• Draw these and find an intersection: 
-60 to -90 degrees (EKG space)
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Biopotential Amplifiers
• Basic characteristics:

– High input impedance
• To minimize loading of the measured signal
• Biopotential electrodes are highly sensitive to loading as they typically are required to 

measure very small signals
– Low output impedance

• It has to drive a recording/output device or A/D converter
– High CMRR

• Noise signals are often larger (sometimes much larger) than the signal we are trying to 
measure

– High differential gain
• Measured signals can be very small (µV to mV) and need to be amplified for use by the 

output device
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Biopotential Amplifiers (2)
• More characteristics:

– Limit bandwidth
• Doing so allows us to increase signal-to-noise ratio (SNR) by eliminating noise signals 

that are at very different frequencies (and can be large in comparison to the measured 
signal)

– Provide quick calibration
• We need a method to verify that our circuit is functioning properly

– Provide protection to the organism being measured
• No current should flow back to the electrode and consequently to the organism 

(microshocks and macroshocks)
• SAFETY!
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How Do We Accomplish All This?
• Design

– Common mode voltage rejection
– Differential gain
– Isolation techniques
– Noise reduction

• Measurement techniques
– How and where to place electrodes/leads
– Measurement points
– How to route leads
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ECG Block Diagram
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Problems Encountered
• Saturation/Cutoff

– Need to properly design our amp so that input signals do not drive the amp into saturation
– Main issue – reduction of the QRS peak (the largest measured voltage)

• Ground Loops
– Multiple machines connected to a patient, all plugged into a different “ground”
– Grounds at different potentials create another voltage (common mode) which will affect 

ECG readings
– Can also become a SAFETY issue
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Electrical Interference
• 60Hz power-line noise on our 

ECG trace
– Through the ECG machine itself
– Through the person
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Electrical Interference: Through the ECG machine
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Electrical Interference: Through the person
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Reducing Common Mode Voltage
• Driven Right Leg System
• This is the typical system 

in use today
• RL is no longer grounded
• Now it’s connected to the 

output of an auxiliary amp
• Which inverts and drives 

the common mode voltage 
back into the subject

• This helps cancel out vcm
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Basic Biopotential Amp
• This is the instrumentation 

amp from Chapter 3
• Front pair of op amps form 

the preamplifier
• Helps reject vcm

• We can adjust the gain of 
this stage by changing Rgain
which is normally external

• We can also add more gain 
in the final stage
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Biopotential Amp with Filtering
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Magnetic Field Pickup
• We can also have magnetic field interference
• Induces an electric current (common mode)
• Easy solution!
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Transient Artifacts
• Large transient voltage (e.g., from a defibrillator) will be 

detected and saturate our amp
• Due to the capacitances in our amp, our readings will be 

affected for a time constant based on the R and C of the 
amp before it returns to normal readings
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Transient Protection
• How to prevent this 

problem?
• Typical way is by using 

back-to-back zener 
diodes (c)

• This limits the voltage 
that can be passed to 
our amp
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PROBLEMS



Biopotential Amplifiers: Problems
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va = RA to gnd

VR= RA to CT
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Previously:
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