
GEORGIA INSTITUTE OF TECHNOLOGY
SCHOOL of ELECTRICAL and COMPUTER ENGINEERING

ECE 2025 Spring 2011
Lab #12: Interference Removal from Electro-Cardiogram (ECG) Signals

Date: 20–26 Apr. 2011

This Lab will be done entirely in-Lab. It will count 50 points. Your score will be based on the answers that
you write on the Instructor Verification sheet. During this warm-up you should work alone. You can use
MATLAB or any notes you might have but you cannot discuss the exercises with any other students.

1 Course Opinion Surveys

Please complete three surveys: one survey in ITS and two Georgia Tech surveys, one for your Recitation
and one for Lecture:

https://gtwebapps.gatech.edu/cfprod/cios_new/

Instructor Verification (separate page)

2 Introduction

IIR filters can be used for many tasks; bandpass filtering is the most common, but nulling or notch filters are
also very useful for removing interference, especially narrowband interference caused by power lines.

2.1 Create a Second-Order IIR BPF with PeZ

Use the PeZ interface to implement the following second-order system:

H.z/D
1�z�2

1C0:8z�1C0:64z�2

Factor the numerator and denominator to get the two poles and the two zeros. Then place the poles and zeros
at the correct locations in the z-plane with PeZ. If it is hard to place the poles and zeros precisely with the
mouse, then use the Edit feature to enter the exact locations. Since PeZ wants to add complex-conjugate
pairs, you should only have to add one of the poles; for the zeros, the Add with Conjugate feature should
be turned off because you will be adding two real-valued zeros.
) Look at the frequency response and verify that you have created a BPF.

2.2 Using Poles to Create Filters that are Not Bandpass Filters

It is tempting to think that with two poles the frequency response always has a peak, but there are two
interesting cases where that doesn’t happen: (1) all-pass filters where jH.ej O!/j D constant, and (2) IIR
notch filters that null out one frequency, but have a relatively flat nonzero magnitude responses elsewhere.

� Implement the following second-order system:

H.z/D
64C80z�1C100z�2

1C0:8z�1C0:64z�2

by factoring to get the two poles and the two zeros, and then placing the poles and zeros in PeZ at the correct
locations in the z-plane. Adjust the gain .G/ to get the correct numerator coefficients.
) Look at the frequency response and determine what kind of filter you have.1

1The relationship between the poles and zeros of an all-pass filter is zero = 1/(pole)*; this situation where two poles and two
zeros are linked together via conjugate-inverse symmetry can be done with the PZ option in PeZ.
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� Now, use the mouse to “grab” the zero-pair and move the zeros to be exactly on the unit-circle at the same
angle as the poles. Observe how the frequency response changes. In addition, determine the H.z/ for this
filter, which should have the following form:

H.z/D
b0Cb1z

�1Cb2z
�2

1C0:8z�1C0:64z�2

) Describe the type of filter that you have now created.

3 Warm-up

3.1 IIR Allpass Filter

An IIR allpass filter will pass all frequency components with magnitude response that is prefectly flat across
the entire frequency band, but its phase resonse in nonlinear versus frequency. It has one complex-conjugate
zero pair and one complex-conjugate pole pair.

Zeros at .1=r/e�j� Poles at re�j�

where r is a number slightly less than one, so that the system is stable. Thus the system function is:

H.z/D
B.z/

A.z/
DG

.1� r�1ej�z�1/.1� r�1e�j�z�1/

.1� rej�z�1/.1� re�j�z�1/
(1)

You can use PeZ to exhibit a typical frequency response for an alllpass filter.

(a) To create an example in PeZ, use r D 0:9 and � D �=3 with the PZ option which automatically places
the zeros at the conjugate-inverse locations. Alternatively, you can calculate the zeros, and then use
the Zero Location edit window to enter the exact values.

(b) Adjust the gain .G/ so that the frequency response magnitude is always equal to 10. Show the final
PeZ result to your Lab instructor or TA.

(c) Write out the expression for the numerator and denominator of H.z/ created in part (a). You should
create H.z/ by multiplying out first-order terms with the poles and zeros in (1).
Hint: use MATLAB’s poly function to do the calculation. Also, the GUI provides H.z/, so you can
check your work.

Instructor Verification (separate page)

3.2 IIR Notch Filters

A common heart test is an electrocardiogram (ECG or EKG) which records electrical activity that changes
during the cardiac cycle. Metal electrodes placed at several locations on the body “pick up” these cardiac
electrical signals. Unfortunately, the electrodes also pick up signals from other electrical sources, most
notably harmonics of the 60-Hz power signal (or 50-Hz in some other countries). The objective of this short
lab is to show that you can remove a sinusoidal interference from a corrupted ECG signal, and produce a
cleaned-up signal. This will tap into your 2025 skills as an accomplished “filter designer.”

An IIR notch filter will null out one frequency, while having a frequency response that is relatively flat
across the rest of the frequency band. It has one complex-conjugate zeros and poles:

Zeros at e�j� Poles at re�j�
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where r is a number slightly less than one. Thus the system function is:

H.z/D
B.z/

A.z/
DG

.1� ej�z�1/.1� e�j�z�1/

.1� rej�z�1/.1� re�j�z�1/
(2)

You can use PeZ to exhibit a typical frequency response for a notch filter. To see an example, select r D 0:95

and � D �=4. It is also possible to multiply out the numerator and denominator of (2) to get the filter
coefficients. In MATLAB the function poly will create a (z-transform) polynomial from its roots.

3.3 IIR Filter Implementation

In MATLAB the function that does IIR filtering is called filter. It requires the numerator (num) and
denominator (den) coefficients,

yy = filter( num, den, xx ):

For example, hn = filter([1,2],[1,-0.9],[1,zeros(1,50)]); will generate the impulse response of
a first-order IIR filter. Use a stem plot to view hn versus the time index n.

3.4 Notch Filter Removes Sinusoidal Interference

The ECG signal (plus interference) will be generated by the MATLAB function ECGmakeS11.p. The function
ECGmakeS11.p reads data from a file ECGdataS11.mat, changes the sampling rate, and then adds a sinu-
soidal interference. These ECG signals were recorded in Spring-2006 by ECE-2025 students Josh Hammel
and Chris Clarke, see Fig. 1. The output of this function will depend on your GT login name—here is the
calling template.

function [ecgsig,fs,fint] = ECGmakeS11( gtstring, dur )
%
% ecgsig = vector of signal samples at fs samples/sec
% fint = frequency of the interfering sinusoid (near 50 or 60 Hz)
% gtstring = your gt login as a string, e.g., ’gburdell7’ or ’gtg555q’
% dur = duration of the signal (optional); default = 15 secs.

(a) Run ECGmakeS11 and note the values for the sampling rate .fs/ and interference frequency .fint/.

Instructor Verification (separate page)

(b) Design the IIR notch filter by specifying its poles and zeros. Explain how the angle .�/ of the poles
and zeros is determined by the interference frequency .fint/ and the sampling rate .fs/. Draw the
pole-zero diagram on the verification sheet.

(c) Compute the frequency response of the notch filter, and plot the frequency response magnitude versus
analog frequency f in Hz. Make a sketch of what you see on the screen (no print out is needed).

Instructor Verification (separate page)

(d) Convert the poles and zeros of the IIR notch filter to filter coefficients, so that you can write a differ-
ence equation for the filter.

Instructor Verification (separate page)

(e) Apply the notch filter to the ECG signal and show that you can remove all the interference. Make a
two-panel subplot comparing the time-domain signals before and after filtering. Show three or four
periods of the ECG at the same time in both signals.

Instructor Verification (separate page)
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(f) Show spectrograms of the signal before and after the notch filter. Point out where you see the interfer-
ence in the input signal’s spectrogram, and also where it has been removed in the output spectrogram.

Instructor Verification (separate page)

(a)

(b)

Figure 1: (a) The first ECG is very regular and follows the classic pattern. The P-wave, QRS complex,
and T-wave are labeled. The P-wave results from depolarization of the sinoatrial (SA) node in the heart,
leading to depolarization and contraction of the atrial cardiac muscle tissues. The QRS complex arises
from depolarization of the atrioventricular (AV) node and resulting depolarization and contraction of the
ventricular muscle tissue. The Q and S components of the complex are not always exhibited in a normal
ECG. The T-wave results from repolarization of the ventricular tissue. (b) The second ECG is nonstandard.
In place of the P and Q waves there is an irregular waveform. It appears that, in this case, the heart is in a
constant state of atrial fibrillation. This normally is not a problem, as the atria contribute very little to the
overall pumping ability of the heart, however it can present problems during strenuous exercise. (Recorded
and described by Josh Hammel and Chris Clarke, April 2006.)
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Lab #12
ECE-2025 Spring-2011

INSTRUCTOR VERIFICATION PAGE

Name: Date of Lab:

Section 1: Complete one ITS survey and two Georgia Tech Course Evaluation surveys.

Verified: Date/Time:
Part 3.1(a, b, c): Exhibit the allpass frequency response in PeZ and write out the numerator and denominator
of the system function so that jH.ej O!/j D 10:

H.z/D

Verified: Date/Time:

Part 3.4(a): Record the values of the sampling rate and interference frequency.
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jH.j2�f /j
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Parts 3.4(b, c): Plot the poles and zeros of your notch filter on the z-plane grid above. In addition, sketch
the frequency response in the space to the right of the pole-zero plot. Use a frequency range of 0 to fs=2.

Verified: Date/Time:

Part 3.4(d): List the filter coefficients of the IIR filter by filling in the IIR difference equation below.

y�n�D y�n�1�C y�n�2�C x�n�C x�n�1�C x�n�2�

Part 3.4(e): Apply the notch filter to the ECG signal and show that you can remove all the interference.
Show the two panel subplot that compares the time-domain signals before and after filtering. Zoom in to
verify that all interference has been removed completely, except for a short duration at the beginning.

Verified: Date/Time:

Part 3.4(f): Show spectrograms of the signal before and after nulling and explain how the filter affects the
frequency-domain characteristics of the signal.

Verified: Date/Time:
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