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Question 1.1

The data file ‘ecg2x60.dat’ contains ECG signal, sampled at 200Hz, with a
significant amount of 60Hz power-line artifact.

a. Design a notch filter with two zeros to remove the artifact and
implement it in MATLAB.

b. Add two poles at same frequency as those of zeros, but with a radius
that is less than unity. Study the effect of poles on output of the filter as
their radius is varied from 0.8 to 0.99.

c. Find the signal-to-noise ratio (SNR) for the above cases considering the
best filter output as a reference signal
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Question 1.2

* Filter the noisy ECG signal in ‘ecg hfn.dat’ (sampling
frequency=1000Hz) using four different Butterworth low pass
filters (individually) realized through MATLAB with the
following characteristics:

(a)Order 2, cutoff frequency 10Hz; |
(b)Order 8, cutoff frequency 20Hz; |
(c)Order 8, cutoff frequency 40Hz; |
(d)Order 8, cutoff frequency 70Hz; |’
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Design a 6th-order lowpass Butterworth filter with a cutoff frequency of 300 Hz, which, for data sampled at 1000 Hz,
corresponds to (.G rad/sample. Plot its magnitude and phase responses. Use it to filter a 1000-sample random

signal.
[b,a] = butter(6,0.6);
freqz (b, a)

dataIn = randn(1000,1);
dataOut = filter(b,a,dataln);
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Question].%

* Filter the signal in the file ‘ecg_Ifn.dat’ (sampled at 1000Hz)
(sampling frequency=1000Hz) using Butterworth high pass filters
with order 2-8 and cut-off frequencies 0.5-5 Hz. Study the
efficacy of filtering in removing the base-line drift and the effect

on the ECG waveform itself. Determine the best compromise
acceptable.
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Question 2.3

* Design a Wiener filter to remove the artifacts in the ECG signal in
the file ‘'ecg _hfn.dat’ (sampled at 1000Hz). The equation of
desired filter is :

Sa(w) 1

Sq(w) + S (w)

Wl = S (@)

Sa(w)

where S, and S, represent the PSDs of desired signal and noise
respectively.

1 i



Question 2.3 (contd...)

The required model PSD may be obtained as follows:

Create a piece-wise linear model of desired version of the signal by
concatenating linear segments to provide P, QRS, and T waves with
amplitudes, durations, and intervals similar to those in the given noisy
ECG signal. Compute the PSD of the model signal. Select a few segments
from the ECG signal that are expected to be iso-electric (for example T-P
interval). Compute the PSD and obtain their average. The selected noise
segment should be zero mean. Compare the results of Wiener filter with
those obtained by synchronized averaging and low pass filtering. '}




Solution 2.3 Cont....

* Input ECG signal is available at:

http://people.ucalgary.ca/~ranga/enel563/SIGNAL DATA FILE
S/ecg hfn.dat

* Sample MATLAB code to display the input ECG is available at:

http://people.ucalgary.ca/~ranga/enel563/SIGNAL DATA FILE
S/ecg hfn.m

Note: Keep the input signal and the MATLAB codes in the same directory.




Solution 2.3

* Wiener filtering is the statistical approach to reduce noise in
signal

* The Wiener filter minimizes the mean square error between
the estimated random process and the desired process

* Wiener filter requires the assumption that the signal and
noise processes are weak-sense stationary

* PSD of the desired signal and noise is required for Wiener
filtering




Solution 2.3

. The mput Slgnal with High frequency noise
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| = [ilsE] fEss

| plot(t,ecq):

%% Load and Display Signal
% load Input ECG Signal

| ecg = load('ecg hfn.dat');
| £s = 1000; % sampling freq

L =length(ecg):;%Signal length

figure;




Solution 2.3

* Select points on one cycle of ECG for constructing piecewise

linear model

* Red points indicates endpoints

of piecewise linear segments
of ECG
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Solution 2.3

* Select points on one cycle of ECG for constructing piecewise
linear model

‘ . ' ) } |

* Red points indicates endpoints o | |
of piecewise linear segments 2| !
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Solution 2.3

* The desired signal is constructed by concatenating linear
segments to provide P, QRS, and T waves

%% Generating piecewise linear ECG cycle

ecg sel = ecg(1:700); % crop lst cycle of ECG

x=[0,50,75,105,130,210,215,237,268,292,395,456,498,556,700] ; $Sample
$number

y = [0, 0, 0.201075269, 0.201075269, 0, 0, —-0.046236559,

1.305017921, —0.501433692, 0, 0, 0.598924731, 0.598924731, 0, 0]; %

Amplitude

y = max(ecg sel)*y; % scale amplitude to make it same as input

SECG signal




Solution 2.3

%% Generating piecewise linear ECG cycle
linModel =[];

for i =":length(x)-1 %

if isequal (y(i+l1l), y(i)) %

% check for zero slope
a = y(i)*ones(1l,x(i+l) - x(i)):; % for replicate previous wvalues
else

for number of piecewise segments

a=y(i) s (yv(i+1l)=y(i))/(x(i+1)=-x(i)) :y(i+1l);

$ for non-zero slope
a = af(l:end-1); t}

% discarding last redundant point
end
linModel = [linModel,a]l:
End
tl = (l:length(linModel)) /fs;

% time for plotting linear model
figure;

plot(tl,linModel); % plot piecewise linear ECG




Solution 2.3

* Generated piecewise linear ECG signal (desired signal)

plot of piecewise linear ECG cycle
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Solution 2.3
* The PSD of desired signal

%% PSD of desired signal
nfft=max (256, 2"nextpow?2 (length (linModel))) ;
[Pxx,F] = periodogram(linModel, [],nfft, fs);
figure;

plot(F,10*1ogl0 (Pxx) )




Solution 2.3

 The PSD of desired s:gnal

PSB of Ilnur mdal
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| $% PSD of desired signal
tnfft=max (256, 2"nextpow2 (length (linModel))) ;

| plot(F,10*1oglO(Pxx)) ;

[Pxx,F] = periodogram(linModel, [],nfft, fs);
figure;




Solution 2.3

The PSD of noise

%% PSD of desired signal

ECG = ecg(2776:2948) ;5TP segment of lst cycle

ECG = ECG - mean (ECG);

[Pxx1l, F]=pericdogram(ECG, [] ,nfft, fs) ;

%% Average PSD of noise

ECG2 = ecg(4205:4381);%TP segment of 2Z2nd
tcycle

ECGZ = ECGZ - mean (ECGZ2) ;

[PxxZ,F]=periodogram(ECG2, [],nfft, £s);

ECG3 = ecg(7051:7230) ;%TP segment of 3rd
tcycle

ECG3 = ECG3 - mean (ECG3):

[Pxx3, F]=periocdogram(ECG3, [],nfft, fs);

Pxx avg = (Pxx1+Pxx2+Pxx3)/3:;% Averaging PSD

of noise
figure; plot(F,10*1logl0(Pxx_avg));




Solution 2.3

The PSD of noise

%% PSD of desired signal

EBCG = ecg(2776:2948) ;5TP segment of lst cycle

ECG = ECG - mean (ECG) ;

[Pxx1, F]=pericdogram(ECG, [] ,nfft, fs);

%% Average PSD of noise

ECG2 = ecg(4205:4381) ;%TP segment of 2nd
tcycle

ECGZ = ECGZ2 - mean (ECG2);

[PxxZ, F]=periodogram(ECG2, [],nfft, £s);

ECG3 = ecg(7051:7230) ; TP segment of 3rd
tcycle

ECG3 = ECG3 - mean (ECG3) ;

[Pxx3, F]=periocdogram(ECG3, [],nfft, fs);

Pxx avg = (Pxx1+Pxx2+Pxx3)/3;% Averaging PSD

of noise
figure; plot(F,10*1logl0(Pxx_avg)):;




Solution 2.3
The PSD of noise

%% PSD of desired signal

ECG = ecg(2776:2948) ;%5TP segment of lst cycle

ECG = ECG - mean (ECG);

[Pxx1, F]=pericdogram(ECG, [] ,nfft, fs);

%% Average PSD of noise

ECG2 = ecg(4205:4381) ;%TP segment of 2nd
tcycle

ECGZ2 = ECG2 - mean (ECG2) ;

[Pxx2, F]=periodogram(ECG2, [],nfft, £s);

ECG3 = ecg(7051:7230) ;$TP segment of 3rd
tcycle

ECG3 = ECG3 - mean (ECG3) ;

[Pxx3, F]=periodogram(ECG3, [] ,nfft, fs);

Pxx avg = (Pxx1+Pxx2+Pxx3) /3;% Averaging PSD

of noise
figure; plot(F,10*1logl0(Pxx_avg));




Solution 2.3
* The PSD of noise

PSD of averaged noise(zero mean)
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%% PSD of desired signal

BEBCG = ecg(2776:2948) ;5TP segment of lst cycle

ECG = ECG - mean (ECG) ;

[Pxxl,F]=pericdogram(ECG, [],nfft, fs) ;

%% Average PSD of noise

ECG2 = ecg(4205:4381) ;5TP segment of 2Z2nd
scycle

ECGZ = ECGZ2 - mean (ECG2);

[PxxZ,F]=pericdogram(ECG2, [],nfft, £s);

ECG3 = ecg(7051:7230) ;%TP segment of 3rd
tcycle

ECG3 = ECG3 - mean (ECG3):

[Pxx3, F]=periodogram(ECG3, [] ,nfft, £s);

Pxx avg = (Pxxl1+Pxx2+Pxx3)/3;% Averaging PSD

of noise
figure; plot(F,10*1logl0(Pxx_avg)):;




Solution 2.3

* Wiener filtering

et BEO

%% transfer function of Wiener filter

l . . ‘ - - | EE= i ik th{F) };
&/M/ﬂ;/b"fw;}mpwﬂw'/dﬁ‘;‘fwﬂ&"ﬁ = zeros(l,length(F));

: end

for 1 = 1l:length(F)
W(i) = 1/(1+(Pxx_avg(i) /Pxx(i))):

SW in time domain

| Y = ifftshift (abs (ifft(W,200)));

output = conv(ecqg,Y);




Solution 2.3

* Comparison of Butterworth low pass fllter output with Wiener filter
output — |

Noisy ECG Gycle.”

Butterworth Loyy pass filter output

TMJVM/\W“”

“Wiener filtef outout




Solution 2.3

* Comparison of Synchronized averaglng output with Wiener filter
output | — '

Noisy ECG Cycle *

- T m o7 il
:F T 3
15 .

ot 1]

Synchronlzedmamcaglng output

“Wiener filter outout




Solution 2.3

Observations

* The wiener filter is able to suppress the noise but not able \
to remove completely

* The output of synchronized averaging is more smoother
than wiener filter

* The output of low pass filter is smoother but slightly
distorted compared to wiener filter




Question 3.1

Implement the Pan-Tompkins method for QRS detection in MATLAB, you
may employ a simple threshold-based method to detect QRS complexes as
the procedure will be run off-line. Apply the procedure to the signals in
the files ECG3.dat, ECG4.dat, ECG5.dat, and ECG6.dat, sampled at a rate of
200 Hz. Compute the averaged heart rate and QRS width for each record.
Verify your results by measuring the parameters visually from plots of the

signals.




Solution 3.1

* Four input ECG signals (ecg3.dat, ecg4.dat, ecg5.dat, and ecg6.dat) are
available at:

http://people.ucalgary.ca/~ranga/enel563/SIGNAL DATA FILES/

*+ Sample MATLAB code to read and display the input ECG is available at:
http://people.ucalgary.ca/~ranga/enel563/SIGNAL DATA FILES/ECGS.m

Note: Keep the input signal and the MATLAB codes in the same directory.




Solution 3.1

Read Input ECG signal

* Read ECG data

ecg = load('ecg3.dat');
ecqg = ecg - mean(ecq);
ecg = ecg/max (abs (ecqg)) ;
fs = 200;%sampling rate
slen = length (ecq);
t=[1l:slen]/fs; %time
plot (t,ecq)




Solution 3.1

Read Input ECG signal

Irpart ECG aignal
1

Tirra: {pnci

* Read ECG data

ecqg = load('ecg3.dat'):
ecqg = ecg - mean(ecq);
ecg = ecg/max (abs (ecqg)) ;
fs = 200;%sampling rate
slen = length(ecq)
t=[1l:slen]/fs; %time
plot (t,ecq)
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* Block diagram of Pan Tompkins algorithm
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TL
* Block diagram of Pan Tompkins algnrithmf_/\ /N\\ " ?
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Solution 3.1

1. Band pass filtering

%% Low Pass Filter

=100 @ 000 =2 O 00 000 0 Ll

a=[1 =2 1] * 32;

%Creating digital filter (Direct Form II)
hdl=dfilt.df2(b,a):

*Filtering the ECG signal using LPF

ecg outl=filter (hdl,ecq):

ecg outl=ecg outl-mean (ecg _outl);

ecg outl=ecg outl/max (abs(ecg_outl));




Solution 3.1

1. Band pass filtering

%% Low Pass Filter %%

=100 Qoo 0 =200 00 a0 Lk

a=[1l =2 1] * 32;

#Creating digital filter (Direct Form II)
hdl=dfilt.df2(b,a):

%Filtering the ECG signal using LPF

ecg outl=filter (hdl,ecq):

ecg outl=ecg outl-mean(ecg_outl):;

ecg outl=ecg outl/max (abs(ecg_outl));

%% High Pass Filter %%
b2=[-1,zeros(1,15),32,-32,2ercs(1,14),1];
a2=[1 -1] * 32;

%*Creating digital filter (Direct Form II)
hd2 = dfilt.dfz2(b2,a2):

*Filtering the ECG signal from HPF

ecg out2 = filter (hd2,ecg outl);

ecg ocut2 = [ecg outd(1l:40)*0.25;

ecg out2(4l:end)];

ecg out2 = ecg out2/max(abs (ecg _out2));




Solution 3.1
1. Band pass filtering output

Input ECG signal

ECG

o B L
0 2

ECG signal after filtering with BPF
— e B -
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2. Differentiator

%% Derivative Operator

s Ye e I R R e |

a3 = [1] * 8;

% Creating digital filter (Direct Form II)

hd3 = dfilt.df2(b3,a3);

% Filtering the ECG signal from derivative operator
ecg out3 = filter (hd3,ecg out2);

ecg out3 = ecg out3/max (abs(ecg outd));




Solution 3.1
2. Differentiator output

Input ECG &lgnal
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2. Differentiator output

: : Irupiit Ecﬂﬂ wl gmal
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3. Squaring operation

%% Squaring
ecg outd = ecg _out3.”2;
ecg outd = ecg outd/max(abs(ecg outd));
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3. Squaring operation A
%% Squaring
ecg_outd4d = ecg_out3.”2;
e
ecg outd = ecg outd/max(abs(ecg_outd)); j =
S A % ) if" K
TL 4 ol i

o

F
LA
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3. Squaring operation
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4. Moving window integration

%% Moving window integration Operator
ecg outdpad = [zeros(1l,29) ecg outd' zeros(l,29)];
for 1=30:1ength(ecg outdpad)-29
ecg5(1-29) = sum(ecg outdpad(i-29:i))/30;
end
ecg5 = ecgh';
ecgb = ecgb/max (abs (ecgb));
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4. Moving window integration

O tput of sousi g op-sratisn
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Solution 3.1
5. Thresholding

= mean (ecgb) ;

gé = zeros(slen,1l):;
= (ecg5>(TH)):
gb(w) = 1;
find(diff([0 w'])

1)
find(diff([w' 0]) =

n o
o
o

5 cancel delay because of L

= x - (6t+l6):;
=y — (6+16);

)i
P

and HP




Solution 3.1
5. Thresholding

B r
TH = _mean (ecg5) ; ’ﬂ ! |
ecgbé = zZeros(slen,l); -~ L - s

_w_= (ecg5>(TH));
ecgb(w) = 1;

X = Eind(GEL([0 w']) ==1);
y = find(diff([w' 0]) == -1);

cancel delay because of LP and HP
= x - (6+16);
= y — (6+16);

M of




Solution 3.1
5. Thresholding

N |
TH = mean (ecgl) ; ‘H__(—_\._
-‘D —— el e —y

ecgé = zeros(slen,l);

'_,...T? (ecg5> (TH) ) ; /‘I\\L /T \L /T\ \L
ecg6(w) = 1;

x = find{GZLL([O w']) 1)

S find(diff([w' 0]) =)

» cancel delay because of LP and HP
X = %X - (6+16);
Yy =Yy - (6+16);

o
| I
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5. Thresholding

A r
Eﬁ_=_m§§n{acg5}; ‘H__(ﬂ—\__ i |
i (slen, 1) ; O o N
) ° TN i R o N oL

.ecgE{w} = 1;

MH 1);
Jxﬂ" find(diff([w' 0]) =)

cancel delay because of LP and HP
e —

o
|

X = X ~'££jlﬁ ;
Yy =Yy - (6+16);
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5. Thresholding

% Detect R,Q, and S points
for i=1l:length (x)
[R val(i),R loc(i)]=max(ecg(x(i):y(i))):

TH = mean (ecg5) ;
ecgé = zeros(slen,l);

w = (ecg5>(TH)); - : : <
ecg6(w) = 1; R_IGCE}J=R_loc{}J-1+3(1}; 5 add o;fset
x = Find(diff ([0 w']) == 1); [Q_valil?,Q_loc{l]]=mln[ecg(R_lmc(1]:-
y = find(diff([w' 0]) == -1); Leap Loc (el ¢
% cancel delay because of LP and HP Q loc(i) = R loc(i) - Q loc(i)+l;
X = x - (6+16); [S val(i),S_loc(i) ]=min(ecg (R _loc(i):
¥ =¥y = (&rle); R loc(i)+10));
S loc(i) = R loc(i) + S loc(i)-1:
end




Solution 3.1 5
5. Thresholding Wlg

B~

% Detect R,Q, and S points
TH = mean(ecg)); for i=1l:length (x)
ecgé = zeros(slen,1); (R val(i),R_loc(i)]=max (ecqg(x(i):y(i))):
:C;Egifgi>ifﬂjh' R_lac{%}ﬁﬂ_loc{%l-l+§(i}; % add OFfset
g b PR f9_val 1), 0_ioc 4) ) min ecg (R o= 1) i
y = find(diff([w' 0]) == -1); " — !
% cancel delay because of LP and HP Q loc(i) = R loc(i) - Q loc(i)+l;
X = x - (6+16); [S val(i),S loc(i)]=min(ecg(R _loc(i):
¥ = ¥ = wetle); R loc({i)+10)):

S loc(i) = R loc(i) + S loc(i)-1;

end
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5. Thresholding o

% Detect R,Q, and S points
for i=1l:length (x)
[R_val{i},leoc{ij]=max{ecg(x;i!:25111};

TH = mean (ecg5) ;
ecgé = zeros(slen,l);

w = (ecg5>(TH)): : ; : s
ccaE ) = 1; R_lnc{:_.}=R_loc{Jl.l—l+zlc(1}; 5 add olffset
% = SANA(ALEE ([0 WIT) = 1y [Q_valil?,Q_locilj]=m1n[ecg(R_loc{1]:—
y = find(diff([w' 0]) == -1); PR ool Rl
% cancel delay because of LP and HP Q loc(i) =R _loc(i) - Q loc(i)+l;
Xx = x - (6+16); [S val(i),S loc(i)]=min(ecg(R _loc(i):
¥ =W = wekle); R Toc{i)+10))5
S loc(i) = R loc(i) + 8 loc(i)-1;
end




Solution 3.1
6. R peak localization

% Plotting ECG signal with Q,R, and S points marked

subplot (2,1,1) ’

plot (t,ecg/max(ecqg),t (R loc),R val,'s"',t(S loc),S val,'*',t(Q loc),Q val,'o');
x1lim{([14 20]); legend('ECG','R',;'S','"Q'):

subplot(2,1,2) ;

$title ('ECG Signal with R points'):;
plct{t,ecgfmax{ecg},t{R_loc],R“val,'r“',tis_loc},s_val,‘*',t{Q_loc},Q_val,‘o'};
legend ('ECG','R',"'S','Q"') ;xlabel ('Time in seconds’'):
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6. R peak localization results
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Calculation of QRS duration and heart rate

count = 0;
for i=l:slen-1
if(ecg6 (i) == 0 && ecgb(i+l)>= 1 && ecgb(i+2) >= 1)

count = count + 1;
end
end
ecg’ = diff([ecg6; 0]);
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Calculation of QRS duration and heart rate

x = find(ecg7>0) ;
y = find(ecg7<0);

Z =Yy = X}
dur = mean(z)*(1/£fs);

disp(['QRS Duration for ecg3 = ' num2str(dur) ' sec']):

HT = count * 3;

disp([ ‘Heart rate for ecg3 = ' num2str (HT) ' beats/min']):;




Solution 3.1 P

5
Calculation of QRS duration and heart rate __T —

>

x = find(ecg7>0) ;

find(ecg7<0) ;

z Yy = X7

dur = mean(z)*(1/fs);

disp(['QRS Duration for ecg3 = ' num2str(dur) ' sec']):

I

Il

HT = count * 3;
disp ([ ‘Heart rate for ecg3 = ' num2str (HT) ' beats/min']):;
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Results on command window

Command Window

QRS Duracion for ecg3d = (,19312 =ec
heart rate for ecgd = 72 beats/min
QRS Duration for ecgd = 0.18758 sec
heart rate for ecgd = 93 beats/min
QRS Duration for ecgs = 0.164&7 sac
heart rate for ecgsh = 135 beata/min
CRS Duration for ecgé = 0.19917 sec
heart race for ecgé = 54 beacs/min
B >>
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Results of ECG3
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Results of ECG5 *.:
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Results of ECGS £.:
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Results of @
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Results of ECG6
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Solution 3.1

Observations

Pan Tompkins algorithm is able to detect QRS wave of all ECG beats in 3
out of 4 signals

Pan Tompkins algorithm is able to detect QRS wave even in presence of
low frequency artifact and irregular occurrence of ECG beats in the signal

Pan Tomkins algorithm without adaptive thresholding fails to detect some
QRS wave in the signal ‘ecg5.dat’ due to presence of high frequency
artifact



