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Review of Convolution

o0

y(t) = x(t)*h(t) = [ x(z)h(r -t)dz

—00

Visual example copied from Wikipedia
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Review of Convolution

a. Inverting Attenuator
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FIGURE 6-4

Examples of signals being processed using convolufion. Many signal processing tasks nuse very
simple impulse responses. fs shown in these examples, dramatic changes can be achieved with only

a few nonzero points.

Smith, http://www.dspguide.com/ch6/2.htm



Generating Time Vectors in Matlab

%% Define time vector

samplingFrequency = 1000; %Hz

timeStep = 1/samplingFrequency; %sec
T = 1; S$sec
§ = T¥samplingFrequency:; %samplies
samples = 1:8; %Saﬁs;eg
= ¢ = i
Famea — ocoamrm lcoeo®Eameae O+ ar - L e
Al - Adlll - A LIT T \—‘:H r 0 o2 =
Workspace - 02 X
B gl f&| &3 B | Stack: Base [LP Sele
Name Value
Hs 1000
Hr 1
Eﬂ samples <1>1000 double>
EE] samplingFrequency 1000
[ time <1x1000 double>
HH timeStep 1.0000e-03
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Generate Square Wave

2% Generate square wave
pulseFrequency = 5; %Hz

squareWave =lsquare(time*pulseFrequency*2*pi):

Workspace “ 0O a8 X
) {E] rﬁ B | stack| Base E@Sele
Name Value

S 1000

T 1

pulseFrequency 5

samples <1>1000 double>

samplingFrequency 1000

squareWave <1:1000 double>

time <1x1000 double>

timeStep 1.0000e-03
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Plot Square Wave
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figure(l), plot(time, squareWave,'b

title([num2str (pulseFrequency) ‘'Hz Pulse'])

5Hz Square Pulse
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Adjust Magnitude and Re-plot

%% AdHaust
-

ymp1itude

(

squareWavePos = (squareWave+l) /2;

close (1)

figure(l), plot(time, squareWavePos, 'r')
set (gca, 'YLim', [-0.1 1.1])
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Nyquist Sampling Theorem

e |f a continuous time signal has no frequency
components above f,, then it can be specified
by a discrete time signal with a sampling
frequency greater than twice f,.



Define Nyquist Sampling Time Vector

ma Vactor
= CcTtoer

nsamplingFrequency = 2¥pulseFrequency;
ntimeStep = 1l/nsamplingFrequency; %se

T = 1; %sec

nS = T*nsamplingFrequency; %samples
nsamples = 1:nS; %samples

ntime = nsamples*ntimeStep; %sec

Waorkspace + O & X | Current Folder
w8l &3 B | Stack Base [£D Select data to plot v

Name Value

o $ 1000

T 1

nS 10

HH nsamples (1,234,56,7,8,910]
nsamplingFreque... 10

11 ntime (0.1000,0.2000,0.3000,0.4000,0.5000,0.6000,0.7000,0.8000,0.9000,1]
ntimeStep 0.1000
pulseFrequency 5

samples <1x1000 double>
samplingFrequency 1000

squareWave <1x1000 double>
11 squareWavePos <1x1000 double>
1] time <1>1000 double>
timeStep 1.0000e-03
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Generate Nyquist Sampling Square Wave

2% Generate Nyquist Sampling Square Wave
nsquareWave = square (ntime*pulseFrequency*2¥%pi);
nsquareWavePos = (nsquareWave+l)/2;
I
Workspace + 0 @& X Current Folder
B % g W stack Base [ Select data to plot -
Name - Value
17 S 1000
T 1
11 nS 10
- nsamples 1,23456,7.8910)
11 nsamplingFreque... 10
1] nsquareWave [-(11,-11,-11,-11,-11}
nsquareWavePos [01,0101,01,01)
1] ntime [0.1000,0.2000,0.3000,0.4000,0.5000,0.6000,0.7000,0.8000,0.9000.1)
1] ntimeStep 01000
1] pulseFrequency 5
1] samples <1x1000 double>
11 samplingFrequency 1000
squareWave <1,1000 double>
1 squareWavePos <1x1000 double>
1] time <1x1000 double>
FH timeStep 1.0000e-03
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Plot Nyquist Square Wave

P

%% Plot Nygquist Sampling Square Wave Compared to Oversampled S3Sdu
figqure(2), plot(time,squareWavePos, 'b',ntime,nsquareWavePos, 'r')

legend ('Extreme Oversampling’, 'Nyquist Sampling')
set(gca, 'YLim',[-0.1 1.1{1)

Extreme Oversampling
Nyquist Sampling
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2% Define Undersampled Time Vector
usamplingFrequency = 1l.7¥%pulseFrequency;
utimeStep = 1/usamplingFrequency; %sec
T = 1; %secl
uS = T*usamplingFrequency; %samples .
1 I; Sg 2 e ; ys B Workspace + [ 2 X  Current Folder
usamples = 1l:uS; %$samples .
. : w o & § Stack:| Bas Select data to plot -
utime = usamples*utimeStep; %sec G o & N W | stock| Base B2 Select data to plo
Name ~ Value
S 1000
T 1
nS 10
nsamples [1,234,56,789,10]
nsamplingFreque.., 10
nsquareWave [-11,-11,-11,-11-11]
nsquareWavePos [01,01,0101,01]

ntime

ntimeStep
pulseFrequency
samples
samplingFrequency
squareWave
squareWavePos
time

timeStep

us

usamples
usamplingFreque...

ke
utime

utimeStep
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(0.1000,0.2000,0.3000,0.4000,0.5000,0.6000,0.7000,0.8000,0.8000,1]
0.1000

5

<1:1000 double>
1000

<1x1000 double>
<1x1000 double>
<1>1000 double>
1.0000e-03
8.5000
[1,23.4,56,78]
8.5000
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Generate Undersampled Square Wave

) 2% Generate Undersampled Square Wave

usquareWave = square (utime¥*pulseFrequency¥*2*pi); |
usguareWavePos = (usquareWave+1)/
L P LY i Folder
=] &) ﬁ B | stack:| Base ~ @ Select data to plot -
Name ~ Value
HH s 1000
HH T 1
HH ns 10
HH nsamples [1,2,34,56789,10]
HH nsamplingFreque... 10
FH nsquareWave (-1.1-11-11-11-11]
H nsquare\WWavePos  [0,1,01010101]
FH ntime (0.1000,0.2000,0.3000,0.4000,0.5000,0.6000,0.7000,0.8000,0.9000,1]
4 ntimeStep 0.1000
FH pulseFrequency 5
samples <1x1000 double>
- samplingFrequency 1000
squarel¥ave <1x1000 doubie>
H squareWavePos <1x1000 double>
FH time <1x1000 double>
EE timeStep 1.0000e-03
HH us 8.5000
H usamples (1,2,34,56,7,8]
E usamplingFreque... 8.5000
HH usquareWave (-11.-11,-1,-1,1,-1]
% usquareWavelos [010100107
o utime {0.11750.2353,0.3522,0.4706,0,5882 0,7050 0.8235,0.2412]
HH utimeStep 01176
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%% Plot Nygquist Sampling Sguare Wave Compared to Oversamp Sguare WwWave
figure{2}, plot{time,sguarsWavePos, 'b',ntime,nsguareWavePos, 'r',utime, usguareWavePos, 'g')
legend ('Extreme Oversampling', 'Nyquist Sampling', 'Undersampled’)
set (gca, 'YLim', [-0.1 1.1]))
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Convolution With Linear Decay Signal

%% Convolution with Linear Decay
tGenerate Linear Decay Signals
lds = fliplr(time)/sum(time) ;
nlds = fliplr(ntime)/sum({ntime) ;

ulds = fliplr{utime)/sum{utime) ;

$Convolve Sguare Wave Signals with Linear Decay Signals
squareWavelLDS = conv (squareWavePos, lds) ;
nsquareWaveNLDS = convi(nsguareWavePos,nlds) ;

usguareWaveULDS = conv(usguareWavePos,ulds) ;

$Extend time wvectors to match convolwved signals

convtime = (-S5:1:58) *timeStep;
nconvtime = (-nS:1:n8)*ntimeStep;
uconvtime = (-uS:1:us8)*utimeStep:;

$Pad convolved signals with leading and trailing zero
squareWavelDS = [0,sguareWaveLDS5,0];

nsquareWaveNLDS = [0,nsguareWaveNLDS5, 0] ;
usquareWaveULDS = [0,usquareWaveULDS, 0] ;

r

figure (3), plot(convtime, squareWaveLDS, 'b',nconvtime,nsquareWaveNLDS, "r',uconvtims, usquareWaveULDS, 'q']

legend('Extreme Oversampling', "Nyguist Sampling', 'Undersampled')
m I
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Linear Decay Signal
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Plot of Convolutions
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Convolution with Exponential Decay Signal

%% Convolution with Exponential Decay

$Generate Exponential Decay Signals

eds = exp(-time) ;

eds = eds/sumieds) ;

neds = exp(-ntime);

neds = neds/sum(neds) :

ueds = exp(-utime):

ueds = ueds/sum(ueds) ;

$Convolve Square Wave Signals with Exponential Decay Signals
squareWaveEDS = conv(sguareWavePos, eds) ;
nsquareWaveNEDS = conv (nsguareWavePos,neds) ;
usquareWaveUEDS = conv (usguareWavePos,ueds) ;

$Pad convolved signals with leading and trailing zero
sgquareWaveEDS = [0,squareWaveEDS, 0] ;

nsquareWaveNEDS = [0,nsquareWaveNEDS, 0] ;
usqguareWaveUEDS = [0,usquareWaveUEDS,0,0];

figure(4), plot(convtime, squareWaveEDS, 'b',nconvtime,nsquareWaveNEDS, 'r',uconvtime,usquareWaveUEDS, 'g

legend('Extreme Oversampling', "Nyguist Sampling', 'Undersampled')
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Exponential Decay Signal
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Plot of Convolutions
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FFT of Signals in MATLAB
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Review of Fourier Transform

o0

The Fourier Integral > X ()= jX(t)e_jZ’ﬁtdt

—00

DFT (Discrete Fourier Transform)
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