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Topics: LTI systems, convolution, overlap-add method, z-transforms, ROC, inverse 

z-transforms, stability vs. causality, transfer functions, block diagrams, steady-state 

sinusoidal response, transients, pole-zero placement designs.



Continuous-Time LTI Systems

LTI systems are convolvers

direct form LTI form

x(t)
LTI system

h(t), H(s)
y(t)

input output



Discrete-Time LTI Systems

x[n] 
LTI system

h[n], H(z)
y[n]

input

sequence

output

sequence

LTI systems are convolvers

direct form LTI form



Discrete-Time LTI Systems

x(n)
LTI system

h(n), H(z)
y(n)

input output

I2SP – Ch.3

O&S – Ch.2



Discrete-Time LTI Systems



Discrete-Time LTI Systems



Sinusoidal Response

complex sinusoids can be viewed as the eigenfunctions of LTI systems



Filtering in the Frequency Domain

i.e., filtering is spectral reshaping of the input spectrum



Discrete-Time Convolution I2SP – Ch.4

x(n)
LTI system

h(n)
y(n)



Convolution Computation

table forms

matrix forms

conv, convmtx in MATLAB



Convolution Computation



Convolution Computation



Convolution Computation



Convolution Computation - Example

y = conv(h,x) – MATLAB code

LTI table



Convolution Computation - Example

direct-form table

convolution table



Convolution Computation - Example
matrix forms



Numerical Evaluation of CT Convolution

tn = nT

tm = mT



Convolution Computation



Convolution Computation

Ly = Lx + Lh – 1



Convolution Computation

range of n range of m



Overlap-Add Block Convolution Method (time domain)



Overlap-Add Block Convolution Method (time domain)



z-transforms

basic properties see, sztable.pdf, for more



z-transforms

region of convergence (ROC)

complex z-plane



z-transforms

finite and infinite geometric series



z-transforms

basic z-transform pair



z-transforms

basic z-transform pair



z-transforms
z-transform pairs



z-transforms





z-transformscausal and anti-causal ROC

causal

anti-causal



z-transforms
stable ROC

Theorem: A necessary and sufficient condition for the stability of

a signal x(n) is that is the ROC of its z-transform X(z)

contain the unit circle.



z-transforms
marginally-stable ROC



z-transforms
Frequency Spectrum

the frequency spectrum is the 

evaluation of the z-transform 

on the unit-circle

strictly-speaking, it is 

defined only for stable

signals



z-transforms
Frequency Spectrum



z-transforms
Pole-Zero Pattern



inverse z-transforms
partial fraction expansions (PFE)

distinct

poles



inverse z-transforms
partial fraction expansions (PFE)



inverse z-transforms
partial fraction expansions (PFE)



inverse z-transforms

by contour integration

C

z-plane
ROC

for stable signals,

C must be the unit-circle

equals the sum of the 

residues of the poles of 

the integrand enclosed

by the contour C



inverse z-transforms

by contour integration

for stable signals,

C must be the unit-circle



inverse z-transforms

by contour integration
Example

1/a

uc

a

showing the case  0 < a < 1



inverse z-transforms

by contour integration
Example

1/a

uc

a



inverse z-transforms

by contour integration
Example

1/a

uc

a

inconvenient because it is a 

multiple-pole residue



inverse z-transforms

by contour integration
Example

1/a

uc

a



inverse z-transforms

by contour integration
Example

1/a

uc

a

C||

C∞



inverse z-transforms

by contour integration
Example

1/a

uc

a

C||

C∞

because Cext is now  clock-wise



inverse z-transforms

by contour integration
Example

PFE



Transfer Functions



Example

transfer function

impulse response



Example

transfer function

difference equation for h(n)

convolutional input/output equation



Example

transfer function

input/output difference equation



Example

transfer function

frequency response

magnitude response



Example

transfer function



Example

direct-form realization

sample processing algorithm

state updating
must initialize v1, w1



Example

parallel realization

sample processing algorithm

state updating

must initialize w1



Example

canonical realization

direct-form II



Example

canonical realization

direct-form II

sample processing algorithm

must initialize w1



Example

transposed realization

sample processing algorithm

must initialize w1

state updating



Sinusoidal Response

steady-state sinusoidal response



Sinusoidal Response

steady-state



Sinusoidal Response

transient response

double-sided vs. one-sided sinusoids



transient response

stable and causal H(z) with distinct poles strictly inside the UC, and degN < M+1



transient response

steady-state response



transient response

time constant in samples

40-dB and 60-dB time constants

pole of largest radius, or, 

closest to the UC from 

inside



Example For a causal and an anti-causal sinusoidal input, determine the

corresponding output of the following causal/stable system



Example



Example



Example



Example
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ω0 = π /5,   a = 0.95 
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Pole-Zero Placement

see the files

notch-digital.pdf

notch-analog.pdf


