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Linear or Nonlinear

𝑦 𝑡 = න
−∞

3𝑡

𝑥 𝜏 𝑑𝜏



Linear/Non-linear

Memory/Memoryless?

Causal/Non-causal?

Time Invariant / Time variant?

Stable/Unstable?

Invertible/Non-invertible?

𝑦 𝑡 = න
−∞

3𝑡

𝑥 𝜏 𝑑𝜏

Systems



Systems
𝑆1 ∶  𝑦1 𝑛 = 2𝑥1(𝑛) + 4𝑥1(𝑛 − 1) 
𝑆2:  𝑦2(𝑛) = 𝑥2(𝑛 − 2) + 0.5𝑥2(𝑛)

Series Conn.
𝑆: 𝑆1 → 𝑆2 ?
𝑆: 𝑆2 → 𝑆1 ?



Systems
𝑦1 𝑛 = 𝑥1 𝑛 𝑥(𝑛 − 1) 

 

• Linear/Non-linear
• Memory/Memoryless?
• Causal/Non-causal?
• Time Invariant / Time variant?
• Stable/Unstable?
• Invertible/Non-invertible?

• Output of system for 𝑥 𝑛 = 𝐴𝛿(𝑛)



Impulse Response

S: CTS𝛿(𝑡) ℎ(𝑡)

S: DTS𝛿(𝑛) ℎ(𝑛)

Impulse 
response of 

system

Unit Impulse 
response of 

system

Unit Impulse Response of the system



Impulse Response
Find Impulse response of the systems, also check they are LTI?

𝑦1 𝑛 = 2𝑥1 𝑛 + 4𝑥1 𝑛 − 1  

𝑦 𝑡 = න
−∞

∞

𝑥 𝑡 𝑑𝑡
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Impulse Response



Convolution
Convolution sum

𝑦 𝑛 = ෍

𝑘=−∞

∞

𝑥 𝑘 ℎ(𝑛 − 𝑘) 𝑦 𝑛 = 𝑥 𝑛 ∗ ℎ(𝑛)

𝑦 𝑡 = න
−∞

∞

𝑥 𝜏 ℎ 𝑡 − 𝜏 𝑑𝜏
.

𝑦 𝑡 = 𝑥 𝑡 ∗ ℎ(𝑡)



Convolution
𝑦 𝑛 = ℎ 𝑛 ∗ 𝑥(𝑛)







Convolution
𝑦 𝑛 = ℎ 𝑛 ∗ 𝑥(𝑛)



Convolution
𝑥 𝑛 = 𝛼𝑛𝑢 𝑛
ℎ 𝑛 = 𝑢(𝑛)





Convolution
𝑥 𝑛 = 1, 𝑓𝑜𝑟 0 ≤ 𝑛 ≤ 4
ℎ 𝑛 = 𝛼𝑛 , 𝑓𝑜𝑟 0 ≤ 𝑛 ≤ 6,  𝛼 > 1







Convolution
𝑥 𝑛 = 1, 𝑓𝑜𝑟 0 ≤ 𝑛 ≤ 4
ℎ 𝑛 = 𝛼𝑛 , 𝑓𝑜𝑟 0 ≤ 𝑛 ≤ 6,  𝛼 > 1



Convolution
𝑥 𝑛 = 1, −1, 2, 1
ℎ 𝑛 = [ 1, −1]

𝑥 𝑛 = 1, −1, 2, 1

ℎ 𝑛 = [ 1, −1]

𝑥 𝑛 = 1, −1, 2, 1
ℎ 𝑛 = [ 1, −1]



Convolution
𝑥 𝑛 = 1, −1, 2, 1
ℎ 𝑛 = [ 1, −1]



Convolution
𝑥 𝑛 = 1, −1, 5 , −2, 0, 1
ℎ 𝑛 = [ 1, 1]

𝑥 𝑛 = 1, 1, 2, 1

ℎ 𝑛 = [ 1, −1]

𝑥 𝑛 = 1, 1, 2, 1
ℎ 𝑛 = [ 1, −1]



Convolution
𝑥 𝑡 = 𝑒−𝑎𝑡

ℎ 𝑡 = 𝑢(𝑡)



Convolution
𝑥 𝑡 = 𝑒−𝑎𝑡

ℎ 𝑡 = 𝑢(𝑡)



Convolution: demo



Convolution: demo



Convolution
𝑥 𝑡 = 1, 𝑓𝑜𝑟 0 < 𝑡 < 𝑇 𝑒𝑙𝑠𝑒 0
ℎ 𝑡 = 𝑡,  𝑓𝑜𝑟 0 < 𝑡 < 2𝑇 𝑒𝑙𝑠𝑒 0

x t =  ቊ
1,  0 < 𝑡 < 𝑇 
0,  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 



Convolution
𝑥 𝑡 = 1, 𝑓𝑜𝑟 0 < 𝑡 < 𝑇 𝑒𝑙𝑠𝑒 0
ℎ 𝑡 = 𝑡,  𝑓𝑜𝑟 0 < 𝑡 < 2𝑇 𝑒𝑙𝑠𝑒 0

x t =  ቊ
1,  0 < 𝑡 < 𝑇 
0,  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 



Convolution
𝑥 𝑡 = 1, 𝑓𝑜𝑟 0 < 𝑡 < 𝑇 𝑒𝑙𝑠𝑒 0
ℎ 𝑡 = 𝑡,  𝑓𝑜𝑟 0 < 𝑡 < 2𝑇 𝑒𝑙𝑠𝑒 0



Convolution
𝑥 𝑡 = 𝑒−𝑎𝑡

ℎ 𝑡 = 𝑢(𝑡)



Convolution with 𝛿(𝑡)
𝑥 𝑡 ∗ 𝛿 𝑡  =  𝑥 𝑡
𝑥 𝑡 ∗ 𝛿 𝑡 − 𝜏 =  𝑥 𝑡 − 𝜏
𝑥 𝑡 − 𝑘 ∗ 𝛿 𝑡 =  𝑥 𝑡 − 𝑘

𝑥 𝑡 − 𝑘 ∗ 𝛿 𝑡 − 𝜏 =  𝑥 𝑡 − 𝜏 − 𝑘





Convolution with 𝛿(𝑡)



Convolution



Convolution: Properties

𝑦 𝑛 =  ෍

𝑘=−∞

∞

𝑥 𝑘 ℎ(𝑛 − 𝑘)

𝑦 𝑛 =  ෍

𝑘=−∞

∞

𝑥 𝑘 − 𝑟 ℎ(𝑛)

𝑦 𝑛 = 𝑥 𝑛 ∗ ℎ(𝑛)

𝑦 𝑛 = ℎ 𝑛 ∗ 𝑥(𝑛)

𝑦 𝑛 = 𝑥 𝑛 ∗ (ℎ1 𝑛 ∗ ℎ2 𝑛 )
 = 𝑥 𝑛 ∗ ℎ2 𝑛 ∗ ℎ1(𝑛) 

= ℎ1 𝑛 ∗ ℎ2 𝑛 ∗ 𝑥 (𝑛)

𝑦 𝑛 = 𝑥 𝑛 ∗ [ℎ1 𝑛 + ℎ2 𝑛 ] 

𝑥 𝑡 ∗ 𝛿 𝑡  =  𝑥 𝑡
𝑥 𝑡 ∗ 𝛿 𝑡 − 𝜏 =  𝑥 𝑡 − 𝜏
𝑥 𝑡 − 𝑘 ∗ 𝛿 𝑡 =  𝑥 𝑡 − 𝑘

𝑥 𝑡 − 𝑘 ∗ 𝛿 𝑡 − 𝜏 =  𝑥 𝑡 − 𝜏 − 𝑘



Convolution: Example



Systems: Block Diagrams: CTS



Systems: Block Diagrams: DTS



System Properties: impulse response
• Memoryless?    

• Invertible?

• Causal?

• Stable? Sufficient/Necessary Condition for stability

ℎ 𝑡 = 𝐾𝛿 𝑡 ,  ℎ 𝑛 = 𝐾𝛿 𝑛

ℎ 𝑡 ∗ ℎ1 𝑡 = 𝛿(𝑡)

ℎ 𝑛 = 𝑢(𝑛)

ℎ 𝑡 = 0 𝑓𝑜𝑟 𝑡 < 0

෍

𝑘

ℎ 𝑘 < ∞

න
−∞

∞

|ℎ 𝑡 |𝑑𝑡 < 0



System Properties



Convolution & Fourier
Convolution in Time domain and multiplication in frequency domain

𝑦 𝑡 =  𝑥 𝑡 ℎ 𝑡

𝑌 𝑗𝜔 =
1

2𝜋
𝑋 𝑗𝜔 ∗ 𝐻(𝑗𝜔)

𝑦 𝑡 =  𝑥 𝑡 ∗ ℎ 𝑡
𝑌(𝑗𝜔) = 𝑋 𝑗𝜔 𝐻(𝑗𝜔)

Ref: Derivation in chapter 4: Section 4.4



Convolution & Fourier

ℎ 𝑡 = 𝛿 𝑡 − 𝑡0  

Ref: Derivation in chapter 4: Section 4.4

y 𝑡 =?

𝐻 𝑗𝜔 = 𝑒−𝑗𝜔𝑡0  

𝑌 𝑗𝜔 = 𝑒−𝑗𝜔𝑡0𝑋(𝑗𝜔) 



System: Transfer Function

𝑦 𝑡 =  𝑥 𝑡 ∗ ℎ 𝑡
𝑌(𝑗𝜔) = 𝑋 𝑗𝜔 𝐻(𝑗𝜔)

ℎ 𝑡  - Impulse Response of  system

𝐻 𝑗𝜔 - Transfer Function of system

𝐻 𝑗𝜔 =
𝑌 𝑗𝜔

𝑋 𝑗𝜔



Convolution & Fourier: diff. Eq.
𝑑𝑦 𝑡

𝑑𝑡
+ 2𝑦 𝑡 = 𝑥 𝑡

Dynamic Systems

ℎ 𝑡 =?



Convolution & Fourier: diff. Eq.
𝑑𝑦 𝑡

𝑑𝑡
+ 2𝑦 𝑡 = 𝑥 𝑡

Dynamic Systems

ℎ 𝑡 =?

𝑥 𝑡 = 𝑢 𝑡
y 𝑡 =?



Convolution & Fourier: diff. Eq.

Dynamic Systems



Convolution, Fourier: Spectral Filtering

𝐻 𝑗𝜔 =  ቊ
1, 𝜔 < 𝜔𝑐

0, 𝜔 > 𝜔𝑐



Convolution, Fourier: Spectral Filtering

𝑦 𝑡 = 𝑥 𝑡 ∗ ℎ(𝑡)

ℎ 𝑡 =
sin 𝜔𝑐𝑡

𝜋𝑡



Spectral Filtering



Spectral Filtering



Useful:

෍

𝑘=0

∞

𝛼𝑘 =
1

1 − 𝛼
 for 𝛼 < 1

෍

𝑘=0

𝑀

𝛼𝑘 =
1 − 𝛼𝑀+1

1 − 𝛼
for 𝛼 < 1



Systems: Exercise



Systems: Exercise



Systems: Exercise



Systems: Exercise



Convolution: Exercise



Convolution: Exercise



Convolution: Exercise



Convolution: Exercise



Exercises: Do at home
Book: Alan V. Oppenheim

Chapter 1 : System Properties

Chapter 2: Convolution

Examples

Basic Problems
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