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Chapter 2 

Signal energy 

𝐸𝑔 = ∫−∞

∞
 |𝑔(𝑡)|2𝑑𝑡 

 
Signal power 

𝑃𝑔 = lim
𝑇→∞

1

𝑇
∫−𝑇/2

𝑇/2
 |𝑔(𝑡)|2𝑑𝑡  

 
Signal decomposition  

𝑒(𝑡) = 𝑔(𝑡) − 𝑐𝑥(𝑡) 

 

c =
∫𝑡1

𝑡2  𝑔(𝑡)𝑥(𝑡)𝑑𝑡

∫𝑡1

𝑡2  𝑥2(𝑡)𝑑𝑡
=

1

𝐸𝑥
∫𝑡1

𝑡2  𝑔(𝑡)𝑥(𝑡)𝑑𝑡 

𝑔(𝑡) ≈ 𝑐 ∙ 𝑥(𝑡) 

 
Signal correlation 

𝜌 =
1

√𝐸𝑔𝐸𝑥

∫−∞

∞
 𝑔(𝑡)𝑥(𝑡)𝑑𝑡 

 
Signal correlation (General/Complex) 

𝜌 =
1

√𝐸𝑔𝐸𝑥

∫−∞

∞
 𝑔(𝑡)𝑥∗(𝑡)𝑑𝑡 

 
Cross correlation 

𝜓𝑧𝑔(𝜏) = ∫−∞

∞
 𝑧(𝑡)𝑔∗(𝑡 − 𝜏)𝑑𝑡 = ∫−∞

∞
 𝑧(𝑡 + 𝜏)𝑔∗(𝑡)𝑑𝑡 

 

Auto correlation 

𝜓𝑔(𝜏) = ∫−∞

∞
 𝑔(𝑡)𝑔(𝑡 + 𝜏)𝑑𝑡  

 

 

𝜓𝑔(𝜏) = ∫  𝑔(𝑡)𝑔(𝑡 − 𝜏) 𝑑𝑡
∞

−∞

 

 



Chapter 3 (1/2) 

Parseval’s Theorem 
The energy 𝐸𝑔 of a signal 𝑔(𝑡) can be obtained from the time domain OR the frequency domain. 

𝐸𝑔 = ∫ |𝐺(𝑓)|2
∞

−∞

𝑑𝑓 

ESD (Energy Spectral density) 
Ψ𝑔(𝑓) = |𝐺(𝑓)|2 

𝐸𝑔 = ∫−∞

∞
 Ψ𝑔(𝑓)𝑑𝑓 

𝜓𝑔(𝜏) ⟷ Ψ𝑔(𝑓) 

PSD Power spectral density 

𝑆𝑔(𝑓) = lim
𝑇→∞

|𝐺𝑇(𝑓)|2

𝑇
= lim

𝑇→∞

Ψ𝑔𝑇(𝑓)

𝑇
   

𝑃𝑔 = ∫−∞

∞
 𝑆𝑔(𝑓)𝑑𝑓 = 2∫0

∞
 𝑆𝑔(𝑓) 𝑑𝑓 

 
Time autocorrelation 𝑹(𝝉) 

𝑅𝑔(𝜏) = lim
 𝑇→∞

∫  𝑔(𝑡)𝑔(𝑡 − 𝜏)𝑑𝑡
𝑇/2

−𝑇/2

=   lim
𝑇→∞

𝜓𝑔𝑇(𝜏)

𝑇
 

𝑅𝑔(𝜏) = 𝑅𝑔(−𝜏) 

𝑅𝑔(𝜏) ⟷ 𝑆𝑔(𝑓)  

Power is the “mean square” value  

𝑃𝑔 = 𝑔2(𝑡)̃ =  lim
𝑇→∞

1

𝑇
∫ 𝑔2(𝑡)

𝑇/2

−𝑇/2

= lim
𝑇→∞

𝐸𝑔𝑇

𝑇
 

 

 

  



Chapter 3 (2/2) 

Input and output PSD and ESD 
 

 
𝑌(𝑓) = 𝐻(𝑓) ⋅ 𝑋(𝑓) 

|𝑌(𝑓)|2 = |𝐻(𝑓)|2|𝑋(𝑓)|2 

Output ESD 

Ψ𝑦(𝑓) = |𝐻(𝑓)|2 ⋅ Ψ𝑥(𝑓) 

Output PSD 

𝑆𝑦(𝑓) = |𝐻(𝑓)|2 ∙ 𝑆𝑥(𝑓) 

𝑃𝑦 = ∫−∞

∞
 𝑆𝑦(𝑓)𝑑𝑓 = 2∫0

∞
 𝑆𝑦(𝑓) 𝑑𝑓  

PSD of modulated signals 

For a power signal 𝑔(𝑡) modulated by a cosine wave with frequency 𝑓0 where 𝑓0 ≥ 𝐵, that is 

             𝜙(𝑡) = 𝑔(𝑡) cos(2𝜋𝑓0𝑡), 

the PSD and power are 

𝑆𝜙(𝑓) =
1

4
[𝑆𝑔(𝑓 + 𝑓0) + 𝑆𝑔(𝑓 − 𝑓0)] 

𝑃𝜙 =
1

2
𝑃𝑔 

Pre-computed PSDs 

𝑔(𝑡) = 𝐶 ∙ cos(2𝜋𝑓0𝑡 + 𝜃0) 

    𝑅𝑔(𝜏) =
𝐶2

2
cos(2𝜋𝑓0𝜏) 

    𝑆𝑔(𝑓) =
𝐶2

4
[𝛿(𝑓 − 𝑓0) + 𝛿(𝑓 + 𝑓0)] 

 

  



Useful functions – Sinc  

 

 
 

  



Chapter 4 

DSB-SC modulated signal 

ϕDSB−SC(𝑡) = 𝑚(𝑡) cos(2𝜋𝑓𝑐𝑡) 

ΦDSB−SC(𝑓) =  
1

2
[𝑀(𝑓 + 𝑓𝑐) + 𝑀(𝑓 − 𝑓𝑐)] 

 

 

 

 

AM modulated signal 

ϕAM(𝑡) = [𝐴 + 𝑚(𝑡)] cos(2𝜋𝑓𝑐𝑡) 

ΦAM(𝑓) =  
1

2
[𝑀(𝑓 + 𝑓𝑐) + 𝑀(𝑓 − 𝑓𝑐)] +

𝐴

2
[𝛿(𝑓 + 𝑓𝑐) + 𝛿(𝑓 − 𝑓𝑐)] 

 

Modulation index (AM) 

𝜇 =
𝑚𝑝

𝐴
 

 

Carrier and Sideband power 

𝑃𝑐 =
𝐴2

2
 

𝑃𝑠 =
1

2
𝑚2(𝑡)̃ =

1

2
∙ lim

𝑇→∞

1

𝑇
∫ 𝑚2(𝑡)𝑑𝑡

𝑇/2

−𝑇/2

 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑐 + 𝑃𝑠 

 

Power efficiency 

𝜂 =
useful power

total power
=

𝑃𝑠

𝑃𝑐 + 𝑃𝑠
 

Time domain representation of SSB signals 

𝜙𝑈𝑆𝐵(𝑡) = 𝑚(𝑡) cos(𝜔𝑐𝑡) − 𝑚ℎ(𝑡) sin(𝜔𝑐𝑡) 

𝜙𝐿𝑆𝐵(𝑡) = 𝑚(𝑡) cos(𝜔𝑐𝑡) + 𝑚ℎ(𝑡) sin(𝜔𝑐𝑡) 

𝜙𝑆𝑆𝐵(𝑡) = 𝑚(𝑡) cos(𝜔𝑐𝑡) ∓ 𝑚𝑛(𝑡) sin(𝜔𝑐𝑡) 

Demodulation 

𝜙𝑆𝑆𝐵(𝑡) ∙ 2 cos(𝜔𝑐𝑡) = 𝑚(𝑡) + [𝑚(𝑡) cos(2𝜔𝑐𝑡) ∓ 𝑚ℎ(𝑡) sin(2𝜔𝑐𝑡)] 

 



Fourier Series expansions 

Square wave 

𝑥(𝑡) =
4𝐴

𝜋
(cos(𝜔0𝑡) −

1

3
cos(3𝜔0𝑡) +

1

5
cos(5𝜔0𝑡) −

1

7
cos (7𝜔0𝑡) + ⋯ ) 

 

 
Positive square wave 

𝑥(𝑡) =
𝐴

2
+

2𝐴

𝜋
(sin 𝜔0𝑡 +

1

3
sin 3𝜔0𝑡 +

1

5
sin 5𝜔0𝑡 +

1

7
sin 7𝜔0𝑡 + ⋯ ) 

 
  

 

  



Chapter 5 (1/2) 

General Form of an Angle-modulated signal 
𝜙𝐸𝑀(𝑡) = 𝐴 cos[𝜃(𝑡)] 

 

Key Attributes 

A = amplitude of the angle-modulated signal 

𝜔𝑐  = carrier frequency (𝑓𝑐 =
𝜔𝑐

2𝜋
) 

𝜃(𝑡) = time-varying angle 

𝐵 = bandwidth of modulating signal m(t) 

𝑚𝑝 = amplitude or “peak value” of m(t) 

𝐵𝐸𝑀 = bandwidth of the angle-modulated signal 

𝑘𝑝 = phase sensitivity 

𝑘𝑓 = frequency sensitivity 

Δω = frequency deviation (Δ𝑓 =
Δ𝜔

2𝜋
) 

Δ𝜙 = phase deviation 

 

Other attributes 

𝜔𝑖(𝑡) =
𝑑

𝑑𝑡
𝜃(𝑡) Instantaneous frequency (𝑓𝑖 =

𝜔𝑖

2𝜋
) 

𝑃𝑎𝑣𝑔 =
𝐴2

2
 

Power of an angle-modulated signal 

 

FM-modulated signal 

𝜙𝐹𝑀(𝑡) = 𝐴 cos [2𝜋𝑓𝑐𝑡 + 𝑘𝑓 ∫ 𝑚(𝛼)𝑑𝛼
𝑡

−∞
]   

𝑓𝑖(𝑡) = 𝑓𝑐 +
𝑘𝑓

2𝜋
𝑚(𝑡) 

𝐵𝐹𝑀 = 2(Δ𝑓 + 𝐵) 

Δ𝑓 = 𝑘𝑓

𝑚𝑝

2𝜋
 

PM-modulated signal 

𝜙𝑃𝑀(𝑡) = 𝐴 cos[2𝜋𝑓𝑐𝑡 + 𝑘𝑝𝑚(𝑡)] 

𝑓𝑖(𝑡) = 𝑓𝑐 +
𝑘𝑝

2𝜋
�̇�(𝑡) 

𝐵𝑃𝑀 = 2(Δ𝑓 + 𝐵) 

Δ𝑓 = 𝑘𝑝

[𝑚(𝑡)̇
𝑚𝑎𝑥 − 𝑚(𝑡)̇

𝑚𝑖𝑛]  

2 ∙ 2𝜋
 

 

 



Chapter 5 (2/2) 

Bandwidth of m(t) signal 
 

Case 1: Sinusoid Case 2: Generic analog signal 

 
 

 

 
 
 

 

  



Chapter 6 

Nyquist Rate and Interval 
𝑅𝑁 = 2𝐵 

𝑇𝑁 =
1

𝑅
=

1

2𝐵
 

 
 

 


