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Review: Nyquist theorem 
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Review: Nyquist theorem 

Energy flowing out from the end: 

equals the energy supplied from the noise source. 
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Electric circuit treatment of noise 
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6.3 Signal transmission 
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6.3.2 Amplitude modulation 

m: Modulation index 

0 < 𝑚 ≤ 1 



6.3.2 Amplitude modulation 

Upper side band (USB), Lower side band (LSB) 

𝑓(𝑡): Real 



6.3.2 Amplitude modulation (circuit example) 

Collector modulation circuit 
C-class amplification (non-linear) region 

Modulation voltage 

Current through 

the inductor 



6.3.2 Amplitude modulation (circuit example2) 

Modulation of oscillator circuit 
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Soft limiter circuit 

: controllable with Vref 



6.3.2 Amplitude modulation (circuit example2) 
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Delayed feedback → Oscillation 

The amplitude is softly limited with the modulation voltage. 



6.3.2 Amplitude modulation (circuit example2) 



6.3.2 Amplitude modulation (circuit example2) 



6.3.2 Amplitude modulation (demodulation) 



6.3.3 Angle modulation 



6.3.3 Angle modulation 

Differential angular frequency 

Frequency 𝜔 component: only phase shift 𝜋/2 : 

 No difference in signal outlook. 



6.3.3 Angle modulation (Frequency modulation) 

sin𝜔𝑝𝑡 : Periodic function with 𝑇 = 2𝜋/𝜔𝑝 

Fourier series expansion 

First kind Bessel function 



6.3.3 Angle modulation (Frequency modulation) 

Actual band width: 



6.3.3 Angle modulation (circuit example) 
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6.3.3 Angle modulation (circuit example) 
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6.3.4 Angle modulation (Frequency demodulation) 

Double tuned circuit 



6.3.4 Angle modulation (frequency demodulation) 

ここに数式を入力します。 𝐻(𝑠) × 𝑘𝑒 

ここに数式を入力します。 
𝑘𝑜

𝑠
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PLL FM demodulation 
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𝑔 𝑡 :  Frequency modulation signal (original) 



6.3.5 Modulation and noise 

Received signal 

Demodulated output 

Averaged signal power 
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6.3.5 Modulation and noise 

𝜔W : Noise bandwidth (assumption: white) 

Noise power:  

Received Demodulated 

:Power transmission efficiency 



6.3.5 Modulation and noise 

FM, PM 

Signal Noise 

In phase Out of phase 

Phase noise 

Time-dependent part in 𝑉𝑟(𝑡) can be cut with a limiter circuit. 



6.3.5 Modulation and noise (Diode limitter) 
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6.3.5 Modulation and noise 

Noise: White, Power spectrum density 𝑛𝑎/2, Band width 𝜔𝐵 

𝑁𝑖 =
𝑛𝑎𝜔𝐵

2𝜋
 Noise power: 

𝐴𝑟
2

2
 Signal power: 

Phase modulation 

Averaged signal power: 𝑘𝑝
2 𝑓2  

Averaged noise power: 

𝜙𝑛(𝑡): Uniform in [0, 2p] → ignored 



6.3.5 Modulation and noise 

Frequency modulation 

Demodulated output 𝑑𝜃/𝑑𝑡 Signal, power: 𝑘𝑓𝑓(𝑡),  



6.4 Discrete signal 

6.4.1 Sampling theorem 

Sampled signal 
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6.4.1 Sampling theorem 



6.4.1 Sampling theorem 

“Cutting out” the frequency spectrum 

2p/t 𝜔ℎ: Highest frequency 

 in 𝑋 𝜏(𝜔) 



6.4.1 Sampling theorem: Reconstructing signal 
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Optical Frequency Comb 



Frequency Comb 

Theodor Hänsch, Max-Planck Institute, Science 2008 



Measurement of the Doppler effect in cosmic expansion 


