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Chapter 6 Noises and Signals 
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Power spectrum 

Consider probability sets in the 

interval [0,T ) with set index j . 

(Power) ∵ cross product terms are averaged out 

Random process: 

Gaussian distribution in time 

Then 

Power spectrum 𝑮(𝝎) 

Frequency band width 𝛿𝜔 : separation between two adjacent frequencies 



Power spectrum 

Frequency band width 𝛿𝜔 : separation between two adjacent frequencies 

Power spectrum 𝑮(𝝎) 



Fluctuation-dissipation theorem in the language of circuit 

R 

L C V(t) 

𝑉(𝑡) noise power spectrum → 𝐺𝑣(𝜔) 

Johnson-Nyquist noise 

Thermal noise 

White noise (noise with no frequency dependence) in the case of frequency 

independent resistance 

One of the representations for the fluctuation-dissipation theorem 



Thermal noise 



6.1.2 Wiener-Khintchine theorem 

Autocorrelation function 

Wiener-Khintchine theorem 



6.1.2 Wiener-Khintchine theorem 

Pole 

𝑓−2 

𝜏0 = 10−7s   (10MHz) 

Example: 



“Unit” of noise 

Noise: Power spectrum per frequency 



6.1.3 Treatment of noise in electric circuits 

𝑍(𝑖𝜔) 

Noiseless impedance 

Remember: 

Z + Ideal voltage 

source + Impedance + 

Z 

Voltage source 

with a finite 

output impedance 

+ 

Noise 

𝑍(𝑖𝜔) 

Noise power source 



6.1.4 Nyquist Theorem 

l 

J 𝑍0 = 𝑅 

V 

R 

R 

Mode density on a transmission line with 

length l 

Bidirectional → Freedom ×2 

Bose distribution 

Thermal energy density per freedom 



6.1.4 Nyquist Theorem 

Thermal energy density in band ∆𝜔 

, a half of which flows in one-direction 

Energy flowing out from the end: 

equals the energy supplied from the noise source. 

→ Noise Temperature (primary thermometer) 



6.1.4 Nyquist theorem 

𝑍(𝑓) 

𝑉 

𝑍′ 

General impedance: 

We assume that thermal noise energy per unit time 

is 𝑘𝐵𝑇∆𝑓 and consider the case in the left figure, 

in which 𝑍′ is matched to 𝑍 as 

All the noise power is absorbed in 𝑍′. 
The total impedance is 2𝑅(𝑓). Then the thermal 

noise at the general impedance 𝑍 is 

Voltage spectral density: 



6.1.5 Shot noise 

Flow of single electron 

Time domain: d-function approximation 

Uniform 2e in frequency domain: fluctuation at each frequency 

Coherent only at 𝑡 = 𝑡0 

Current fluctuation density for infinitesimal band 𝑑𝑓 

Flow of double electron 

𝜙: coherent phase shift → averaged out  



6.1.5 Shot noise 

Flow of N-electrons 

Quantum mechanical correlation → Modification from random (information!) 

Example: pn junction 

Current-Voltage characteristics:  

Differential resistance: 



6.1.6 1/f noise 

1
1

f 

White noise

Corner frequency

fc
f

Noise power

[dBm]



6.1.6 1/f noise 

J. S. Bach, Brandenburg Concerto No.1 A. Vivaldi, Four Seasons, Spring 

Kawai Naoko, Smile for me 
S. Sato, Keshin (incarnation) II 



Other noises: Barkhausen noise 



Other noises: popcorn noise 

Popcorn noise, Burst noise 

pn junction 

Two-level system 

Valence band 

Conduction band 

Depletion layer 



Probability distribution in popcorn noise 

thermal noise 

1/f noise 

popcorn noise 

characteristic peaks in distribution 



Avalanche noise 

avalanche or Zener breakdown 

Zener voltage standard diode 

White noise 

Avalanche photo diode (APD) 



6.2 Noise from amplifiers 

𝑉𝑠𝑖𝑔 

𝑒𝑅 𝑅 

Amplifier with noise 

𝑉𝑠𝑖𝑔 

𝑒𝑅 𝑅 𝑒𝑛 

𝑗𝑛 

Noiseless 

Amplifier 

Noise source 

Amplifier with noise 

Noise from the signal source 

can be expressed with a 

noise power source. 

Then how for amplifiers ? 

Noise from an amplifier also 

can be expressed with noise 

sources (voltage and current) at 

the input port. 



6.2 Noise from amplifiers 

Power gain 𝐺𝑝 

Signal to noise ratio: S/N ratio (power ratio) 

Noise Figure: 



6.2.2 Noise (impedance) matching 

𝑒𝑆 
𝑗𝑛 

𝑒𝑛 

𝑍𝑖 

𝑍𝑆 

Optimization of S/N ratio including 

the noise-source in the amplifier 

(a care should be taken to the effect 

of noise to the object) 

What is noise matching? 

Strategy Noises from the signal source, amplifiers: repel as much as possible 

Signals from the source: absorb as much as possible 

Noise temperature method (not almighty) 

Nyquist theorem: 

Noise temperature definition (𝐽 𝑓 , 𝑉(𝑓)) 



6.2.2 Noise (impedance) matching 

Noise temperature and matched source impedance 

Output noise temperature: 

Minimize 𝑇𝑛: Noise matching condition 

See appendix for a practical design of noise matching circuit. 



6.3 Modulation and signal transfer 



6.3 Signal transmission 

Electric communication 
Baseband communication 

Carrier communication 

Input 

𝑓(𝑡) 

Modulator 

Carrier 

𝑐(𝑡) 

Demodulator 

(Detector) 

𝑠(𝑡) 

Transmission 

Modulation 
Amplitude modulation 

Frequency (Phase) modulation 

Analog 

Pulse 

Carrier 

communication 



6.3.2 Amplitude modulation 

𝑓(𝑡) 

𝑡 

𝑐(𝑡) 

𝑡 

m: Modulation index 

0 < 𝑚 ≤ 1 

𝑠(𝑡) 

𝑡 



6.3.2 Amplitude modulation 

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

𝜔𝑐 −𝜔𝑐 

×
1

4
 ×

1

4
 

𝑓(𝑡): Real 



6.3.2 Amplitude modulation (circuit example) 

Collector modulation circuit 

C-class (non-linear) amplification region 

Modulation voltage 

Current through the inductor 



6.3.2 Amplitude modulation (circuit example 2) 

- 

+ 

𝑅1 𝑅2 

𝑅3 

𝑅4 

𝑅6 

𝑅5 

Vref 

-Vref 

Vin 
Vout 

Vout 

Vin 

𝑉𝑜𝑢𝑡 = −𝑎𝑉𝑖𝑛 + 𝑏 

𝑎 =
𝑅2

𝑅1
 

𝑎 =
𝑅2 ∥ 𝑅6

𝑅1
 

𝑎 =
𝑅2 ∥ 𝑅4

𝑅1
 

VL+ 

VL- 

Idea: Modulation of oscillator circuit 

Soft limiter circuit 

𝑉𝐿− = −
𝑅4

𝑅3
𝑉𝑟𝑒𝑓 − 1 +

𝑅4

𝑅3
𝑉𝑡ℎ : controllable with Vref 



6.3.2 Amplitude modulation (circuit example 2) 

- 

+ 

𝑅1 𝑅2 

- 

+ 

- 

+ 

𝑅𝑓 

𝑅𝑓 

𝑅𝑓 𝑅𝑓 

𝑅𝑑 

𝑅𝑏 

𝑅𝑏 

𝑅𝑎 

𝑅𝑎 

𝑉𝑜𝑢𝑡 

𝑉𝑚𝑜𝑑 

𝑉𝑏𝑖𝑎𝑠 

C 
C 

Delayed feedback → Oscillation 

The amplitude is softly limited with 

the modulation voltage. 



6.3.2 Amplitude modulation (circuit example 2) 



6.3.2 Amplitude modulation (demodulation) 


