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Regular courses

Science and PhD courses only
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Where Are Instruments Going?

12-bit converters – from my memory

(years may not be accurate) 

•1985-1990   15-20 MS/s

•2005             250 MS/s

•2018             12 GS/s
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Moore Law: describes exponentially growing technology

dedicated

front-end
input ADC

fast

processing

slow

processing
output

broadly similar iris/retina/optical-nerve/brain
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Where Are Telecom Going?
10

Need for down conversion progressively removed
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12
most figures are from

1138 pages

© AD, but free

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3



13

Useful textbook

(950 pages)

Genesis library



14Useful textbook

recent (2015)

1225 pages

Genesis library



15Useful textbook

elderly (2002) but great

1544 pages

Genesis library



Conversion Basics

16



Analog to Digital Conversion
17

Basic scheme, with S/H, ADC, Href

𝑁 ≈ 𝐾
𝑉in
𝑉ref

nint()
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Digital to Analog Conversion
20

Basic scheme, with ADC, Vref, S/H, both in/out must be stable
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Symbols
22



Timing and Protocol
23



Drawing Rules
24

Make schematics clear
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Binary Integer Numbers
Integer

Computers & ADC/DAC

Two’s complement integer

computers only

Offset binary

Computers & ADC/DAC

Same as above

The figure is rotated by π
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Binary Integer Numbers
Integer

Computers & ADC/DAC
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Binary Integer Numbers
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Binary Integer Numbers
Offset binary

Computers & ADC/DAC
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31

Binary Integer Numbers

Two’s complement integer

computers only

Offset binary

Computers & ADC/DAC
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VFS, VFSR, and Actual Range
Example — 10 bit conversion
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Conversion, Summary
34

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3 W. Kester, Fig 2.16 (excerpt)
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Knuth Floor and Ceil Parentheses 
⌊𝑥⌋ ⌈𝑥⌉[𝑥]
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Example: 3-bit ADC

W. Kester, Fig 2.5

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3



Bipolar Input – Example
37

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.11

VFS vs VFSR



Example: 3-bit DAC
38

W. Kester, Fig 2.4

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3



Bipolar Conversion
39

W. Kester, Fig 2.10

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3



Unbalanced Signal
40

EMI



Balanced (Differential) Signal
41

EMI
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Electromagnetic Compatibility

Where to learn

•Jasper Goedbloed, Electromagnetic Compatibility, Prentice 

Hall 1990  (Philips)

•Henry W. Ott, Electromagnetic Compatibility, Wiley 2009

•Clayton R. Paul, Electromagnetic Compatibility, Wiley 2006

•Reinaldo Perez, ed., Handbook of Electromagnetic 

Compatibility, Academic Press 1995 (JPL)

46
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Conversion Errors and 

Uncertainty

49



Offset and Gain
50

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.17



Gain Error and VREF
51

Example: Flash DAC 
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Gain Error and Offset
53

Example: Bipolar Flash DAC 



Quantization Uncertainty
54

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.15

n bits —> 2N levels



Integral Nonlinearity
55

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.18

Example: Flash DAC 
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Two-Stage (Subranging) Flash 

ADC

58

Maxim Integrated, Tutorials 810, 

Fig.4 (Accessed 23 Sep 2020) 
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Differential Nonlinearity
61

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.19



Monotonicity
62

Control folks are obsessed by monotonicity



DAC Differential Nonlinearity
63

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.20



ADC Differential Nonlinearity
64

W. Kester, Fig 2.21

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3



Code Transition and Noise
65

W. Kester, Fig 2.24

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

ENOB



BUS Bits Vs Metrology
66



Now, DNL Is No Longer Useful 

as It Used to be

67

We will explain why later

First, we need sampling and noise
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Sampling

71



Basic
72

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.25



Aliasing
73

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.30

W. Kester, Fig 2.31



Aliasing  

74



Antialiasing Filter & Oversampling
75

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.32
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Intentional Undersampling
79

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.34



Sample and Hold
80

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.27



Power, Spectra and Probability

81



Recall dB, dBm, dBV, dBm/Hz, dBV2/Hz etc.
82

Power

Voltage

(P2/P1)dB = 10 Log10(P2/P1)

Power, dBm PdBm = 10 Log10(P/Pref),   Pref = 1 mW

(V2/V1)dB = 20 Log10(V2/V1)

Current (I2/I1)dB = 20 Log10(I2/I1)

Voltage, dBV VdBV = 20 Log10(V/Vref),    Vref = 1 V

Obvious extension, use 

10 Log for power, 

20 Log for voltage and current 
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Examples

•Car engine,   137 HP (102 kW) —> dBm

•Antenna signal, 300 µV —> dBV

•Antenna signal, 300 µV —> dBm, assume 50 Ω input

85



Variance (signal power)
86

𝜎2 =
1

𝑇
∫0
𝑇
|𝑥(𝑡) − 𝜇|2𝑑𝑡Time domain



Power Spectral Density  S(ƒ)
87

Continuous or discrete

• The PSD is the distribution of power vs. 

frequency (power in 1-Hz bandwidth)

• The PS is the distribution of energy vs. 

frequency (energy in 1-Hz bandwidth)

• Frequency can be continuous or 

discrete (histogram),

• In mathematics, 

• the power is a square quantity

• the energy is power integrated in time

• Power (energy) in physics is a

square (integrated) quantity

• PSD  –>  W/Hz  (or V2/Hz, A2/Hz, etc.)

• PS     –>  J/Hz 
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Empiric Definition of the PSD
90

𝑃 = ∫0
∞
𝑆(𝑓)𝑑𝑓

𝑃𝑎𝑏 = ∫𝑎
𝑏
𝑆(𝑓)𝑑𝑓

𝑃𝑎𝑏 + 𝑃𝑐𝑑 = ∫𝑎
𝑏
𝑆(𝑓)𝑑𝑓 + ∫𝑐

𝑑
𝑆(𝑓)𝑑𝑓

𝑎𝑏 ∩ 𝑐𝑑

Total power

Power in a bandwidth

Power in separate bands adds up



Parseval Theorem
91

Frequency 

domain

Time 

domain

The power P (the variance σ2) of a signal can be 

evaluated in time domain or in the frequency domain, 

and the result is the same

∫0T for deterministic signals

One-sided PSD



Fourier Transform and PSD
92



Parallel Spectrum Analyzer
93

Rice representation —> Extension of the Fourier series

ω0 is the analysis bandwidth 



Vibrating-Reed Frequency Meter
94

Mass & Spring —> resonator
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DFT,  FFT, FFTW, SFFT

• The direct computation of the DFT takes ≈ N2

multiplications

• The FFT is an algorithm for Fast computation of the 

DFT that takes ≈ N log(N) multiplications

• The FFTW, “the Fastest Fourier Transform in the 

West,” is an even faster.

N log(N) multiplications (M. Frigo, S.G. Johnson, MIT)

See http://fftw.org/

• SFFT “faster-than-fast” Sparse (FFT, D.Katabi, 

P.Indyk, MIT)

See http://groups.csail.mit.edu/netmit/sFFT/ 

• For the general user (does not implement FT 

algorithms), 

99

Basic DFT

The Discrete Fourier Transform (DFT) approximates the (continuous) FT

http://fftw.org


FFT Spectrum Analyzer

•Direct digitization of the input signal

•Fully digital process

•Limited to ƒmax ≈ 0.4 × ƒsampling

•Tough tradeoff between resolution and max frequency

100



FT, DFT and PSD of Periodic Signals
101

FT contains Dirac delta(t)    —>    |X(f)|2 does not exist 

DFT  |X(f)|2 is always a valid quantity —> no problem



Power, Spectra and Probability

103



Probability Density Distribution
104

p(x)

x

∫−∞
∞
𝑝(𝑥)𝑑𝑥 = 1

𝑃𝑎𝑏 = ∫𝑎
𝑏
𝑝(𝑥)𝑑𝑥

a b c d

𝑃𝑎𝑏or𝑐𝑑 = 𝑃𝑎𝑏 + 𝑃𝑐𝑑
iff ab and cd are separated



Variance (signal power)
105

𝜎2 =
1

𝑇
∫0
𝑇
|𝑥(𝑡)|2𝑑𝑡Time domain

𝜎2 = ∫−∞
∞
𝑥2𝑝(𝑥)𝑑𝑥

Probability

𝜎2 = ∫0
∞
𝑆(𝑓)𝑑𝑓

Spectrum

Wiener 

Khinchin 

Theorem

P
a
rs

e
v
a
l 
T

h
e
o
re

m



Why the Variance is Power
106

𝜎2 = ∫−∞
∞
𝑥2𝑝(𝑥)𝑑𝑥



Example
107

Calculate

𝑃{320𝜇V < 𝜖 < 325𝜇V}1

2
𝑉𝐿𝑆𝐵−

1

2
𝑉𝐿𝑆𝐵

𝑉𝐿𝑆𝐵 = 1mV
𝜖



Example
108

Calculate

𝑃{320𝜇V < 𝑥 < 325𝜇V}
x



Gaussian (Normal) Distribution
109

x is normal distributed with 

zero mean μ and variance σ2



Noise

110



Accuracy and Noise — The Big Picture
111



112
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Quantization
114

Probability density

–VLSB/2 +VLSB/2

1/VLSB

𝜎2 =
1

12
𝑉𝐿𝑆𝐵
2W. Kester, Fig 2.37

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3



Quantization Noise, PDF
115



116



117



Quantization Noise, Spectrum
118



119



Quantization Noise
120

Wiener–Khintchine theorem: in ergodic 

systems, interchange time & ensemble

The noise can be calculated with statistics

Parseval theorem: Energy (power) calculated in 

time and in frequency is the same

Analog-to-digital conversion introduces a 

quantization error x  [–VLSB/2 ≤ x ≤ +VLSB/2]

1/12 –> –10.8 dB

22n –> 6 dB/bit

W. R. Bennett, Spectra of quantized signals, Bell System Tech J. 27(4), July 1948 



The Formula SNR = 6.02 n + 1.76 dB
121



The Formula SNR = 6.02 n + 1.76 dB
122

𝑃 = 𝑉pp
2 /8𝑅

𝜎2 = 𝑉LSB
2 /12𝑅

SNR =
3

2

𝑉pp
2

𝑉LSB
2

𝑉pp ≤ 𝑉FSR

𝑉LSB = 𝑉FSR/2
𝑛

SNR =
3

2
22𝑛

10log10(3/2) = 1.76

10log10 22𝑛 = 6.02𝑛

SNR =
3

2
22𝑛

𝑉pp
2

𝑉FSR
2

Simplified

Full formula

+20log10
𝑉pp

𝑉FSR
dB

SNR =
𝑃

𝜎2

6.02𝑛 + 1.76

6.02𝑛 + 1.76dB

Better called SQR

Signal to Quantization Ratio



123
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How To Get Lower ƒs (Wrong) 
4



Example of FFT Analyzer Noise
5

HP-3562A 
(E.Rubiola notebook v.5 p.177)

Theoretical evaluation

DAC 12 bit resolution, including sign

range 10 mVpeak

Vfsr = 20 mV   (±10 mV)

resolution

Vq = Vfsr / 212

= 4.88 μV

total noise

σ2 = (4.88 μV)2 / 12 

= 2×10–12 V2 (–117 dB)

quantization noise PSD

Sv = σ2 / B

= –117 dBV2/Hz  with B = 1 Hz   (etc.)

Front-end noise, evaluated from the plot
Sv = 2×10–15 V2 (–150 dB), at 10–100 kHz 

or 45 nV/Hz1/2

use Sv = 4kTR

R = 125 kΩ    

or R = 100 kΩ and F = 1 dB (noise figure)

Experimental observation



How To Get Lower ƒs (Right) 
6
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Digital Filter and Decimation
10

Noise, Sampling, and the 

Parseval theorem
Solution: 

Fast sampling, and filter

• Convolution with low-pass h(t)

• 127 coeff. Blackman-Harris kernel

provides 70 dB stop-band attenuation

• Future: we will use 

>>127 coefficients

• Need more bits



Quantization
11

W. Kester, Fig 2.44

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3



Distortion
12



Distortion and Aliasing
13

Sampling ƒs = 20 MHz

Nyquist ƒN = 10 MHz

2nd.    2 x 7 = 14,   mirror to 10      —>  6 

3rd.     3 x 7 = 21,   take away 20    —> 1

4th.     4 x 7 = 28,   take away 20    —> 8

5th.     5 x 7 = 35,   take away 20  —> 15,  mirror to 10   —>  5

6th.     6 x 7 = 42,   take away 40  —>   2

7th.     7 x 7 = 49,   take away 40  —>   9

8th.     8 x 7 = 56,   take away 40  —> 16,  mirror to 10   —>  4

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.44



Spurious-Free Dynamic Range
14

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

W. Kester, Fig 2.54



SINAD, ENoB, SNR
15

SINAD =
𝑉rms

∑𝑉harmon
2 + ∑𝑉spurs

2 + ∑…

Also SQR = Signal to Quantization Ratio

Not a general definition!!!

W. Kester, Fig 2.16

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3

Not a general definition!!!



•Analog noise is higher than quantization noise

•Given a voltage V  –> random distribution of output N

•This correct –>   V2 = V2
analog + V2

quant

(don’t spoil the resolution with insufficient no of bits)

Transition Noise
16

High-Speed Converters

Information (bits) Equivalent No of Bits



•Actual noise includes Quantization, Analog 

noise, and Distortion

•σ2
v = σ2

q + σ2
a + σ2

d

•Random distribution of output N

•Metrology suggests to make σ2
q negligible 

because BUS bits are cheap

Transition Noise
18

Example



1. Quantization

2. Analog noise

3. Distortion

4. Spurs

Equivalent Number of Bits (ENoB)
19

𝜎𝑞
2 =

𝑉LSB
12

=
𝑉FSR
1222𝑛

𝜎𝑎
2

𝜎2 =
𝑉FSR

122ENoB



Example AD9652
20

•Specs:  VFSR = 2 V,   ENOB = 12 bits,   ƒs = 250 MHz

•Calculate σq , noise PSD, SQR.

•What happens if ƒs is lowered to 100 MHz?



Information
21

Information (bits)

50%𝑉 > 0

50%𝑉 < 0

−0.5log2(0.5) = 0.5

∑ = 1

𝑝 = 1/8

1 bit (sign only)

−(1/8)log2(1/8) = 3/8

∑
𝑖=1

8

… = 3

3 bits

0

𝑉FSR

•Bit

•Hartley

(ban, dit)

•Natural

logarithm



Maxwell’s Demon
22



23
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Maxwell’s Demon
25

•Photon energy?

•Constants, k vs h

•Something deeper 
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Information – Black/Red(Green) Balls

•B/R, 50% each

•B/R, 25/75%

•Roulette
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Information – Comparator



34

Information – 3 bit ADC & Sinusoid 



•Thermal noise

•Shot noise

•Noise temperature

•Noise figure / Noise factor

•Flicker noise

•Colored noise

Analog Noise
36



Accelerated Electrical Particle
37

•Antenna

•Synchrotron radiation

•LED

•Blackbody radiation,

gas-like electrons

•E = kT/2 per DOF

•Electrons, 2 DOF

•Neutron matter?

Keep on hand

h = 6.62607004 × 10–34 m2 kg / s  (J/Hz)

k = 1.38064852 × 10–23 m2 kg s–2 K–1 (J/K), or 2 cal/mol
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Thermal Noise

40



Historical Article, Highly Educational
41

Nyquist H - Thermal agitation of electric charges in 

conductors - Phys Rev 32(1) p110-113, July 1928

http://rubiola.org/pdf-lectures/Files/Nyquist%20H%20-%20Thermal%20agitation%20of%20electric%20charges%20in%20conductors%20-%20Phys%20Rev%2032(1)%20p110-113,%20July%201928.pdf


42
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The Nyquist Article
44

Nyquist H - Thermal agitation of electric charges in 

conductors - Phys Rev 32(1) p110-113, July 1928

Circuits laws and 

thermodynamics

E = E(ƒ, R, T)

White

E = E(R, T)

Line —> modes spaced by

P transferred in d\nu and in time l/v is kT d\nu

Δ𝜈 = 𝑣/2𝑙

𝐸 = 𝑘𝑇permode

Spectrum

E2 is the square voltage

http://rubiola.org/pdf-lectures/Files/Nyquist%20H%20-%20Thermal%20agitation%20of%20electric%20charges%20in%20conductors%20-%20Phys%20Rev%2032(1)%20p110-113,%20July%201928.pdf
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Cutoff Frequency

𝑃 = ∫𝑎
𝑏
𝑆(𝑓)𝑑𝑓

𝑓

𝑆(𝑓)
?

𝑎 → 0
𝑏 → ∞

UV catastrophe, Sir James Jeans & John William Strutt, 3rd Baron Rayleigh —> Max Planck

𝑃 < ∞
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49
Calculate the total power transferred from a resistor at T2 = 290 K to a cold (T1 = 0 K)
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• Noise contribution of the input resistor

• The attenuator makes no difference between “noise” and “signal”

• The input signal is “amplified” by a factor A2 < 1

• Noise contribution of the attenuator

• At uniform temperature T the sum of the contributions must be kT

• The input contributes A2kT

• The attenuator contributes the complement (1–A2)kT

• The factors A2kT and (1–A2)kT do not depend on temperature

Thermal Noise of a Dissipative Device 
60



Shot Noise
61

•Poisson process: emission at random time 

•No space correlation, no time correlation

•Exponential PDF, 𝑝 = exp(−𝑎𝑡)

•Variance equals average, 𝜎2 = 𝜇Stream of electrons 

•Applies to any kind of events: radioactive decay, 

photons, atoms, chemical reaction, whatever

•Photon stream, 𝑃 = Φ𝐸,  𝐸 = ℎ𝑓 = 𝑘𝑐/𝜆

•Current

•Average ⟨𝐼⟩ = 𝑞Φ

•PSD 𝑆𝐼(𝑓) = 2𝑞⟨𝐼⟩

•White noise, cutoff frequency

•Example: photocurrent
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Exam?



Equivalent Noise Temperature
75



• Warning: the noise temperature a radio-engineering concept

• The physical nature of noise does not matter

• Often misleading in optics: the shot noise contributes to the 

equivalent temperature

Thermal noise

Equivalent temperature

Ta is the equivalent noise temperature of the amplifier
defined in specified conditions (physical temperature and input resistance)

Equivalent Noise Temperature
76



Adding Temperatures?



𝑇𝑒𝑞 Is A Radio-Engineering Concept
78

A warning to folks from optics



Noise Factor
79



Noise Factor and Noise Figure



Noise Factor & Noise Figure
81

Noise Factor

Warning: the noise factor/figure is a radio-engineering concept, can be misleading in optics

general definition

amplifiers

and RF/µw

devices

Assume that the whole circuit is at the reference temperature T0 = 290 K  (17 ºC)

The total noise referred to the amplifier input is FkT0 

NF = 10 log10 𝐹



Cascaded devices -- The Friis Formula
82



The Rothe Dahlke Model
83

Rothe H, Dahlke W - Theory of Noisy Fourpoles - Proc IRE 44(6) p.811-818, June 1956

𝑆𝑣 ⟶ 𝑒𝑛 nV/ Hz

𝑆𝐼 ⟶ 𝑒𝑛 pA/ Hz



Adding a Resistor to the RD Model
84

𝑅

𝑒𝑛
𝑅

𝑅

𝑒



85



•Maximum power transfer

•The impedance matching we are used to

𝑍𝑔 = 𝑍𝐿
∗

•Lowest noise

•Straightforward consequence of the Rothe Dahlke model

𝑅𝑏 = 𝑒𝑛/ 𝑖𝑛
•…but you loose signal

•Highest SNR

•Choose the best compromise between the above

Impedance-Matching Concepts
86



Flicker Noise
87



Flicker Noise
88



Flicker Noise
89



Phase Noise

90



Phase and Amplitude Noise

polar coordinates

Cartesian coordinates

under low noise approximation It holds that

amplitude 

fluctuation

phase

fluctuation

91



Noise in Digital Circuits



Noise in Analog/Digital Circuits



Modulation and Sidebands
94



Phase Modulation – Math
95

Phase modulated signal, with modulation index m

For small m, the expansion can be truncated to 3 terms, n = –1…+1

Use the asymptotic expansion  J0(m) ≈ 1,  J–1(m) ≈ –m/2,  J1(m) ≈ m/2, 

Freeze ω0 —> phase vector representation

equivalent to

A swinging phase θ is equivalent to a swinging frequency Δƒ = (1/2π) (dθ/dt)

The full frequency domain representation contains an infinite number of sidebands ruled 

by  the Jacobi–Anger expansion

use



Phase and Amplitude Noise
96

Noise is equally split between 

AM and PM

PM (rms)

AM (rms)

Normalize on B



Bandwidth
97

Phase modulation

Two symmetrical 

sidebands

ƒ <  ν0

otherwise LSB goes to 

negative frequency

hence

Warning: Frequency dividers also divide the bandwidth

Aliasing is around the corner



Quantization and PM Noise
98

The white PM noise is

Example:

14 bit, 1 GHz –> –173 dB

14 bit , 400 MHz –> –169 dB

12 bit, 300 MHz –> –156 dB

The maximum power is

In the presence of white noise N, 

the PM noise is

Recall the

quantization noise



Polynomial Law
99

ᵩ

A model which is useful to describe the close-in noise

• Oscillator PM:  Sᵩ(ƒ) = … + b–4/ƒ4 + b–3/ƒ3 + b–2/ƒ2 + b–1/ƒ + b0

• Oscillator FM:  Sy(ƒ)  = … + h–2/ƒ2 + h–1/ƒ  +  h0 + h1ƒ    + h2ƒ2

• Oscillator AM:  Sα(ƒ)  = h–1/ƒ + h0 (chiefly, but not only)

• 2-port device PM:    Sᵩ(ƒ) = b–1/ƒ + b0 (chiefly, but not only)

• 2-port device AM:    Sα(ƒ) = h–1/ƒ + h0 (chiefly, but not only)



Example – Microwave Amplifier
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Example – Microwave Oscillator
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Phase-Type and Time-Type Phase 

Noise
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• ITU defines jitter as the variations in the significant instants 

of a clock or data signal, vs a “perfect” clock

• Jitter —> Usually fast phase changes ƒ > a few tens of Hz 

• Wander —> Usually slower phase changes (due to 

temperature, voltage, etc)

• Designers first care about consistency of logic functions,

• First, maximum timing error 

• Sometimes RMS value and probability distribution

• Time and Frequency community focuses on

• PM noise spectra 

• Delay spectra

• Two-sample variances (ADEV, TDEV, etc.)

Phase Time Fluctuations
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mechanism

Phase Noise in the Input Stage



Phase Noise in the Input Stage
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phase-type

(𝞅-type)

noise

Sinusoidal signal



107



108



Examples and Suggested Exercises
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1. White noise, –150 dBm/Hz

Calculate the power in B = 10 MHz centered at ƒ0 = 100 

MHz

2. Pure 100 MHz carrier, +10 dBm power, sketch the PSD

Assume ideally narrow bandwidth, continuous PSD

3. Pure 100 MHz carrier, +10 dBm power, sketch the PSD

Assume discrete PSD, RBW = 5 kHz

4. Amplitude-modulated signal, 

Carrier ƒ0 = 100 MHz, P0 = 10 dBm 

Sidebands ƒm = 500 Hz, PSB = 0 dBm

•Assume ideally narrow bandwidth, continuous PSD

•Assume discrete PSD, RBW = 5 kHz

Examples
119

—>   Give the definition of RBW



Example 1
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White noise, –150 dBm/Hz

Calculate the power in B = 10 MHz centered at ƒ0 = 100 MHz



Pure 100 MHz carrier, +10 dBm power, sketch the PSD

Assume ideally narrow bandwidth.

Example 2
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•Pure 100 MHz carrier, +10 dBm power, sketch the PSD

Assume discrete PSD, RBW = 5 kHz

Example 3
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Amplitude-modulated signal, sketch the PSD

Carrier ƒ0 = 100 MHz, P0 = 10 dBm 

Sidebands ƒm = 500 Hz, PSB = 0 dBm

•Assume ideally narrow bandwidth, continuous PSD

•Assume discrete PSD, RBW = 5 kHz

Example 4
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1. Calculate the total power transferred from a resistor at T2 = 290 K 

to a cold (T1 = 0 K)

2. A resistor of temperature TR = 4.2 K is connected to a 6 dB 

attenuator at the temperature TA = 300 K.  Which is the equivalent 

temperature TE seen at the other end of the attenuator? 

Tip: Trust the 2nd principle of thermodynamics.

3. Same as (1), but the two resistors are connected by WR28 

waveguide (21.1-42.2 GHz bandwidth).  Assume the cable loss 

free.

4. Same as (3), but now T1 = 77 K

Examples & Exercises
125



129



•Carbon microphones (this is where it was discovered)

•Ferromagnetic materials (Barkhausen effect)

•Semiconductors

•Mechanical stability

•Pulsars

•Nile flooding (!!!)

•… etc.
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The End
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