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Where Are Instruments Going?
AP or  FPCA-+uP
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Where Are Telecom Going?

Need for down conversion progressively removed
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most figures are from

ANALOG-DIGITAL CONVERSION
Walt Kester

Editor

ANALOG
DEVICES

1138 pages
© AD, but free

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

Useful textbook
RF Microelectronics (950 pages)

Second Edition

Behzad Razavi

Preatice Kall Commenications Engineering and Emerping Technelegies Series
Theodore S. Rappaport, Series Editor

Genesis library



Useful textbook **
recent (2015)

THIRD

Ardhutioh Genesis library



Electronic
Circuits

Handbook for Design
and Applications

U. Tietze
Ch. Schenk

2nd edition

EXTRAS ONLINE

@ Springer
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Useful textbook
elderly (2002) but great
1544 pages
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Conversion Basics
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Analog to Digital Conversmn o

Basic scheme, with S/H, ADC, Href
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Digital to Analog Conversion

Basic scheme, with ADC, Vref, S/H, both in/out must be stable
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Timing and Protocol

CJDMWW*C&NH’&M
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Drawing Rules

Make schematics clear
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Binary Integer Numbers

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

Two’s complement integer Same as above
computers only The figure is rotated by




Binary Integer Numbers

Integer
Computers & ADC/DAC
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Blnary Integer Numbers
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Binary Integer Numbers

Offset binary
Computers & ADC/DAC
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Binary Integer Numbers

Offset binary

Computers & ADC/DAC
Two’s complement integer

computers only
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VEs, VEsr, and Actual Range

Example — 10 bit conversion
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Conversion, Summary

UNIPOLAR OFFSET BIPOLAR

T FS-1LSB — FS-1LSB

CODE CODE
|

ALL \
l|1 l's

1 AND ALL "0"s

~  _Fs

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]




Example: 3-bit ADC
($B

214

W. Kester, Fig 2.5 / ,

44— <o 4 ,
g
110 — . ; :
o] Rl
100 e e i | i
' |
011 — - d .
ﬁ 7 g i
010 | ; :
|

718 FS

I,
7 Lip LSTy

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

£
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Bipolar Input — Example

VEs VS VEsR

~Fs ¥R t Fs

W. Kester, Fig 2.11 %
T T | /‘,/
e
/|
110 .
-
100 — --------------------- — 7
011 — ,_/.’;
A
o o |
! /1:/ i i |
001 - | :

.
-FS -3/8 -1/4 -1/8 0 +1/8 +1/4 +3/8 +FS
ANALOG INPUT

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



Example: 3-bit DAC

FS
W. Kester, Fig 2.4

78 — - oo ®--

.

3
® 5/8 — [
?
<+

12 — === ‘f--

3/18 — ¢

1/4 —t I
18—+ @

0 O—f—F—F—F———
000 001 o010 o011 100 101 110 111
DIGITAL INPUT (STRAIGHT BINARY)
B

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

+FS

W. Kester, Fig 2.10

438 —f - --- - mome e ®-

+1/4 — [ 1

+1/8 — o

114 — | |
|
|

| | |
000 001 o010 o011 100 101 110 111

DIGITAL INPUT (OFFSET BINARY)

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



Unbalanced Signal
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Balanced (Differential) Signal e
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Electromagnetic Compatibility
Where to learn

e Jasper Goedbloed, Electromagnetic Compatibility, Prentice

all 1990 (Phili
enry W. Ott, E

0S)

ectromagnetic Compatibility, Wiley 2009

e Clayton R. Paul, Electromagnetic Compatibility, Wiley 2006

e Reinaldo Perez, ed., Handbook of Electromagnetic

Compatibility, Academic Press 1995 (JPL)

C{ AN U S L‘%Wg
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Cond of BT 7
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Conversion Errors and
Uncertainty
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Offset and Galin
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ZERO ERROR ZERO ERROR

WITH GAIN ERROR:

'/ NO GAIN ERROR:
¢y ZERO ERROR = OFFSET ERROR OFFSET ERROR =0
ZERO ERROR RESULTS

FS W. Kester, Fig 2.17 -<FS  FROM GAIN ERROR

OFFSET
ERROR

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



Galn Error and VRer

Example: Flash DAC

- ol — +e
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Gain Error and Offset

Example: Bipolar Flash DAC
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Quantization Uncertainty

n bits —> 2N levels

________________________ DAC ADC
il . 11— —
// : /'/ E
Bl /, i 10— II 7 - i
L ./ L //r. ;
ANALOG . DIGITAL 101 % 5
OUTPUT _| s \  OUTPUT % 5
B - ; 100 —+ . i
— o - v i 01— ——
.-~ QUANTIZATION : | : |
| /7 UNCERTAINTY i e : | |
okt } """ i 010 D '«— QUANTIZATION
/ : , ! ! UNCERTAINTY
/s ! pa 1
T ® : 001— —~— |
/ . i !
- o0 L
000 001 010 011 100 101 110 111 V. Kester, Fig 2.15 ANALOG INPUT FS

DIGITAL INPUT

N gwﬁ@» Fw\ff- M&*—-"‘““"

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



A

OUTPUT

Integral Nonlinearity

Examp

END POINT METHOD

. A
7’
7’
7’
I
’
’
7’
P

7
/
/
/
/
7/
7
7/
#
7/
7
rd

LINEARITY
ERROR =X

>

INPUT

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

le: Flash DAC

BEST STRAIGHT LINE METHOD

,
y
/
7
/
Id
4
/
/
7
7/
4
7/
7/
7

LINEARITY
ERROR = X/2

W. Kester, Fig 2.18 INPUT
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ADC
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ViNo—s T/H —'—"r?ﬁﬂﬁn%ﬁ?" DAC naZLHEncj
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I 4 MSBs

|:|:-1

4 LS5Bs

&y SAMPLING

T4
COARSE ADC ::':IN'I.."EHSICIN
DaC COMVERSION
SUEBTRACTION

“ipyy = CLOCK PHASE

t'z-

FINE F-.Dli CONVERSION

TIME

iy ) riaosll ss

Maxim Integrated, Tutorials 810,
Fig.4 (Accessed 23 Sep 2020)
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Differential Nonlinearity

DAC
| > 5

i ,.
1 ,‘

ANALOG T

OUTPUT ;
i '.\\ /,‘
— p’ @® NON-MONOTONIC
1 @
T | | | | | |
® | | | | | | |
000 001 010 011 100 101 110 111

DIGITAL INPUT

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

DIGITAL
OUTPUT

ADC
______________________________________________________ /"
11— ——
| / :
A =
10— 7 :
e !
A :
1017 7 |
¢ |
100 — --------mmmmoomommoooe- 7%4--- MISSING CODE |
. |
7 I i
011 — — | |
| /7 1
| 7 '
L/ |
010 — — |
7 1
A i
001 — :7'; i
e i
000 L7 . | I I I | I | :
| | | | | | |
FS

ANALOG INPUT

W. Kester, Fig 2.19



Monotonicity

Control folks are obsessed by monotonicity

0. [~

o v atn OﬂﬁA}ﬂﬁ
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DAC Differential Nonlinearity

A
FS —
? 1LSB,
BIT 21S 1 LSB HIGH ' DNL =0
——  BIT1I1S1LSBLOW , ————— N
e ' 2LSB,
' DNL = +1 LSB
ANALOG |
OUTPUT | ®--r- @iy
1LSB, * | —1 LSB, ' 1 LSB,
D,NL=0: ‘DNL=—2LSB:DNL=0
izLSB,
' DNL = +1 LSB
| NON-MONOTONIC IF
s . DNL <-1LSB
1LSB,
i DNL=0 W. Kester, Fig 2.20

| | | | | | .
| | | | | |
000 001 010 011 100 101 110 111

DIGITAL CODE INPUT

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

«<4+—1 LSB, —»
DNL=0

MISSING CODE (DNL <-1 LSB)

DIGITAL | T
OUTPUT —> <— 0.25LSB,
CODE — | DNL =—0.75LSB
«—— 1.5LSB, —»
. : DNL = +0.5 LSB
—»> «— 0.5LSB,
- DNL =-0.5LSB

W. Kester, Fig 2.21

ANALOG INPUT

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



Code Transition and Noise

ENOB

/‘A'B(,l /{DQ(/*@

5 J‘\/QL I’y f@dejfLD
I\\L O\Se aﬁ/ﬂ o Ir! F;f-{a’o%,b r“,i > [ ; /{
\ r / 2 0 g-{f'rﬁ"“}l Y Jj Eau.»u{, C}ue“'} L
\/ rlL[jl_ w l—”‘t’@:”f/k v i ’r
CODE TRANSITION NOISE DNL TRANSITION NOISE
AND DNL
ADC |
OUTPUT |
CODE r_J
!
:
ADC INPUT ADC INPUT ADC INPUT

W. Kester, Fig 2.24

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

BUS Bits Vs Metrology
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7

Now, DNL Is No Longer Useful 6
as It Used to be

We will explain why later
First, we need sampling and noise
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Sampling

/1



Autl ooy Basic

aﬁﬁwi.
st/ oo

| j

LPF IT @n LPF

OR — -/ DSP /> —» OR —»
DC

BPF BPF

>

/ QUANTIZATION / TIME SAMPLING

W. Kester, Fig 2.25

=z b el

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



MAllasmg

ALIASED SIGNAL =f, —f, INPUT =f,

Al fa Lol roo
'I T ? T :
1 ! I I
1 | | |
I . 1 || L 1 SS
0.5fs fs 1 5fs 2fs
1st NYQUIST 1|1 2nd NYQUIST _ 3rd NYQUIST 4th NYQUIST
) ZONE ’|‘ ZONE h ZONE "‘|‘ ZONE - =
B \ A
| fa | | I l
1|' \ ? t ?
I | I
: 1 | [
: | | | I I SS
0. 5fs fs 1 .5fs 2fs

W. Kester, Fig 2.31
W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3






Antialiasing Filter & Oversampling”

fa

W. Kester, Fig 2.32
j A

_______ -
N N
N *
' ;
Z %\\' r:
Kfs Kfs
2
STOPBAND ATTENUATION =DR STOPBAND ATTENUATION =DR
TRANSITION BAND: fa to fs - fa TRANSITION BAND: fa to Kfs - fa
CORNER FREQUENCY: fa CORNER FREQUENCY: fa

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3
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Intentional Undersampling
[t Nyquisf pome
: dud  (nd —

0
A
l l l l l l .
) offs f 1.5f5 f¢  2.5fg  3fg  3.5fg -
1
al v
72\ | | m e
A 0 18fs  2fs  25f  3fs  3.5fg—
C ZONE
| | | / | \/ | { | =
0.5fs f 1.5f . 2fg 2.5fs

W. Kester, Fig 2.34 |
At - odias et —» boud pam £

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



Sample and Hold

SAMPLING
CLOCK
O TIMING l
ANALOG |
INPUT | / ,N
ADC
: (o, L
O— . ENCODER
CONTROL — C \
A4 ENCODER CONVERTS
DURING HOLD TIME
HOLD
| SW SAMPLE SAMPLE
W. Kester, Fig 2.27 CONTROL

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



31

Power, Spectra and Probability



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

Power (P2/P1)ae = 10 Log1o(P2/P1)
Power, dBm  Pdsm = 10 Logio(P/Pref), Pret=1 mW

Voltage (V2/V1)ds = 20 Log1o(V2/V1)
Current (12/11)ds = 20 Log1o(l2/11)

Voltage, dBV Vdaev = 20 Logio(V/Vref), Vriet=1V

Obvious extension, use
10 Log for power,

20 Log for voltage and current
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Examples

e Car engine, 137 HP (102 kW) —> dBm

e Antenna signal, 300 uv —> dBV

e Antenna signal, 300 pvV —> dBm, assume 50 Q input
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Variance (signal power)

de
Time domai 1 . 1 r f 2
ain — Tfo ‘X(t) — ,U‘ dt

86
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Power Spectral DenSIty S(7)

e The PSD is the distribution of power vs.
frequency (power in 1-Hz bandwidth)

e The PS is the distribution of energy vs.
frequency (energy in 1-Hz bandwidth)

e Frequency can be continuous or
discrete (histogram),

e In mathematics,
e the power Is a square quantity

A e the energy Is power integrated in time

A AA A _NANA e Power (energy) in physics is a

sqguare (integrated) quantity
e PSD —> W/Hz (or V?/Hz, A%/Hz, etc.)

. —> J/Hz
R —Zg s I

Continuous or discrete
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Emplrlc Deflnltlon of the PSD

Total power

P, = [ S(f)d
6 fa(f)f

WWW

Pap + Peg = [ S(H)AS + [ “S(F)df

Power In separate bands adds up

90



Parseval Theorem

The power P (the variance 02) of a signal can be
evaluated in time domain or in the frequency domain,
and the result is the same

> F
P= | std it

One-sided PSD

1 [T/2 5 Time
P = TII_I;HOO T s z(t)|” dt domain
Mz _ ?w Wer

JoT for deterministic signals

91
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Fourier Transform and PSD

X (})= [ ey £7F ok

- OO
Scelor rwﬂ(MCf

(%/jJ — %‘J;KT 7(477ik+ %37?1’ - - - =




Parallel Spectrum Analyzer

1-Hz filter array
v(t) L Su(f1)
¢ ! @7 voltmeter
input
@ f2 rms Su(f2)
voltmeter
[
l
IZ In rms Su(fn)
—
voltmeter

Rice representation —> Extension of the Fourier series

o0

z(t) = )  an(t) cos(nwot) — bn(t) sin(nwot)

n=0

Sz (nwg) = [a% + bi] Jwo wo is the analysis bandwidth




Vibrating-Reed Frequency Meter ™

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

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

4 )
H X (—) — Z z(kTy) e~ r2mnk/N Basic DFT

T
~ [ The direct comput&tion of the DFT takes = N?
N éﬂéMultlp[@:ai@W@phng interval, fg =1/ 1'e

+ The FETS an Algofithifest FaS Bduafion 3t the
DFT that takes = N log(N) multiplications

e The FFTW, “the Fastest Fourier Transform in the
West,” is an even faster. - s
N log(N) multiplications (M. Frigo, S.G. Johnson, I\/IIT)
See http://fftw.org/ -

« SFFT “faster-than-fast” Sparse (FFT, D.Katabi,
P.Indyk, MIT)
See http://groups.csall.mit.edu/netmit/sFFT/

©Jmh20 11 Jul 2015 (Wikimedia Commo

e Forthe general user (does not implement FT


http://fftw.org

FFT Spectrum Analyzer

file: sp-FFT-sa

input

front
end

anti
aliasing sampling
oy g | FFT
N hey ADC ~| algorithm
I
T ‘ i
frequency —| synthesizer |€¢—— control unit
reference *
display

e Tough tradeoff between resolution and max frequency

Direct digitization of the input signal

—ully digital process

_imited to fmax = 0.4 X fsampling

100
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FT, DFT and PSD of Periodic Signals

FT contains Dirac delta(t) —> |X(f)|? does not exist
DFT |X(f)|? is always a valid quantity —> no problem

(1) = |7 el € C TS ot

— QO

J;S whk Cof w,t M = S(é)
_w \&oc,kf

DRV N e @«“ch.;

s, = £ XX
DFT Sx: %: o (‘(’ iVVZ)
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Power, Spectra and Probability



04

Probability Density Distribution

N\

al |b cl |d

p(x)

b
Pap = fa p(x)dx

f_oop(x)dx =1 Pavorca = Pap + Pea

Iff ab and cd are separated



Parseval Theorem

Variance (signal power)

1 .7
Time domain 0'2 — Tfo ‘X(t)‘zdt
£\ AN Wiener
Khinchin
00 Theorem
Probability 0% = f_ooxzp(x)dxv

V' spectrur o2 = [, S(f)df

105
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Variance Is Power

o P
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Example

Calculate

; P P{320uV < € < 325uV}
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Calculate
P{320uV < x < 325uV}




Gaussian (Normal) Distribution

-

\_

X 1S normal distributed with
zero mean Y and variance o2

N

J

-

f(.CU) — \/217‘_0_ exp [_ (332—0-5')
E{f(z)} = u

E{f*(z)} = u* +0°
E{|f(z) — E{f(2)}|°} = 0’

]

09
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Noise



Accuracy and Noise — The BIg Picture
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Quantization

>

DIGITAL .
OUTPUT L
> Probability density
ANALOG
INPUT
1/VisB
ERROR } a=1LSB
INUT-OUTPUT) 4 N A N N A /7 R —VsB/2 +Vise/2
S VvV VY oy
W. Kester, Fig 2.37 2 1

0 = 172 VLZSB

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

N
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Quantization Noise, Spectrum

Sl | eomstau







Quantization Noise

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

4 )
v(t)4 Analog-to-digital conversion introduces a
"""""" 4 ermor guantization error X [-Vise/2 < x < +Vsg/2]
Vien & A
LSB ¢ ...... Nocooc . . VFSR
/ n-bit conversion: Vi g =
: > PAL
X sampling point y
g A Wiener—Khintchine theorem: in ergodic
p(x) V2 systems, interchange time & ensemble
52 — YLSB _ . .
1 19 The noise can be calculated with statistics
Vi 2 >
e . SR
- 12 x 22n o dEl
. VisB y
g N Parseval theorem: Energy (power) calculated in |
N time and in frequency is the same
= . V2
N o° —= NB . N — FSR VZ/HZ
1 : B 6 X 221 1)
X B = svs (Nyquist) f S g )

120



The Formula SNR =6.02n+1.76 dB

o Noter Rt SR
gq,a ﬂ_ QM"QQ_V{\(WA /Zojp SQR

4 R | Mese
et o veb e
e, 2.
e = = 7




The Formula SNR =6.02n+ 1.76 dB

P - P = szp/SR Better called SQR
SNR — Signal to Quantization Ratio
gl . 0? = Visg/12R
2 .
3 Wop Vop = VEsr
SNR = 5+
Visg - Visg = Vesr/2"
Slmplliee __— 10log,,(3/2) = 1.76
2
Full formula 3 VZ 6.021n + 1.76
_ 2n __ PP V
SNR = 2 +20log,, —— dB

2 Visw Vesr
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Example of FFT Analyzer Noise

Experimental observation

Sv, %VT/M

~70-

[ SO

,,dl‘[‘o.1

HP-3562A

(E.Rubiola notebook v.5 p.177)

40

{1

Theoretical evaluation

DAC 12 bit resolution, including sign

range 10 mVpeak
Vis =20 mV (10 mV)

resolution
Vq = Visr / 212
=4.88 nV

total noise
0% =(4.88 uyVv)? /12
=2x101% V? (=117 dB)

guantization noise PSD
Sy = o’/ B
=-117 dBV?4/Hz withB=1Hz (etc.)

Front-end noise, evaluated from the plot
Sy =2x10"1 V? (=150 dB), at 10-100 kHz
or 45 nV/Hz?

use Sv = 4kTR
R =125 kQ
or R=100 kQ and F = 1 dB (noise figure)



How To Get Lower fs (Right) !

/\/t)g'tdr Yol E————
et
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Digital Filter and Decimation

— _ N .
Noise, Sampling, and the , V&g Solution:
Parseval theorem ¢ ~ 12x22m Fast sampling, and filter
S
S(f) 2 _ NB (F) B,
- — 0= —o0
slow sampling A7 digital filer B, "
after sampling
fast sampling 7/ fast sampling
2 17 B B = 3 n
_ )L signal BW sampling BW
. h(t) A o5

e Convolution with low-pass nh(t)

o 127 coeff. Blackman-Harris kernel
provides 70 dB stop-band attenuation

e Future: we will use
>>127 coefficients

sin(2rBT)
2n BT

27 B
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Quantization

ADC FULLSCALE W. Kester, Fig 2.44
A
N = 12-BITS
20 T M = 4096
v 1l
(5N ~
c?-__f; e 40 | 74dB = 6.02N + 1.76dB
60 1
_ y _ _ RMS QUANTIZATION NOISE LEVEL 1dB
g —80 | )
33dB = 10log,, (> )
100 + \L FFT NOISE FLOOR
‘ ‘ 107dB
0 I f HENEEEE -
- S
BIN SPACING = o ?L
SKPMJ FMWMW‘[ o Uune. W% MS Fiﬂﬂ.w& ii{-_xm

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

W. Kester, Fig 2.44
A
RELATIVE 7MHz
AMPLITUDE
HARMONICS AT: |tKfgEnf | f, = 20MSPS
n = ORDER OF HARMONIC,K=0,1, 2,3, ...
HARMONICS
g
/’3 —~
2 HARMONICS ;
—
6
9 8 5 ) 7
1 2 3 4 S 6 7 8 9 1
FREQUENCY (MHz) .i i}
,
~ 2nd. 2x7=14, mirrortol0 —> 6 é’
e Jrd. 3x7=21, takeaway20 —>1
e 4th. 4x7 =28, takeaway20 —>8
¢ Oth. 5x7=35, take away 20 —> 15, mirrorto 10 —> 5
e Oth. 06x7=42, takeaway 40 —> 2
« (th. 7Xx7=49, takeaway40 —> 9
8th. 8x7 =56, takeaway 40 —> 16, mirrorto 10 —> 4

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

Sampling fs=20 MHz ¢
Nyquist fn =10 MHz <.

N 4 g/

DN

T y I
| @ |

13



Spurious-Free Dynamic Range

MMWM‘

SF DR AL “’FTJIFSPCAIE%

FREQUENCY —S-
W. Kester, Fig 2.54 2

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

I -l - - - S S S S S S S S S S S S - - 1- I . - e . B 2 e - n—— PR . . .
; e e e P ] - P - e e e e i s .
e . B ah Mk
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SINAD, ENoB, SNR

€ SINAD (Signal-to-Noise-and-Distortion Ratio): W. Kester, Fig 2.16

® The ratio of the rms signal amplitude to the mean value of the
root-sum-squares (RSS) of all other spectral components,
including harmonics, but excluding DC.

4 ENOB (Effective Number of Bits):
SINAD -1.76dB
6.02

ENOB =

€® SNR (Signal-to-Noise Ratio, or Signal-to-Noise Ratio Without
Harmonics:

® The ratio of the rms signal amplitude to the mean value of the
root-sum-squares (RSS) of all other spectral components,
excluding the first 5 harmonics and DC

|4
SINAD = it
\/thzarmon il \/ZVS%)UI‘S il V Z

Also SQR = Signal to Quantization Ratio

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



Transition Noise

High-Speed Converters

e Analog noise Is higher than quantization noise

e Glven a voltage V —> random distribution of output N

e This correct —> V2 = V?analog + V?quant
(don't spoil the resolution with insufficient no of bits)

Information (bits)

I=Y —p;logy(p;)

=quivalent No of BIts

VFsr

ENoB = log,

14
i \/120'1/_

16



Transition Noise

e Actual noise includes Quantization, Analog
noise, and Distortion

« Random distribution of output N

e Metrology suggests to make 024 negligible
because BUS bits are cheap

80000

70000

60000

NUMBER OF HITS
& B &
=] =) S
S S S
S S S
S S S

20000

10000

AD9208

Data Sheet

v.0,

mmmmmmmmmmm

ZZZZZZZZ

[ I + + + +
> > > > * + + + + + +
()UTT:[;(x)DE

18



Equivalent Number of Blts (ENoB)

1. Quantization
2. Analog noise
3. Distortion

4. Spurs




Example AD9652

eSpecs: Vrisr =2V, ENOB =12 bits, fs=250 MHz
e Calculate oq , noise PSD, SOQR.
e \What happens if fs is lowered to 100 MHz?

20



o Bit
e Hartley Lg
(ban, dit)

e Natural
logarithm

Information

J

.
Information (bits)
9 IT=) —pilogy(pi)
_ ()
eNpal 4 —> FL

1 bit (sign only)

50%V > 0

50%V <0

—0.5log,(0.5) = 0.5
2 =1

21



Maxwell's Demon

22
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Photon energy?
eConstants, k vs h
eSomething deeper

Maxwll’s Demon

25
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Information — Black/Red(Green) Balls

..é.-BR, 50% each

eRoulette

1=7 "Pzﬂgj P
o([ He otk eved

|
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Information — Comparator

VidQ — ©
‘U})Q —> |

31



Informatlon — 3 bit ADC & Sinusolid

34



Analog Noise

e Thermal noise

e Shot noise

e Noise temperature

e Noise figure / Noise factor
e Flicker noise

e Colored noise

36



Accelerated Electrical Particle

e Antenna
e Synchrotron radiation
e ED

eBlackbody radiation,
gas-like electrons

oE = kT/2 per DOF
eElectrons, 2 DOF
eNeutron matter?

Keep on hand
N =6.62607004 x 1034 m? kg /s (J/HZz)
K = 1.38064852 x 10-23 m? kg s=% K1 (J/K), or 2 cal/mol

37
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Thermal Noise

40



Historical Article, Highly Educational

I THERMAL AGITATION OF ELECTRIC CHARGE
-~ i . IN CONDUCTORS*

0 gﬁﬁ% 3&&&@“* By H. N

: = vy H. NyqQuist
MMH ABSTRACT

The electromotive force due to thermal agitation in conductors is calculated by means '
of principles in thermodynamics and statistical mechanics. The results obtained
agree with results obtained experimentally.

R. J. B. JOHNSONT! has reported the discovery and measurement of an

electromotive force in conductors which is related in a simple manner
to the temperature of the conductor and which is attributed by him to the
thermal agitation of the carriers of electricity in the conductors. The work
to be resported in the present paper was undertaken after Johnson’s results
were available to the writer and consists of a theoretical deduction of the
electromotive force in question from thermodynamics and statistical me-
chanics.?

Nyquist H - Thermal agitation of electric charges in
conductors - Phys Rev 32(1) p110-113, July 1928

41


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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™

) e e e W

Fig. 1.

Circuits laws and
thermodynamics
E=E(f,R,T)

44

The Nyquist Article

R
R - R 1
I I
- _ 2
Fig. 3.
Fig. 2. | Line —> modes spaced by Ay = /2]
White E = kTpermode
E=ER,T) | o .
P transferred in d\nu and in time /v is KT d\nu
Spectrum
E2dv=4RETdy | (1)

EZ is the square voltage

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
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Cutoff Frequenc

S
OB@

P=[,S(f)df

a— (
b — oo

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

47
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Calculate the total power transferred from a resistor at T2 = 290 K to a cold (T1 =0 K) *



availbl s (R =~ . x lo

WyaTwMaW~kOWM L 6A I@W
&OMO{/QT\W)\/L}Q



B ;  — 1A

30t }L@ Rto G ()] Lngunid N2
Py = laTiB
Py & T, 15

51
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Thermal Noise of a Dissipative Device

(1 — A?) kT,

S(f) = A%kT, + (1 — A?) k@ Upr aorr—

e Noise contribution of the input resistor

e The attenuator makes no difference between “noise™ and “signal”
e The input signal is “amplified” by a factor A < 1

e Noise contribution of the attenuator
e At uniform temperature T the sum of the contributions must be kT

e The input contributes A%kT
e The attenuator contributes the complement (1-A2)kT

e The factors A’kT and (1-A%)KT do not depend on temperature

60



Shot Noise

ePOISsSON process: emission at random time
 NO space correlation, no time correlation

e Exponential PDF, p = exp(—at)

2

e \Variance equals average, 0~ = uStream of electrons

e Applies to any kind of events: radioactive decay,
photons, atoms, chemical reaction, whatever

ePhoton stream, P = ®FE, E = hf = kc/A
eCurrent
«Average (I) = qd
*PSD 5;(f) = 2q(I)
o\White noise, cutoff frequency
eExample: photocurrent

61
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Equivalent Noise Temperature
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Equivalent Noise Temperature T
TIAL Codt- Thermal noise FI/U:{ Mf/al)

] M/VC‘ hv S(v) = N; constant for hv < kT d L et $Tou
W(f C/v'e« SW) = S/t N, = kT W/H% =
T > (
7;:\,\01‘9«@ Tt:T’)"_I—Ta,I 66? B
woist o %—MW—‘ k(v@‘f (,Z)
e (Mr a output
T’)" file: amp-Te Ta

e \Warning: the noise temperature a radio-engineering concept
e The physical nature of noise does not matter

e Often misleading In optics: the shot noise contributes to the
equivalent temperature

[ Equivalent temperature T, defined by N; = k(T, + Tfr)j

Ta IS the equivalent noise temperature of the amplifier

defined in specified conditions (physical temperature and input resistance)



Adding Temperatures?

1w /VLM/S—/Q (/t/ mé}l W € C/QA/IA%@Q\OL/@/{QL/
ng/\;/wﬂkuﬂ,eﬁ \(j [/C/l/d'w%\/a ]

—
i . L N o 547/((;{\ fer s
T €T - 5 a Wy Yo exyprss
e I
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Teq IS A Radio-Engineering Concept

. —4 5
@ Teﬁ( Rodio f 4*“/“ —>  ~ J EDWQ
<= | eV . - ]
2 . ,
=0 Hé $S . — Met &+
3 3
Tw ‘(’&g\ SAF T A %Tﬁ?
; | jw%\:Alk(T+T) : OW]CS L (
% ~pe - Shot moise > Therwed tose
T T@? ane lusles bethe TT\”““"QZ Sheol”
(Jp’fj:@ YYO Qk; 2}\%% (JHL‘% QN
Tou pecnfo (prctiecn) AnsT

ﬁwarning to folks from optics







Noise Factor and Noise Figure
IAA_ qﬂ m@b‘@ \(,%m&;uc/
(/C/\/LC/QAAQL\.MJ Wm K @‘t(é%&mj

The  ttocbe 44 5/51/64/\ s MF

‘A %Ooﬁ( Wd?uJ/Lf/L NFE =[O (Qf F) —=F- I Fll?;‘;
Nf’::l% 5:{:%7\9 N‘Qlw/
5 = _ W/H%/ ()5 - 4)([/@ ‘H}
st = 5xi0 Whe
AN —— o - LA (/l/{—
WﬁL 7_t = L2TT ;’ZsTi—} a,uyjtaab« PYITAG




Noise Factor & Noise Figure

% N
Noise Factor F = SNR(O,Ut) general definition / A5 ﬁMM
. SNR(in) Tl Aesodard ] Tette ko
a{\/ e fo@
NF = 10logo F

FkTy T, =290K

J !
% ! \ ‘ :
/ * output

ETp ™ v (F — 1)kT,

Assume that the whole circuit Is at the reference temperature TO =290 K (17 °C)

The total noise referred to the amplifier input is FKTO

amplifiers FKTy, = kKT, = k(T,+Tp) 1o =290 K
and RF/uW T T
devices F— a;‘ 0 and T — (F B 1)T0
0

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



Cascaded devices -- The Fris Formula

| Mo R henc F
% L A\\l \ 2 & g
A A AMRAT, + Al
kTo k({::[)?’:‘ F2 — /
frerr Ve Gl AT,
s — A; F, kTo + (B" |>IZT9 (COMSWAMQJ Z \
Totol rcolse rze | ed | L o= F| T j:’l‘ )‘
To fhwe )‘Mer\ ’
) ‘E’L—J_ T ()‘*LCQJ LA 1/((/@-\}\3“’%
g - Fl J<T<’> T [2. L %q:;‘w Yotal M,t[;/g A4 Mu.,mmnf{ {Oﬂ
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The Rothe Dahlke Model
S5 en VT o O ek alper

Ut'?ff:uu»Q $‘/LQ1/1L_
-

o \ @’4/ |
0-£S “/(09/ WI — \ O <
;2’\/0% /‘A./OLQS L 2 / _ D - _
57 ) CTIB Am CIS

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



Adding a Resistor to the RD Model

VR @m é?@
en o
R 62: 69;,,,-1— aQZ/(/)' +41<TR
o= |
4
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Impedance-Matching Concepts

e Maximum power transfer
e The impedance matching we are used to
Zy=17]

e Lowest noise
e Straightforward consequence of the Rothe Dahlke model
Rp =en/ iy
e ...but you loose signal

e Highest SNR
e Choose the best compromise between the above
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Flicker Noise
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Flicker Noise
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Flicker Noise
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Phase Noise



Phase and Amplitude Noise

A amplitude fluctuation
v(t
(t) Voa(t) |
V Y 2 N Y 2. 3
R S— A K7 Ao
/ an) N\
amplitude +
fluctuation >
\ » \I
\\ ¥/ \\ ¥/
\s \s
A C hase fluctuation
' phase fluc
v(t) —» 4— o(t)
Ilill‘\‘;; -------- E;;’II‘\‘;; ------
phase 77\ Y/ A\ y
fIUCtuatlon File AM-RM-noi W 2/ W /s g
W\ /0 W\ /0
\\\ /0 \\\ /0
N N4

polar coordinates

Cartesian coordinates

v(t) = Vo [1 + a(t)] cos |wot + ¢()]

v(t) = Vp coswot + ne(t) coswot — ng(t) sinwyt

under low noise approximation It holds that
N t Ng t
n.(t)| < Vo and |ng(t)| < Vo a(t) = VE) ) and (t) = VE) )

91



Noise In Digital Circuits



Noise In Analog/Digital Circuits
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I\/Iodulatlon and Sidebands

U Low-
5 Vo cos [wot + m cos(§2t)] 5
L |«
P M IR wo | @ A u
wO:I:Q:
J

File Modulation-summary

C§ Vo cos |wot + m sin(€22))] C§ Vo [1 + msin(Qt)] cos(wopt)
Sk |1y S| % |
219 l w 21S 1w

3 o 3 oo

wo % Voll + aft)] wo % (2




Phase Modulation — Math

Phase modulated signal, with modulation index m
’U(t) _ ej(wo—l—msinwm)t

The full frequency domain representation contains an infinite number of sidebands ruled
by the Jacobi—Anger expansion

00
pJmsing _ Z Jn(m) eI N0

For small m, the expansion can be truncated to 3 terms, n =—-1...+1
Use the asymptotic expansion Jo(m)=1, J-i(m)=-m/2, Ji(m)=m/2,

t) = Jwol 0 o g(wotwm)t _eﬂ(wo_wm)t
v(t) = 7% + 5 € ;
Freeze wo —> phase vector representation
B m o 1 it use | |
V(t) =1+ o g7t — eTIem] sin f = i (e’ —e™7%)
27

equivalent to
V(t) =1+ jmsin(wp,t)

A swinging phase 0 is equivalent to a swinging frequency Af = (1/21r) (d6/dt)

(Af)(t) = mz—: cos(wmt) = mf,, cos(wmt)
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Phase and Amplitude Noise

a . . h
% Noise Is equally split between
AM and PM
2 J
4] PM| (rms)
Vusb (1) = i\/NeB/2 ST
Visb (t) — —i\/NeB/Q o AT
®, = 2/ (2N_B/2P)
®rms = V(N,B/P,) AM (rms)
f Vusb (1) = \/NeB/Q g2t
v(N_B/2) \ ’Ulsb(t) _ \/ N.B /2 o 12T ft
o /P
a, = 2v/(2N B/2P) lgemmn b - - _ ~
0 : Normalize on B
Urms = V(N,B/P) V(N,B/2) |

So(f) = 3o+ Salf) =

file: amp-additive-AM

J(NeBIE)

"

N,
P

J
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Bandwidth

Phase modulation

PSD

Phase modulation @(t) = @, sin(2mrft)
¢, = 2V(2N_B/2P )
Prms = V(N.B/P()
Sp = N/Py

O J(N_B/2) otherwise LSB goes to

negative frequency

Warning: Frequency dividers also divide the bandwidth
Aliasing Is around the corner
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Quantization and PM Noise

-
-------------- The maximum power is
1
M
4 | | ™
_ In the presence of white noise N,
ARF P, A PM noise

the PM noise Is

_ Recall the
' quantization noise

4 1 Example:

L 2 14 bit, 1 GHz —> —-173 dB

j bO — 3 92n 4, rad /HZ 14 bit . 400 MHz —> —169 dB
S

12 bit, 300 MHz —> —-156 dB

J




Polynomial Law

S integrated flicker
)

1/ "
random walk %
/ (integrated white)

| Tete Punl
flicker white

3
integrated 1/
random ‘-u g B
walk H_‘ J J
5‘?&‘ \
log-log scale :

A model which Is useful to describe the close-in noise
e Oscillator PM: So(f) = ... + boa/f* + b-a/f3 + b_o/f? + b-1/f + bo
e Oscillator FM: Sy(f) = ... +h2/f2+ h-i/f + ho  +hif + haf?
e Oscillator AM: Sa(f) = h-1/f + ho (chiefly, but not only)
eefp>  2-port device PM:  Sy(f) = b_a/f + bo (chiefly, but not only)
wumll? o 2-port device AM:  Sq(f) = h-1/f + ho (chiefly, but not only)




Example — Microwave Amplifier

L(f), dBc/Hz

-100
Ciao Wireless amplifier 10 GHz

~110

-120
hd

1ag LY ""l_
T,
~140 o~

N -30 dBm
-150

180 V. Giordano, June 2018

10 102 10° 104 10° 10° 10/ 108

100
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Example — Microwave Osclllator

-60
L(f), dBc/Hz DRO100, 10 GHz DRO

-70 - Synergy Microwave Corp.

-80 REEL mEE L aiai
-90

-100 - b5 =14.1

-110

-120

-130 - .

-140

-150

-160 - —=
bg = 1x107"7

£, HzZ
10000000

-170 - s

180 - ER.Dec2017 : |
1000 10000 100000 1000000

f. =100 kHz fL=3.75 MHz



Phase-Type and Time-Type Phase
Noise
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Phase Time Fluctuations

v(t) = Vo |1 4+ a(t)]| cos 2wyt + (1)) X(t) = p(1)

2T

e |TU defines jitter as the variations in the significant instants
of a clock or data signal, vs a “perfect” clock

e Jitter —> Usually fast phase changes f > a few tens of Hz

e Wander —> Usually slower phase changes (due to
temperature, voltage, etc)

e Designers first care about consistency of logic functions,
e First, maximum timing error
e Sometimes RMS value and probabillity distribution

e TIme and Freguency community focuses on
e PM noise spectra
e Delay spectra
e Two-sample variances (ADEV, TDEV, etc.)
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Jitter Xout = Xin

phase Pout = 2 i




Phase Noise In the Input Stage

in out
W\ % |_r AR

threshold noise phase noise
n(t) o(t)
Threshold fluctuation mechanism
$ VUin
threshold
error n(t) l
_____ yf--------——--- actual threshold ’n(t)
slope ’ nominal threshold X(t) =
SR = dv/dt Q (SR) (%)
: : t -
é:error x(t) = n(t)/SR 27”/0 ’I’L(t)

I o AN
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Phase Noise In the Input Stage

Sinusoidal signal

v(t) = Vo [1 4+ a(t)] cos 2t + p(t)] => SR = 271y V)

T R L
o) = 20y ey = 20
S,
Se(f) = ngf)

constant vs 1









Examples and Suggested Exercises
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Examples

. White noise, —150 dBm/Hz

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

. Pure 100 MHz carrier, +10 dBm power, sketch the PSD
Assume Ideally narrow bandwidth, continuous PSD

. Pure 100 MHz carrier, +10 dBm power, sketch the PSD
Assume discrete PSD, RBW =5 kHz

. Amplitude-modulated signal,
Carrier fo =100 MHz, Po = 10 dBm
Sidebands fm = 500 Hz, Psg = 0 dBm

e Assume ideally narrow bandwidth, continuous PSD

e Assume discrete PSD, RBW =5 kHz
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White noise, —150 dBm/Hz Exam p I e 1

Calculate the power in B = 10 MHz centered at fo= 100 MHz
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Example 2

Pure 100 MHz carrier, +10 dBm power, sketch the PSD
Assume Ideally narrow bandwidth.
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Example 3

e Pure 100 MHz carrier, +10 dBm power, sketch the PSD
Assume discrete PSD, RBW =5 kHz



Exam Ie 4 Amplitude-modulated signal, sketch the PSD 123
p Carrier fo =100 MHz, Po = 10 dBm
Sidebands fm =500 Hz, Psg = 0 dBm

e Assume ideally narrow bandwidth, continuous PSD
e Assume discrete PSD, RBW =5 kHz
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Examples & Exercises

. Calculate the total power transferred from a resistor at T2 = 290 K
to a cold (T1 = 0 K)

. 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.

. Same as (1), but the two resistors are connected by WR28
waveguide (21.1-42.2 GHz bandwidth). Assume the cable loss

free.
. Same as (3), butnow T1 =77 K
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e Carbon microphones (this is where it was discovered)
e Ferromagnetic materials (Barkhausen effect)

e Semiconductors

e Mechanical stability

e Pulsars

e Nile flooding (!'!)

e ... etc.
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e FUZ/H%;]
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The End



