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Where Are Instruments Going?

nput — dedicated — ADC —> fast o slow. —s output
front-end processing  processing

broadly similar iris/retina/optical-nerve/brain

Moore Law: describes exponentially growing technology

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



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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Useful textbook

(950 pages)



Conversion Basics



Analog to Digital Conversion







Example: 3-bit converter
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Bipolar Input — Example
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Digital to Analog Conversion
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Example: 3-bit Converter
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\/ W. Kester, Fig 2.4
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W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3
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Bipolar Conversion
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W. Kester, Fig 2.10
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W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3



Conversion, Summary

UNIPOLAR OFFSET BIPOLAR
FSR

- /é 1LSB — FS-1LSB

CODE CODE
0 I 0 I

ALL \
"1"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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Symbols
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Differential Signal & EMI
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Conversion Errors and
Uncertainty

22
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Quantization Uncertainty

LB = Least Sigmifieand bi
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W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3




Offset and Gain

ZERO ERROR

;
¥
i
- " 5
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OFFSET )| * NO GAIN ERROR:
ERROR ( |/ ZEROERROR = OFFSET ERROR |

-FS W. Kester, Fig 2.17 —FS%

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

ZERO ERROR

/" WITH GAIN ERROR:

OFFSET ERROR =0
ZERO ERROR RESULTS
FROM GAIN ERROR
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DAC
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Integral Nonlinearity

END POINT METHOD BEST STRAIGHT LINE METHOD

A

OUTPUT

LIN EAR*TY LINEARITY
ERRORF X ERROR = X/2
i—) >
W. Kester, Fig 2.18 INPUT

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3
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Differential Nonlinearity
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DAC Differential Nonlinearity
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W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3
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ADC Differential Nonlinearity
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W. Kester, Fig 2.21
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W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3



Code Transition

and Noise

© eNOR
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CODE TRANSITION NOISE DNL TRANSITION NOISE
AND DNL
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OUTPUT |
CODE :_I
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ADC INPUT ADC INPUT ADC INPUT

W. Kester, Fig 2.24

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












The DNL Is No Longer Useful =~

We will explain why later
First, we need sampling and noise
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Sampling
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f, LPF
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W. Kester, Fig 2.25

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

ALIASED SIGNAL = f_ - f,

/ INPUT =1,
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W. Kester, Fig 2.30
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W. Kester, Fig 2.31
W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3
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S

Antialiasing Filter & Oversampling’

W. Kester, Fig 2.32
A

fS
2
STOPBAND ATTENUATION = DR STOPBAND ATTENUATION = DR
TRANSITION BAND: f, to f, - f, TRANSITION BAND: f, to Kf, - f,
CORNER FREQUENCY: f, CORNER FREQUENCY: f,

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3
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Intentional Undersampling
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W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3
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Sample and Hold

SAMPLING
CLOCK
O TIMING l
ANALOG i
INPUT | N
ADC /
' o—e
O— sw | ENCODER
CONTROL = C \
N 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



Power, Spectra and
Probability

50



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

Power (P2/P1)as = 10 Log1o(P2/P1)
POwer, dBm PdBm — 10 LOg‘IO(P/Pref), Pref: 1 mW

\oltage (V2/V1)as = 20 Log1o(V2/V1)
Current (I2/11)aB = 20 Log1o(l2/14)

Voltage, dBV Vav = 20 Log1o(V/Vre), Vriet=1V

Obvious extension, use 2
10 Log for power, VL ~ Tewer
20 Log for voltage and current I~ tower



Examples
p= 1028V

49242 W

55 S
0{5,.,_40 207 = 70° W/
Car engine, 133HP (102 kW) —> dBm

=12 éﬁa&ﬂo) 30d4Pm
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Variance (signal power)
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Power Spectral Density S(f)

Continuous or discrete

95

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, A%2/Hz, etc.)
PS -—> J/Hz
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Where Dispersion Comes from
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Power, Spectra and
Probability

— continuation -

59



Parseval Theorem

The power P (the variance o2) of a signal can be
evaluated in time domain or in the frequency
domain, and the result is the same

> F
P= [ sd o

One-sided PSD

1 [T/ , Time
P = T11_1>HOO T o ‘m(t” dt domain

foT for deterministic signals

60
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Fourier Transform and PSD













DFT, FFT, FFTW, SFFT  °

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

4 N—_1 )
_ Z v (kT)) p—12mnk/N Basic DFT
k=0

()

7; sampling interval, fg = 1/T
n =

0...N — 1 integer frequency, f = n/NT

- J

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. p.
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),
the difference between DFT, FFT, and FFTW is (at most)
computing time

©Jmh20o 11 Jul 2015 (Wikimedia Commons)



http://fftw.org

Parallel Spectrum Analyzer

1-Hz filter array
Sy
v(t) . J1 rms 1)
.. @7 voltmeter
input
|§_’ f2 rms 5y(f2)
—
voltmeter
0
0
0
fo So(fn)
voltmeter

Rice representation —> Extension of the Fourier series

0

o(t) =Y an(t) cos(nwot) — by (t) sin(nwot)

n=0

Sz (nwg) = [ai + bi] Jwo wo is the analysis bandwidth
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Vibrating-Reed Frequency Meter™

9451600 @ MADE IN CZECHOSLOVAKIA




End of Lecture #4
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FFT Spectrum Analyzer

file: sp-FFT-sa anti
aliasing sampling

input front FFT
* end ~ /%_ . algorithm

| i [

frequency @ —p| synthesizer j€—— control unit
reference - *

display

* Direct digitization of the input signal

* Fully digital process

* Limited to fmax = 0.4 X fsampling

* Tough tradeoff between resolution and max frequency




Examples

1. White noise, —150 dBm/Hz

72

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

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 fo =100 MHz, Po = 10 dBm
Sidebands fm =500 Hz, Psg = 0 dBm

* Assume ideally narrow bandwidt
* Assume discrete PSD, RBW =5

n, continuous PSD

KHZ



Example 1 h

* \White noise, —150 dBm/Hz
Calculate the power in B = 10 MHz centered at fo= 100 MHz

PsD

b
SRF r 50 ol éﬁprmh P"’J‘VSR;W)A&

| 1H -
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Example 2

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

SRF (W/H? oW Lol
PSP —
— | A
| |50 M= =
SRF
il . o
T'(a:} [0 dffru
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TD: V
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Example 3

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

R
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Example 4

* Amplitude-modulated signal, sketch the PSD

Carrier fo = 100 MHz, Po = 10 dBm
Sidebands fm =500 Hz, Psg = 0 dBm

* Assume ideally narrow bandwidth, continuous PSD
 Assume discrete PSD, RW = 5 kHz

78

VAR TA [i*nm &os(ﬂg] w;(wb)



Probability DenS|ty

Iff ab and cd are separated
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Parseval Theorem

Variance (signal power)

Time domain

/\

Probability

v Spectrum

1 (7
o2 = —J | x(7) |* dt

I 0 £\ Wiener
Khinchin
vTheorem

o> = [ x*p(x) dx

o = [ S(F) df

0

84
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Why the Variance is Power

o> = [ x*p(x) dx

1 () [Pty =Ples <k
bL v{c
e ST [___g_‘/;
R,q,::\"\ 7 wmjj:% a b¢
ﬂ?l — ¢ - UJ‘- \7'2 [,
k, — =797 R
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Example . | - 4,
S We
Lsg — 1m €
" " > P{320 uV < € <325 uV}
_EVLSB EVLSB
FDF Qp(s ”MMV
- ’9 (ﬁ
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péc}= T 1 o
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7 Example

Calculate

> P{320 4V < x <325V}

A b




Gaussian (Normal) Distribution

4 ) 4 9 )
x is normal distributed with f(z) = 1 exp [_ (x — p) ]
zero mean p and variance o2 V2T o 202

- g E{f(z)} = p

E{f*(z)} = p° +0°
E{|f(z) — E{f(z)}|°} = o*
\ J

% — N

N e |
[PN:P{X<O}:%GTfC(\/gO>} E PP:P{X>0}:1—%GI{C(\/§O_>}
File: xsp-Gaussian -
0 pu: 5 x
w—o W+ o
P - [J I :
Y Terfe( —£ v/ 2m exp(p?/o?) " 1 — Zerfe( —£— v 2mexp(p?/o?)
\ &) e ,
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Noise

01



Accuracy and Noise — The Big Picture ”
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Quantization

>

DIGITAL -
OUTPUT L
>
ANALOG
INPUT
q=1LSB
ERROR
INPUT-OUTPUT) 4 1 A4 AN A A
( WNANANAN AL .

A%

W. Kester, Fig 2.37

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

1/VisB

—VsB/2 +VisB/2

1
12

2
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Vise d
JF: D’Z l d{(//
0 —» x 7. V"% [’)@’Xr-b}
| Te W~ f’rl -7
dot A _ J o
_ J %'z, F(%} a({)é,
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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
"""""" b i quantization error x [-Vise/2 < x < +Vse/2]
"""" A
Viss ; ...... [ . . VFSR
/ n-bit conversion: Vi s =
; > 2
0 sampling point )
f A Wiener-Khintchine theorem: in ergodic
p(z) , Vg systems, interchange time & ensemble
1 T o The noise can be calculated with statistics
Viss ' ' ) Vir 2 1/12 ->-10.8 dB
o = n— i
- >VLSB 192 x 922n 22n —> 6 dB/bit
\_ J
g R Parseval theorem: Energy (power) calculated A
. N In time and in frequency is the same
= —\
N o> =NB
>

B = v, (Nyquist) B /

105



Example of FFT Analyzer Noise

Experimental observation . .
Theoretical evaluation

DAC 12 bit resolution, including sign

[t gl

range 10 MVpeak =~ o

Sv, RV HP-3562A Ve = 20 mV V
~%0. (E.Rubiola notebook v.5 p.177) sr=20mV (x10mV) « i £ ..
7 ubiola notebook v.5 p esolution i@m
Vq = str / 212
=4.88 yVv
total noise

02 = (4.88 pV)2 / 12
—2x10-12 V2 (-117 dB)

] quantization noise PSD
o { tr  =-117 dBVZ/Hz withB=1Hz (etc)

Front-end noise, evaluated from the plot

Sy =2x10-1% V2 (-150 dB), at 10-100 kHz
or 45 nV/Hz1/2

use Sv = 4kTR

R =125 kQ)
or R=100 kQQ and F = 1 dB (noise figure)

6
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How to Get Lower fs

G : ———

* Just reduce the clock frequency
* Clean decimation
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Digital Filter and Decimation v

— : N\ : R
Noise, Sampling, and , Vi, Solution:
the Parseval theorem © ~ 12x22m Fast sampling, and filter
() o2 — NB ) ,_ B,
slow sampling o digital filer o = B_nan

after sampling

fast sampling fast sampling

N//

f

» 1
B’ B B B, = §fN
g )L signal BW sampling BW y
- N
. . h(t) X o5
« Convolution with low-pass h(t) <in(2nBT)

s

27 BT

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

 Future: we will use 1128 H(f)

>>127 coefficients ! ’
* Need more bits | I >~

\. 5 B
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The FormulaSNR=6.02n + 1.76 dB '~

P . P= Vgp/ SR Better called SQR
SNR — — Signal to Quantization Ratio
6% = Viga/12R

02

3 Vgp Vpp < VFSR
SNR = )
2 VI%SB «—  Visp = Vrsr/2
Simplified L 10log,y(3/2) = 1.76
SNR = > 227 +— 10l0g,, (2 = 6025 6.02n+ 1.76 dB
2
Full formula 3 V2 6.027n + 1.76
SNR = = 2= Vor
— +201og,, dB

2 Visr VEsr
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Transition Noise

N P(N)

- N
-8 6 4 2 0 2 4 6 8 -8 -6 4 -2 0 +2 +4 +6 +8

Example
* Actual noise includes quantization,
analog noise, and distortion ronoo | AD9208
Data Sheet
002\/ — qu + OZa + 02d 60000 | —Rev.0; 2017

* Random distribution of output N

* Metrology suggests to make 024
negligible because BUS bits are
cheap 0 "Il h"

mmmmmmmmmm

NUMBER OF HITS
I
o
S
S
=

||||||
zzzzzzzzzzzzzzzz
OUTPUT CODE
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Transition Noise

High-Speed Converters

* Analog noise is higher than quantization noise
* Given a voltage V —> random distribution of output N

¢ ThIS correct — V2 = V2analog + V2quant
(don’t spoil the resolution with insufficient no of bits)

) 4 )
Information (bits) Equivalent No of Bits
= Z —Ppi logy (pi) ENoB = lo -1  Visr
; | 21T Vizoy
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Transition Noise

W. Kester, Fig 2.47

@ Effective Input Noise = e

nrms

@ Peak-to-Peak Input Noise = 6.6 h rms

@ Noise-Free Code Resolution = log, Peak-to-Peak Input Rar.lge
Peak-to-Peak Input Noise

2N
= log,
Peak-to-Peak Input Noise (LSBs)

@ "Effective Resolution" = log,

' Peak-to-Peak Input Range
RMS Input Noise

2N
= log,
RMS Input Noise (LSBs)

= Noise-Free Code Resolution + 2.7 bits

W. Kester ed., Analog-Digital Conversion, AD 2004, ISBN 0-916550-27-3
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e AD9652 |

* Specs: Vrsr=2V, ENOB =12 bits, fs=250 MHz
 Calculate oq , noise PSD, SQR.
* What happens if fs is lowered to 100 MHZz?



SINAD, ENOB, SNR -

W. Kester, Fig 2.16

€ SINAD (Signal-to-Noise-and-Distortion Ratio):

® 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 o
Harmonics: This Is not a

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

V
SINAD = —

v Z Viumon + V Z Vi + \/27

Also SQR = Signal to Quantization Ratio

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

A
FULL SCALE (FS)
____________________ s Gl
INPUT SIGNAL LEVEL (CARRIER)
T SFDR (dBFS)
SFDR (dBc)

dB

RIS SRR v WORSTSPUR LEVEL

FREQUENCY —f%‘—

W. Kester, Fig 2.54

2
S{uwulous e pan W ool esk Akwkmﬁ&w ,
%’”A’M’QLU Mmool M/@[%ﬂ&o ool

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



Information (bits)

I=Y —p;log,(p:)

Information

122

J

1 bit (sign only)

50% V>0

50% V<0

—0.510g,(0.5) = 0.5

Y =1

3 bits

FSR —(1/8)log,(1/8) = 3/8
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End of Lecture
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Examples & Exercises

1. Calculate the total power transferred from a resistor
at T =290 Kto 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), butnow T1 =77 K



1. Calculate the total power transferred from a resistor at T2 = 290 K9
cold (T1 = 0 K)

;4~ gl;l L= 1 3g<t0®
M = i%Okﬂll
<(e)= kv W/v%L 1T = <o

po ool - (ET) Jee
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Historical article, highly educational

THERMAL AGITATION OF ELECTRIC CHARGE

IN CONDUCTORS*
By H. NyqQuisTt

ABSTRACT

T'he electromotive force due to thermal agitation 1n 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 ]

were available to the writer and consists of a theoretical d

‘ohnson’s results
leduction of the

electromotive force in question from thermodynamics and

chanics.?

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

statistical me-
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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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Thermal Noise of a Dissipative Device

% ® A T, ®
(1— A%) kT,

S(f) = A°kT; + (1 — A®) kt,

* 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
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End of lecture
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The Rothe Dahlke Model .
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Equivalent Noise Temperature

Thermal noise
hv S(v) = Ny constant for hv < kT

ehv/kT N, = kT

S(v) =

Tt:Tr_I_Ta

% I: output

T’]" file: amp-Te Ta

Ta is the equivalent noise temperature of the amplifier

defined in specified conditions (physical temperature and input resistance)

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

* 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
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Noise Figure

SNR (out)
- . F —
Noise figure SNR (in)

general definition

Ek‘?() 1o =290 K

| | :
! !
/ * output

KT ™ e NF = DT,

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, = kT, = k(T,+1Tp) To =290 K
and RF/pw s e
devices o a; 0 and T, = (F — 1)T,
0

Warning: the noise figure is a radio-engineering concept, can be misleading in optics
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) Flicker Noise
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The End
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