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Cislicové meranie

S meranou veli¢inou sa pracuje ako s ¢islom

Eliminuja sa obmedzenia prace s analégovymi signalmi

* napr. Sum, nizke/vysoké urovne, offset, drift, komplikované
matematické operacie, Ziadna pamat

Vzniknu ale iné obmedzenia stvisiace s diskrétnou formou
signalu - napr. kone¢ny dynamicky rozsah, $irka pasma,
oneskorenie

Vyhody cislicového spracovania ale jednoznacne prevladaja

* MozZnost vyuZitia aj zloZitych algoritmov a zlozitych matematickych
operdacii, filtracia, kalibracia, linearizacia, zdznam dat, dialkové
meranie...

Stcasné meracie systémy su takmer vyhradne digitalne
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Cislicové meranie

« Zakladom je prevod medzi spojitou (analégovou) veli¢inou a

diskrétnou (¢islicovou/digitalnou) velic¢inou

* Funkciu realizuje anal6govo-c¢islicovy prevodnik - Analog to
Digital Converter (ADC) alebo Cislicovo-analégovy prevodnik -

Digital to Analog Converter (DAC)

%{ Filter 4)[ ADC
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ADC 16-bit, 120Msps - :
iy Cislicové spracovanie
O signalu Xilinx ARTIX7
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AD prevod

* Anal6govo ¢islicovy prevod vyjadri hodnotu meranej veli¢iny
ako pomer k hodnote pouZzitej referencie (racionalny nasobok)

1000g

>
(L% ~ 500g

. U ; = — U
%;Fgﬁ‘% 200g merane referenaa
| jﬁf[&l,mmozg
«i¥ &R
\ — JimSOg Umerane n
W 5, 258 N = round(; 2™)
| referencza
kde:

N - ¢&islo z AD prevodnika
n - pocet bitov AD prevodnika




AD prevod - 3 kroky

1. Vzorkovanie

* Diskretizacia signalu v case

2. Kvantovanie

* Diskretizacia signalu v amplitide

3. Koédovanie

* Pridelenie k6du danej trovni

ZENITOY



AD prevod - 3 kroky:

Vstupny analégovy signal
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1. Vzorkovanie

* Prevod signalu
spojitého v ¢ase na
signal diskrétny v
case

X(t)
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t(s)

Interval vzorkovania

NI

\T
o

o

4

x[n]
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Vstupny analégovy signal
spojity v Case a spojity v
hodnote x(t)

Vzorkovacia postupnost
Sr(t)

Navzorkovany signal
diskrétny v case, stale
spojity v hodnote

x[n] = x(nT;) &7(nT) 9



2. Kvantovanie

* Prevod signdlu spojitého v hodnote na signal diskrétny v hodnote
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3. Kédovanie

* Priradenie definovaného kédu kazdej kvantiza¢nej trovni

Kvantizac- Vystupny koéd Vystupny kod kdd
na droveri ,offset binary” ,two’s 111
complement”
110 |
0 000 100 101
1 001 101 100
2 010 110 011
3 011 111 010
4 100 000 001
000 >
5 101 001 cas
6 110 010 111,101, 100, 100, 101
- — - x[n] = 111, 101, 100, 100, 101,

101, 110, 101, 011, 000, 001, 010,

Priklad prevodovej tabul'ky linearneho 011, 011
kodera pre 8 trovni

ZENITOY :



Vzorkovacia frekvencia

« Kontinudlny signal moze byt reprezentovany vzorkami a spétne
zrekonstruovany bez straty informacie, ak bude vzorkovacia
frekvencia f; vy$sia ako dvojndsobok maximélnej frekvencie f,
obsiahnutej v tomto signdle

fs > 2 fn

* Teoria nezavisle postulovana niekol'kymi matematikmi Nyquist,
Shannon, Whittaker, Kotelnikov, Raabe, Someya (circa 1920-1930)
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Vzorkovacia frekvencia - aliasing

 Aliasing nastava ak nie st splnené podmienky vzorkovacej
teorémy. Povodnd informdcia je v navzorkovanom signdle
nenavratne stratena

ALIASED SIGNAL =f; - f,

/ INPUT =1,
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Parametre kvantovania

* Pocet bitov prevodnika n
* RozliSovacia schopnost - Resolution (N)
N = 2"  pre n-bitovy prevodnik
* Vstupny rozsah - Range, Full Scale (FS)
FS = Unax — Unin
* Krok kvantovania - quantum (gq), Least Significant Bit (LSB)

_FS FS
N 2n
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Parametre kvantovania

* Priklad 8-bitovy AD prevodnik s rozsahom +/-5V
* Pocet bitovn =8

* RozliSovacia schopnost - Resolution (N)
N = 2™ = 28 = 256 trovni
* Vstupny rozsah - Range, Full Scale (FS)
FS=U_ .. —U. . =+5 —(=5) =10V
« Krok kvantovania - quantum (g), Least Significant Bit (LSB)
FS FS 10V
"N 2" 256LSB

= 0.0390625 V /LSB
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Kodovanie

Priradenie definovaného kédu kazdej kvantiza¢nej trovni

Viacsinou Offset binary, Two’s complement, Gray kod. Niekedy
BCD kod.

Vystupny forméat: Sériova zbernica (I12C, SPI), paralelna binarna
zbernica, paralelnd DDR zbernica, JESD link

Vystupné arovne: CMOS, LVCMOS, LVDS...

0 e
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A - FUNDAMENTALS OF SAMPLED DATA SYSTEMS
Ko6dovanie

2.1 CODING AND QUANTIZING

BASE 1 OFFSET | TWOS ONES SIGN
NUI\SIIBEOR SCALE 5V FS BINARY COMP. COMP. MAG.
+7 4+FS-1LSB= +7/8FS| +4.375| 1111 | 0111 | 0111 | 0111
+6 +3/4FS| +3.750 | 1110 | 0110 | 0110 | 0110
+5 +5/8 FS| +3.125 | 1101 0101 0101 0101
+4 +1/2 FS| +2.500 | 1100 | 0100 | 0100 | 0100
+3 +3/8 FS| +1.875| 1011 | 0011 | 0011 | 0011
+2 +1/4FS| +1.250 | 1010 | 0010 | 0010 | 0010
+1 +1/8 FS| +0.625| 1001 | 0001 | 0001 | 0001
0 0| 0.000| 1000 | 0000 [*0000 | *1000
—1 —~1/8FS| —0625| 0111 | 1111 | 1110 | 1001
—2 —1/4FS| -1.250 | 0110 | 1110 | 1101 | 1010
-3 ~3/8FS| -1.875| 0101 | 1101 | 1100 | 1011
-4 —1/2FS| -2.500 | 0100 | 1100 | 1011 | 1100
-5 —5/8FS| -3.125| 0011 | 1011 | 1010 | 1101
-6 —3/4FS| -3.750 | 0010 | 1010 | 1001 | 1110
I :_E_S_f_!LS_B_::?/S FS —4.375| 0001 | 1001 | 1000 | 1111 .
-8 s| [-5.000/| 0000/ [[1000
‘\\/‘/V/' ONES SIGN
COMP. MAG.
NOT NORMALLY USED % Bl 0000 0000

IN COMPUTATIONS (SEE TEXT) 0-| 1111 | 1000

 EEINL N Figure 2.9: Bipolar Codes, 4-bit Converter



Cas prevodu - Acquisition time - ¢as potrebny na uskutoénenie jedného prevodu

CS/CONV | | < taca

L

NOT NEEDED FOR LTC1863

SCK I\ |1| |2| |3| |4| |5| IBI |7| IBI |9| |10| |11| |12| |13| |14| I15| 16} DON'T CARE

AN

SDI DON'T CARE KSD X 08 XX 51 XS0 XCOMXUNDXKSLP DON'T CARE

~——tcony —>=
SDO MSB = D11 )4D10X D9 )X D8 X D7 )X D6 X D5 )X D4 X D3 )X D2 X D1 X D0

S

(LTC1863) iz

~—TIgony —>

SD0

_ MsB = D15p14Xp13Xp12XD11Xp19X D9 X 08 X D7 X D6 X D5 X D4 X D3 X D2 X D1 X D0}

NY

1

—1
(LTC1867) " hi-z

Figure 7. Example 2, CS/CONV Starts a Conversion With Short Active HIGH Pulse.
With CS/CONV Returning LOW Before the Conversion, the ADC Remains Powered Up

Oneskorenie tidajov - Pipeline Delay - oneskorenie v jednotkach cyklov prevodu
medzi zosnimanim vzorky a kédom na vystupe

N+15

VIN

-
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1867 FO7



Dynamické vlastnosti AD prevodnika

* Maximalny pomer signal/Sum pre idealny ADC:

SNR(dB) = 6,02.1n + 1.76

Pocet bitov AD | Pocet rozliSova- Dynamicky
prevodnika nych arovni rozsah (dB)

4 16 28.8
6 64 37.8
8 256 49.9
10 1024 61.9
12 4 096 74.0
16 65 536 98.0
20 1048 576 122.2
24 16 777 216 146.2
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Realne limity AD prevodu

Converter Performance (ENOB)
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Beev Nikolai et.al.: Design and Metrological Characterization of a Digitizer for the Highest
Precision Magnet Powering in the High Luminosity Large Hadron Collider

Valuch Daniel et.al.: New generation of very low noise beam position measurement system for the
LHC transverse feedback

ZENIT(Q

Jerry Horn: Practical Limits of Analog-to-Digital Conversion



Realne limity AD prevodu

Dalsie ¢itanie napr.:
Boris Murmann, Department of Electrical Engineering, Stanford University
Energy Limits in A/D Converters

prezentacia (2012)
https://indico.cern.ch/event/191624 /attachments/273635/382982 / murmann20120525cern.pdf

Clanok z IEEE (2013) https:/ /ieeexplore.ieee.org/document /6577781

Jerry Horn: Practical Limits of Analog-to-Digital Conversion
http:// www.hit.bme.hu/~papay/edu/DSP/adc2000.htm

Beev Nikolai et.al.: Design and Metrological Characterization of a Digitizer for the Highest Precision

Magnet Powering in the High Luminosity Large Hadron Collider

https://cds.cern.ch/record /2893058 /files/Design and Metrological Characterization of a Digitizer
for the Highest Precision Magnet Powering in the High Luminosity Large Hadron Collider.pdf

HPM7177 digitizer, open hardware
https: // ohwr.org/project/opt-adc-10k-32b-1cha

Valuch Daniel et.al.: New generation of very low noise beam position measurement system for the
LHC transverse feedback
https:/ /iopscience.iop.org/article/10.1088 /1742-6596/2420/1 /012073



http://www.hit.bme.hu/~papay/edu/DSP/adc2000.htm
https://indico.cern.ch/event/191624/attachments/273635/382982/murmann20120525cern.pdf
https://ieeexplore.ieee.org/document/6577781
https://cds.cern.ch/record/2893058/files/Design_and_Metrological_Characterization_of_a_Digitizer_for_the_Highest_Precision_Magnet_Powering_in_the_High_Luminosity_Large_Hadron_Collider.pdf
https://cds.cern.ch/record/2893058/files/Design_and_Metrological_Characterization_of_a_Digitizer_for_the_Highest_Precision_Magnet_Powering_in_the_High_Luminosity_Large_Hadron_Collider.pdf
https://ohwr.org/project/opt-adc-10k-32b-1cha
https://iopscience.iop.org/article/10.1088/1742-6596/2420/1/012073

SINAD (dB) / Effective number of bits

Realne limity AD prevodu

1178 typov AD prevodnikov z portfélia Analog Devices, september 2022
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Pripojenie vstupného signalu k ADC

* Nevhodné, alebo nespravne pripojenie analégového signalu ku
vstupu ADC moze tplne znehodnotit meranie

* Dva principiadlne spdsoby pripojenia:

* Single ended
* Differential
* (Pseudo-differential)

o z EN i Tob 41. rocnik stataze ZENIT v elektronike
O - ‘, Kysucké Nové Mesto, 17. - 20. marec 2025
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Pripojenie vstupného signalu k ADC

* Single-ended pripojenie: AD prevodnik meria rozdiel napétia
medzi vstupom a GND terminalom

* Jednoduché, citlivé na spravne pripojenie signalov

* Meranie s niz§imi narokmi na presnost’ a odolnost voci ruSeniu

_L _L 2.7TO 5.5V
E

0.1uF 10uF
V —_
. CLOSETO / ot [

CHIP SCK 3-WIRE SP!I
—W\—e Vi 624501 | SWIRE SP
1 SD0
SENSE 0.1uF )
L i - GN D 24501 TAO1

41. rocnik stutaze ZENIT v elektronike
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Pripojenie vstupného signalu k ADC

* Differential pripojenie: AD prevodnik meria rozdiel napéitia
medzi IN+ a IN- vstupmi

 Zlozitejsie, ale poskytuje mnozstvo vyhod

* Presné merania, vysoka odolnost voci ruseniu

I _tZ.?VTO 5.5V
AuF 10uF
—=— ==
REF| Vee = =
CS
SCK 3-WIRE SPI
LTC2452 DO INTERFACE

GND_L

= 2452 TAD1a

41. rocnik stutaze ZENIT v elektronike
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Pripojenie vstupného signalu k ADC

* ADC s prepinanim vstupov: jeden AD prevodnik, ale r6zne
moznosti pripojenia

* Naraz moOze prebiehat meranie len jedného vstupu!

Examples of Multiplexer Options

4 Differential 8 Single-Ended
CHO — LTC1863TCT867 (0. vy, i =
CH1 =2 12 GND + (o —]ore B
CH2 3 14 SDI - it —]onn +——] CH4
) e} + —— CH5
CH3 —— ANALOG |-/4 1216-BIT ) f sepia 118 spo ] i -
cHa — NPUT I 500 | | PORT = sk vy
CH5 — MUX , 11 55/c0NV IngELIS
CH6 — VREE _— - . .
cH7ICOM = INTERNAL Tt ot
= N R
9 o o
REFCOMP B i + —]cma
18637 BD M I : g:g
+ =—— CH7/COM
I CH7/COM (=) i GND (=)

0 z EN i Tob 41. rocnik sataze ZENIT v elektronike 2%
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Pripojenie vstupného signalu k ADC

* Viackanalovy ADC: viac AD prevodnikov na jednom ¢ipe

» Konverzia kazdého vstupu prebieha stibezne (paralelne)

CH1
ANALOG
INPUT

CH2
ANALOG
INPUT

ENCODE
INPUT

1.8V 1.8V
|VDD OVpp
\
( 16-BIT | « o
ADC CORE[ * ouTtB
OUT1C
OUT1D
( 16 BIT |\ DATA OUT2A , E&ggALIZED
ADC CORE SERIALIZER OUT2B OUTPUTS
0UT2C
0UT2D
PLL DATA CLOCK OUT
FRAME )
_|anp _|OGND

"= 219543 TAD1a

41. rocnik stutaze ZENIT v elektronike
Kysucké Nové Mesto, 17. - 20. marec 2025
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Pripojenie vstupného signalu k ADC

* Pre prevodniky so single-ended vstupmi je vstupny rozsah
typicky unipolarny

+V iy

kodd 2"-1 (max V
(max) CLOSE TO ot

CHIP
vV LTC2450-1

4 IN
VINl 0.1 ul\ —

kéd O (min) -

+Vinmax -

GND

0 z EN i T< sb 41. rocnik sutaze ZENIT v elektronike -
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Pripojenie vstupného signalu k ADC

* Pre prevodniky s diferencialnymi vstupmi je vstupny rozsah
typicky bipolarny

k6d 2771 (max a1 | kod 2011 (maxg
| = IN
ReF| vego| <
IN* _

- Vey - IN- .

LTC2452 -
Vé _ n-1 . GND - ""I;'é'a"_--z-r-]:i --r-T-]-i-r-] .........
GND kod -2™1 (min) -L N (min)

2452 T}

0 z EN i T< sb 41. rocnik sutaze ZENIT v elektronike -
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Obvody pre zosilnenie signalu a posun
nuly

The circuit of Figure 6.10A operates VIN Vout = (1 + Rz)vin— E Vref
in the non-inverting mode, and uses PN R1 R1
a low impedance reference voltage, R2
VREF, to offset the output. @ NOISE GAIN =1+ R1
VREF, an_ L A
The circuit in Fi 6.10B a ¥
e circuit in Figure 6. operates
in the inverting mode, and the ViN I\é\é\/ Vout - E Vin— & ref
signal gain is independent of the :/\/\é/\fy R1 R3
offset. The disadvantage of this VREF O o R2
circuit is that the addition of R3 . NOISE GAIN =1+ R1IIR3
increases the noise gain, and hence R3 |
the sensitivity to the op amp input
offset voltage and noise. A
VIN
The circuit in Figure 6.10C also o—AA\— u Vout = - % Vint (ﬁ} (1 + %}Vref
operates in the inverting mode, and R1 S R2 +
the offset voltage VREEF is applied to _
the non-inverting input without VREF NOISE GAIN =1+ R1
noise gain penalty. This circuit is O—AMA—2 AN
also attractive for single-supply R3 R4 %7

applications (VREF > 0).

https://www.analog.com/media/en/training-seminars/ design-
handbooks/Data-Conversion-Handbook/Chapter6.pdf
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Zdroje referencného napitia

* Anal6govo ¢islicovy prevod vyjadri hodnotu meranej veli¢iny
ako pomer k hodnote pouZzitej referencie

« Kvalita referencie priamo ovplyviiuje kvalitu merania

N
Umerané on Ure ferencia

N = round(UU"w”“"é 2™)

referencia
kde:

N - ¢islo z AD prevodnika
n - pocet bitov AD prevodnika

41. rocnik sutaze ZENIT v elektronike
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Zdroje referencného napitia

« Kvalita zdroja referenéného napétia Urgr priamo ovplyviuje
kvalitu merania.

e Priklad:

 Absoltatna hodnota referen¢ného napatia UREF (3,300 V £0.02%)
Stabilita hodnoty Uggr s teplotou (2 ppm/°C)
Stabilita hodnoty Uggr s casom (50 ppm after 5000 hours)

Stabilita hodnoty Uggr s napajacim napétim (1 ppm/V)
Stabilita hodnoty Uggr so zatazou (10 ppm/mA)
Sum (2,1 mV,_,)

o z EN i Tob 41. rocnik sttaze ZENIT v elektronike 3
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Zdroje referencného napitia

* Typy referencii:

» Sériové - Series - “stabilizator napatia”

* Sériové s nizkym ubytkom napétia - Low dropout series

* Obycajne vyssi vystupny prad (1 mA ... 10 mA)

(VouT + 0.3V) < V) < 20V
T LT1461 Vour
Cin —T— CL
LW 1 T aF

1461 TAO1

* Umoznuja priamo napajat niektoré AD prevodniky, ktoré

pouzivaju Vcc ako UREF

&

+2,500

Vv

RS
=

T
—

0.1uF

v
CLOSE TO e

1k CHIP
vy LTC2450-1

0.1uF

2]

ND

10uF

ZENITOY

= T

=

REFERENCIA

—e +3,3 -5V

3-WIRE SPI
INTERFACE

33



Zdroje referencného napitia

* Typy referencii:

e Paralelné - Shunt - “di6éda”

» Typicky nizka pradova zatazitelnost, nutné pouZit v spojeni s
presnym OZ

5V T0 35V
3.6k
OUTPUT
10k*
LT1009 TRIM
*DOES NOT AFFECT

TEMPERATURE COEFFICIENT.
+5% TRIM RANGE
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Zdroje referencného napitia

* Hodnoty napati1,25-1,8-2,048-25-3,3-4,096-5-10V
* Initial accuracy 0,02% ... 5%

* Tempco 0,05 ... 170 ppm/°C

* Cena 0.285% ... 200%

* V sti¢asnosti najstabilnejsia komercne dostupna referencia je
“oven compensated buried zener reference” LTZ100A (resp.
nastupca ADR1000), so stabilitou 0,05 ppm/°C a 0,2 ppm/rok.

* Pouziva sa vo vsetkych meracich pristrojoch metrologicke;
kvality. Lepsie st uz len kvantové supravodivé etalony

(Josephson junction), ktoré realizuju priamo definiciu SI jednotky
Volt.
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Komunikac¢né zbernice ADC

Navzorkované data z prevodnika je nutné preniest
“spotrebitel ovi”

» Mikrokontrolér, programovatelné logické pole...

Prenos dat

* Jeden datovy bod typ. 8...32 bitov
* PrileZitostny prenos
e ...10° prenosov za sekundu

Vyber kandla pred meranim u viackanalového prevodnika

Stovky parametrov a nastaveni v konfiguracnej pamaéti u
zlozitych AD prevodnikov

o z EN i Tob 41. rocnik sttaze ZENIT v elektronike
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Komunikac¢né zbernice ADC

Malé a pomalé prevodniky (< kSps): [2C

Stredne rychle prevodniky (<4 MSps): Sériova SPI zbernica

Rychle prevodniky (100 Msps): Paralelna CMOS, LVDS zbernica

Rychle prevodniky (100-vky Msps): Paralelna DDR zbernica

Rychle prevodniky (100-vky Msps): Seriova LVDS zbernica

Ultra rychle prevodniky (Gsps): Sériova JESD204 zbernica
(multiple lanes, 12.5 Gbps)
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Spracovanie signalov z prevodnika

Oprava statickych chyb prevodnika - kompenzécia chyby nuly a
chyby zosilnenia

Jednoduché operacie - stredna hodnota, RMS hodnota

Filtrovanie

ZlozitejSie operacie (sin, cos, log, sqrt)

o z EN i Tob 41. rocnik stataze ZENIT v elektronike
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Datove typy

* Integer celé ¢islo

* byte 8 bitov, rozsah -128...+127, 0...255
word, short 16 bitov, rozsah -32768...+32767, 0...65535

doubleword, long 32 bitov, rozsah —2 147 483 648 to 2 147 483 647,
0...4 294 967 295

quadword, longlong 64 bitov, rozsah —2%...+29-1, 0...+2%-1

_

Signed Znamienko
Unsigned 7 6 5 4 3 2 1 0

* Obmedzeny dynamicky rozsah

* Matematické operécie zachovavaju presnost

0 z EN I T< sb 41. rocnik sutaze ZENIT v elektronike 29
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Datove typy

* Float pohybliva radova ciarka

* Single precision, 32 bitov, ~7,2 desiatkovych ¢islic, rozsah +3.40%10%

* Double precision, 64 bitov, ~15,9 desiatkovych ¢islic, rozsah
+1.8%x1(0308

sign exponent (8 bits) fraction (23 bits)
| | I |

oloja|1|1[1[21|0|0]of1|0|0|0O|0|0O|O|O|O|O|O|O|O|O|O|OfO|O|O|O|O[O|] = 0.15625
31 30 23 22 (bit index)

Qe

* Obrovsky dynamicky rozsah (38 / 308 radov)
* Ale obmedzena presnost (7,2 / 15,9 desiatkovych ¢islic)

* Matematické operécie nezachovavaju presnost

0 v 2 °'\ Obrazok: By Fresheneesz at the English Wikipedia project, CC BY-SA 3.0,
: L:N 1 _|D<‘> https:/ /commons.wikimedia.org/w/index.php?curid=3357169 40



Jednoduché operacie

 Sucet dvoch n-bitovych ¢isiel v integer

A (8 bitov) + B (8 bitov) = C (8+1 bitov)
* Pribudne jeden bit - carry, prenos do vyssieho radu

« Zachovéava presnost

« Kol'ko bitov pribudne ak budeme s¢itat 1024 rovnakych vzoriek?

0 z EN i Tob 41. rocnik sataze ZENIT v elektronike
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Jednoduché operacie

* Néasobenie dvoch n-bitovych c¢isiel v integer
unsigned A (8 bitov) x B (8 bitov) = C (16 bitov)
signed A (7+1 bitov) x B (7+1 bitov) = C (14+2 bitov)

* Vysledok ma dvojnasobny pocet bitov

« Zachovéava presnost

——alc -Ob 41. rocnik sutaze ZENIT v elektronike
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Jednoduché operacie

Stcet dvoch cCisiel vo float

A (32-bitov) + B (32 bitov) = C (32 bitov)

Nasobenie dvoch ¢&isiel vo float

A (32-bitov) x B (32 bitov) = C (32 bitov)

Vysledok ma rovnaky pocet bitov

Straca sa presnost, ale ziskame flexibilitu, vysledok moze byt vo
velkom rozsahu radov

Umoznuje koncept nekonec¢na a NaN (napr. delenie nulou)

——alc -OB 41. rocnik sutaze ZENIT v elektronike
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Jednoduchy priemer

* Vstupné data z prevodnika x[1], x[2], ... x|n]
* Vypocet z N bodov

* V akumulatore sa zbiera suma a raz za N peridd sa vypocita
priemer

+ Nepotrebuje pamat
- Vysledok len raz za N period

- Pozor pri implementacii vo float!

(x) =%(x[1] + x[2]+...+x[N]) = lz x[i]

o z EN i Tob 41. rocnik stataze ZENIT v elektronike
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Klzajtci priemer

* Vstupné data z prevodnika x[1], x[2], ... x|n]
* Vypocet z N bodov

 V FIFO registri sa uklada N vzoriek. Priemer sa pocita kazdua
vzorku, zo vSetkych vzoriek

+ Vysledok kazdua vzorku
- Potrebuje pamait, vypoc¢tovo narocnejsie

- Pozor pri implementacii vo float!

(x) = l(x[k+01+x[k+1]+ +x[k + N %Z

O w— -o 41. rocnik sutaze ZENIT v elektronike
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Exponencialne tlmeny priemer

* Rekurzivny algoritmus (IIR), vdha historickych vzoriek sa
exponencialne zniZuje

* Pouzitie najméd na vyhladzovanie, nie presné vypocty
+ Vysledok kazdua vzorku
+ Nepotrebuje pamat

- Nie je to presny priemer

s[0] = x[0]

sin] =ax[n]+ (1 —a) s[n — 1] 0<a<l1
B AT

tTT In(1l—a)
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Efektivna hodnota

« Anal6govy vypocet vel mi komplikovany. Cislicovd metéda je
vyrazne presnejsia

* Nie je potrebna pamat

RMS = %(x[1]2+x[2]2+ ..+ x[N]?) = —ZX[i]2

0 z EN i T< sb 41. rocnik sutaze ZENIT v elektronike .
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Efektivna hodnota

* Pre spravny vypocet je nutny celociselny pocet vzoriek na
periodu signalu. Probém sa da ciastocne vyrieSit vysokym
poctom vzoriek na peridédu

Synchronne vzorkovanie, fsignal = 0.25 Hz, fsampling = 1.67 Hz

1.0 4

0.5 A

0.0

Amplitude [-]

—0.5 1

—1.0 4

T T T T T T T T
0 2 4 6 8 10 12 14
Time [s]

Asynchronne vzorkovanie, fsignal = 0.25 Hz, fsampling = 13.67 Hz

Amplitude [-]
o
o

T T T T T T T T
0 2 4 6 8 10 12 14
Time [s]
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Ako sa cislicovo filtruje?

e Skokova odozva filtra

Step Filter step response
1.00 - [ EEEEX 1.00 1 ........ooooooooooooooooooooooooooo
L ]
..
0.75 - 0.75 1 _
L]
—_— — L]
éD_SO— <. 0.50 ..
_ 3
0.25 - 0.25 .
o
0001e & & o o @ 0.00 - f. . .
5 0 5 0 10 20 30
Sample

40 50
Sample

* Impulzna odozva filtra

Impulse

1e6 Filter impulse response

1.00 B o®e
®
0.751 2 . .
®
£ 050 = ° ’.
) ;..‘1
.o
0.25 - .
o...
0001e & & & @ e o 0 000 0- ® ....looooooooooooooooooooooooo
-5 0 5 0 10 20
Sample

30 40 50

Sample
O===Al:"" ) 41. rocnik sttaze ZENIT v elektronike
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Ako sa cislicovo filtruje?

* Filter s kone¢nou impulznou odozvou (Finite Impulse Response)

 Lahko sa implementuje, z principu stabilny, mélo citlivy na
numerické chyby

* Vhodny pre nenarocné aplikacie (nizka strmost)

y[n] = x[n]by + x[n — 1]b; + x[n — 2]b, + -+ + x|n — N]by

X[n] Z_l Z_l ............ > Z—l

_l
b b, 2 V’

O w— -o 41. rocnik sutaze ZENIT v elektronike
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Ako sa cislicovo filtruje?

Filter s nekone¢nou impulznou odozvou (Infinite Impulse

Response) b
10

%x(k) » ikl

Tazko sa implementuje v
integer aritmetike

Z principu nestabilny,
velmi citlivy na numerické
chyby a inicializaciu

Dokéaze zrealizovat , :
I'ubovolny polyném Y Y
(funkciu)
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Filtrovanie, priklad FIR filtrov

Low pass FIRfilter

0?,
0.08 1 ° .
L ] [ ]
0.06 1 ) )
& ]
= 0.04 ° °
[ ] L ]
0.02 o ™
L ] L ]
® [
0001 gee® ®eoog
0 5 10 15 20 25 30
Sample
Bandpass FIR filter
®
[ ] L ]
0.05 1 ..-. .'o.
°® . o o . ®*
z 000
0 9 L ]
L L
~0.05 - S <
L ] [ ]
L ] ° ° @
0 5 10 15 20 25 30

Highpass FIR filter

o080 OSogy
. Ooooo.i..... ...'.itooooo

0 5 10 15 20 25 30
Sample

Bandstop FIR filter

o

{1 o000 000000 03g9g g0 000 0SPR0eRed

0 5 10 15 20 25 30
Sample




Filtrovanie, priklad dolna priepust

Low pass FIRfilter, 31 taps

1.0 -

0.8 -

0.6 -

0.4 4

b[n]

—— f-=2%fs
—o— f=4%f;
—o— f=8%f;s
—o— [ =20% f;s
—o— [ =40% f
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ZlozitejSie operacie (sin, cos, log, sqrt)

* Procesory, mikrokontroléry, FPGA nativne podporuja scitanie,
odc¢itanie, ndsobenie, delenie. V pevnej aj pohyblivej radove;j
Ciarke

 ZlozitejSie operacie ako sin, cos, log, sqrt je nutné implementovat
len pomocou zakladnych operacii

* Obycajne iteracné algoritmy typu CORDIC, vyhladavacie
tabulky a pod.

« Vypocet trva vyrazne dlhsie ako +-*/

——al= b 41. rocnik sataze ZENIT v elektronike
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Dakujem za pozornost
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