Measurement and data processing
in material science
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Experimental data acquisition and
processing |

oduction

* Physical experiment and its automation
* Computer controlled experiment

* Physical quantities and their conversion
* Sensors and transducers



Precision

Measurements in physics
Precision and accuracy

(presnost)

= agreement among
repetitive measurements
(scatter), reproducibility

Accuracy

(spravnost)

= measure of statistical
bias (systematic errors)

Instrument precision limit: % the smallest division (analog) or one least significant digit (digital)

Random variations
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“It’s better to be roughly right than precisely wrong”

— Allan Greenspan, U.S. Federal Reserve Chairman (retired)

- data scattered around a mean value (statistical deviations from a normalized value)

- caused by slight changes in pressure, room temperature, supply voltage, friction or pulling

force over a distance, etc.

Human interpretation is also a source of random or systematic error (e.g. instrument scale

reading)




Model of physical experiment

General relation between physical quantity (measurand)
and measured value

Experimental data — usually of an indirect character
=> conversion needed

Y =M-X

Y ... experimentally obtained data
X ... functions describing investigated object
M ... operator (method determined) = calibration curve



Model of physical experiment

Determination of dependence of y on x at given conditions (for a

given parameter ) (e.g., dependence of current through sample
on voltage at given temperature)

Usually repeated measurements for discrete sets of x,a;
& determination of mean value and error estimate

x, aregulated or implicitly time-dependent x(t), a(t)
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Automated data acquirement

e Manually set x, & resp. x(t), a(t)

e Automatic data recording aft), y(t)
e Processing and evaluation — typically after the experiment

Acquirement
system
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Experiment | . system
y=y(t)

Recording
system
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| xaX(t)

Automated = advantage of
record. rate and accuracy



Computer controlled experiment

e Automatically set x, & resp. x(t), a(t)

— pre-programmed - automated measurement
— aimed to stabilize or control y or ¢ - regulation

e Automatic data recording x(t), a(t), y(t)
e Processing and evaluation - typically during the experiment
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Basic scheme of data acquirement
and experiment control

Akcni Cleny

Uprava signalG

Sbér dat, rizeni Pocitac
Actuat V4 o 4
Cuaors vystupd (zdznam dat)
Transducers Signal Conditioning Data Acquisition Device Personal Computer (data recording)

Physical
Phenomena

Fyzikalni
veliiny




Physical quantities
Basic classification

e Electrical e Non-electrical
— voltage — temperature
— current —  mass
- resistance, conductivity, — position, velocity, acceleration

inductance, capacitance

— pressure, humidity
— frequency, phase

. Expressed by time- — illumination
— period, duty cycle dependent value of L
— impulses, events an electrical quantity magnetic field
_ — chemical composition
e Continuous or discrete 1 J7
(in value and/or time) J /\/\ fj . =
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continuous values
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SI1 BASE UNITS

Physical quantities

Units

Derived units

| without special SI1 DERIVED UNITS WITH SPECIAL NAMES AND SYMBOLS
names Solid lines indicate multiplication, broken lines indicate division
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Conversion between electrical and
non-electrical quantities

Transducer (in general)
= device that converts energy (or a signal in the form of energy) from
one form to another

o Actuators (Action devices)  * Sensors (“Transducers”)

information = action signal = information

~ heating element — thermocouple, thermistor

— light source - photodiode

_ valve — flow meter, pressure gauge
— position and motion sensor,

- motor tensometer, accelerometer

- elmg. coll — Hall probe

— pneumatic device — humidity sensor

— hydraulics — particle detector
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Classification of transducers

Active (,,self generating*) — intrinsic source of electromotive force

— electromagnetic, thermoelectric, photoelectric (photovoltaic), piezoelectric, Hall
effect, electrochemical, ...

Passive — require an external power source to operate (excitation signal)

— based on dependence of an electric property of sensor on measured quantity:
magnetoresistivity, el. resistance on temperature (thermistor), inductance or
capacity on core position, resistance on position or angle (potentiometer type), ...

Feedback (passive) transducer — feedback loop establishes equilibrium
between input (measured) signal and output (exciting) electric signal

— temperature controller, flow contr., automatic leak valve, STM tip controller, ...

According to transduction principle: resistive, capacitive, inductive,
piezoelectric, photovoltaic, photoconductive, ...

Analog (continuous output) vs. Digital (digital output, pulses, ...)

Inverse transducer - converts electrical quantity to non-electrical
— piezoelectric crystal, loudspeaker, ...



Characteristics of transducers

Accuracy - accordance with true value of measured quantity
Ruggedness — tolerance to overloads, overload protection
Repeatability — equal response to equal input (under identical conditions)

Stability and reliability — minimized measurement error, unaffected by
environmental conditions

Linearity - linear proportionality of output and input

Output strength — reasonably high to be processed and measured
Sensitivity — output change per unit change in measured parameter
Noise level — noise-to-signal ratio minimized

Dynamic range — operating range of measurement conditions

Speed of response — rapidity of device response to parameter change

Size — compactness (and form-factor) of the system; can be related to
other properties (response, sensitivity, noise, ruggedness, stability, ...)



Continuous vs. discrete world

. Digital Data Acquisition System (DAQ, DAS)
Digital computer =>

discrete information Physical Transducer Signal Anslog - Digléal Simie

System Sensor Condltlomng Converter
!

8 Bit Code

Concerns both sensors

and actuators /\/\ fw /\/\ %

Physl('al Slgnal Noisy Electrical Signal Conditioned Signal =y
,unh,w.ﬂllh,q
Digit:;li;é(i ‘Signal
Analog signals Digital signals
 Direct - conversion A/D and D/A e Direct acquirement/control
— voltage (current) — digital inputs/outputs (logical
* Indirect - conversion to time-based signals)
quantity or voltage (current) — time-based - frequency, period,
— typ. for other electrical quantities: pulse duration, duty cycle, phase

* resistivity/conductance,
capacitance, inductance, ...



Transducer examples - overview

Capacitive transduction ~ Electromagnetic transduction  Photovoltaic transduction

PR
ooooo
.......

-
-----

...... _}AE

Light 2

Inductive transduction AV

-——I:WYYY]_

JaL . :
Photoconductive transduction
. . . Light == o }AR
Piezoelectric transduction ~—-\~: —

bor

or

} aa AV
AV

(a) Compression (b) Bending



Active transducer example
Thermocouple

e Direct energy conversion
— thermoelectric potential

Sensitivity 7 — 50 uVv/°C

=> digital resolution

U, = U, (T,.¢)+ U, (T) — U (T,.f) /voltmeterrange
1110 Y = 244 pV/bit
(2 7. 100
amplification or
1t stage amplifier
Ul | known value _ _
ﬁft:old Junction bit resolution
‘ T
< ViiEas LJO Thermocouple

U3 Tref

Signal Conditioner

Signal Connector

= Signal conditioning:

- offset compensation
- amplification

- linearization

- averaging



Passive transducer example
Pressure gauge

Bourdon tube gauge

o Bourdon
Output tube
voltage

o—

Fixed
end

\ \ Pressure |

| |

secondary transducer  primary transducer

Baratron (capacitive pressure transducer)

Deflected diaphragm
Diaphragm
static
positior\ Insulating material
Rear cavity
FSasie Fixed plate

Dielectric material




Passive transducer examples

Position (angle) transducer Wire thermo-anemometer

potentiometer - linear or rotational
flow velocity = heat loss on probe

wiper position = resistance =2 voltage - probe temperature => resistivity
- output voltage

S 3
S |1 Ut Wheatstone bridge

. a1

s

Digital version: incremental optical encoder

Disk

/

termoanemometru

Conditioning
electronics

Light
source

p (e

Sensor

—Ml=

or... absolute-encoder disc pattern



Passive transducer examples

Resistance thermometer (RTD)

e small resistance (typ. 100 Q) Typical setup:

o small sensitivity (~0.4 Qf°C) ﬁfs%D y
~RTD mid range

Resistance

2-wire configuration lement
— simplest but most inaccurate — mainly due to R ©
voltage drop on measuring leads “T§ it

A
Bridge Output

— direct measurement or via bridge

o . . Resistance
3-wire configuration Tment " ;
pO

— suitable for bridges (Wheatstone)
— lead resistances cancelled out if the same in each arm L"“"” Resistance / /sw
Hndge{:umut
short leads ., Rpmyv>>Rer
4-wire configuration — ol
— better - lead resistances eliminated + . |
— possible thermoelectric potentials can be cancelled out by ié PT100 ESEEZ:; DVM

averaging with measurement at reverted current )
T< v,




e 3-wire configuration with
Wheatstone bridge
—adjoining arms R, R,
compensate resistances of leads

e Tensometer (strain sensor)

Bridge configurations
RTDs, tensometers, ...

resistivity dependent on mechanic strain/stress

(> higher sensitivity) LDH) ; J@HWJWJL

bridge connection — complete or half bridge ]

can also be used as converter of other force

::::::::

sources — acceleration, pressure, vibrations, ... SiEe oL

i0:0

types of strain sensors

half bridge configuration

(/) lE , RE=Ros+AR
% — |
7 R&=Res-AR




Set point

general arrangement of the process control loop

Feedback transducer example

Comparator

Error

Wire thermo-anemometer

Controller

Control

element

Process

= Parameter

Measurement
of parameter

P

Feedback maintains the bridge balanced - stabilization of probe

resistivity (hence temperature)

(output voltage)? ~ heat loss on probe ~ flow velocity

—
quantity measured indirectly

via control variable



Other examples

LVDT
(Linear Variable Differential Transformer)

e measurement of linear displacement -
different induction in secondary windings

e null position: U;-U,=0

e good linearity, high sensitivity, wide range
e no amplifier necessary

e |ow hysteresis

Qutput C
@ Signal
U; @D U,
Cd—e) Core )——(
Secondary Primary Secondary
Coil Assembly

Current loop sensor

* Sensor with internal converter to
current loop 0-20 or 4-20 mA

» often electrically insulated

o— lIS Current-Output
4 Device
Vimeas = |5R§ i EIT:
O—

20

v



Srovnani vybranych cidel

Cidlo

Elektrické vlastnosti

Pozadavky na apravu signalu

termoclanek

Malé vystupni napéti, nizka citlivost,
nelinedrni vystup

Referen¢ni teplotni ¢idlo pro kompenzaci studeného
konce, velké zesileni, linearizace

odporovy teplomér

Maly odpor (typ. 100 Q), nizka citlivost,
nelinedrni vystup

Proudové buzeni, 3-, 4-dratové zapojeni, linearizace

integrované teplotni
c¢idlo

Vysokourovriovy vystup (~V), linearita

Zdroj napajeni, malé zesileni

tenzometr

Maly odpor, nizka citlivost, nelinedrni vystup

Napét'ové n. proudové buzeni, vysoké zesileni, mlstkové

zapojeni, linearizace, kalibrace bo¢nik

cidlo s proudovym
vystupem

Proudova smycka (4 - 20 mA typ.)

PFesny rezistor

termistor

Odporové ¢idlo, vysoky odpor a citlivost,
velmi nelinedrni

Napét'ové n. prodové buzeni s referenénim rezistorem,
linearizace

aktivni akcelerometr

Vysokourovriovy vystup (~V), linearita

Zdroj napajeni, malé zesileni

kapacitni manometr Kapacita zavisla na tlaku (malé hodnoty) Buzeni stridavym proudem, mistkové zapojeni nebo
oscilator
LVDT Stridavé napéti Buzeni stfidavym proudem, demodulace, linearizace




Operational amplifiers

Equivalent circuit of ideal op. amp.

Basics

Differential Amplifier

! = Amplifies difference between inputs

+ unlimited bandwidth

Typical real op. amp.:
A, ~ 105106
R, ~ MQ (FET: ~ 1012Q))
R, ~ 10Q
logmaxy ~ 10-100 mA
i Voo
Vv
o+ 4
o—p 1 _
I V °

Appendix

v,
0

+—0 (comparator)
0: |
',
Non-inverting amplifier Inverting amplifier
V,
N 3 \ _ Virtual ground Ry
- \ _ —
/ A (V=v,) \
I
R1 RZ V.
V- —_ V+ PO
! VU [2 +
Feedback loop v
(negative)
R, ! X
—
o oo “virtual ground circuit” ~
T &
G-Yo _Ri+tR; c_Yo__Ri
Vi Ro Vi R>



Appendix

Operational amplifiers
Examples of special OA circuits

Unity-gain buffer amplifier Current to voltage converter  Differential amplifier (or subtractor)
(voltage follower) R 3
v, — 1 —
o—\ «
A V. / ° L, T i Vv
V_,_ p—0 A p———0
Vi IV; >— T v +
. R,
O ® Te) : V] Rl V:!i
° L~ =
Special case of the non-inverting OA ° ) —l— °
R0, [ V, =—I:R Vo =M —Vz)&
G:1 (0} | RZ
Inverting summing amplifier —é—
-~

R
Vo =—(V1 +V2)Rl
2




Appendix

Operational amplifiers
Examples of special OA circuits

Integrating op. amplifier Differentiating op. amplifier
C R
| W
R C
4 o—\NV\—-——> L, Vo— ——
n + Vout in® >_“%ut
1 (¢ dv.
Vout = _E-IO Vindt + Vinit Voutr = —RC d;n

Used in PID controllers Used as high-pass filter



Appendix

PID controllers

Basics

PID controller
= A closed-loop (feedback) control system, generally with Single Input-Single Output (SISO)

Y

P Ke)

Signal being fed back is:
* Proportional to the error signal (P)

: . r(t) e(t) | Plant / | V(¥
* Proportional to integral of the e.s. (1) » > 1 Kfe(rir Process [T >
* Proportional to the derivative of the e.s. (D) )
—>
<€
12 f
1 no control feedback loop
0.8 . H H
06 Tunlng Rise Time i Overshoot | SS Error
045 Proportional | Decrease | Increase : Decrease
0.2 Integral Decrease | Increase : Eliminate
% 5 3 Derivative ~ . Decrease | ~
12 Pcontrol| 12} “PD-control| 12\ ~Plcontrol7 12 PID control]
1k \/\ —--- | — ——- 1S 1 T
0.8 0.8 (\ 0.8 o.s('
0.6 0.6 06! 06/
0.4 0.4 0.4/ 0.4
0.2 0.2 0.2 0.2
% 2 3 % 2 s % 1 2 s % 1 2 3




Experimental data acquisition and
processing Il

Analog signals

* Standards and calibration
+ Reference and background

# Conditioning of analog (and digital) signals,
synchronous detection

* Types of signal sources and measurement systems
* Noise in measurements



Standards

Physical quantity & unit - abstract concepts

In order to use a unit as a measure — a realization of the unit available

—> physical standard:

« an artifact (prototype)

* anatural phenomenon (e.g. atomic processes)

* astandardized procedure of measurement using standardized
measurement methods and equipment

Hierarchy of standards

* Primary standards — preserved in a special institute (National Institute of
Standards and Technology, International Committee for Weights and
Measures, ...).

* Measurements are usually based on secondary or lower order (working)
standards (calibrated to higher level standards)

* Lowest order standard (reference) — present in every instrument that can
perform an absolute quantitative measurement



Absolute
accuracy

The hierarchy of standards

Primary
standard

L

Secondary
standard

Device
under test

Relative
accuracy

Definitions of primary standards can change
over time...

Standard kilogram —

& »

18th
CENt. Water 1 dm3
1889
variation over time ~1oppm
2019 Redefinition: based on Planck

constant measurement

Uncertainity <20ppb



Calibration

 Relation between 2 different quantities: measured olst) |Vestm—> °(3tl'") —{Ststn)
value (instrument response) and physical quantity, z;ar;‘slaerd 2 ,
S=£f(c) V(st{ c(st,2)|—>|S(st,2)

* Any instruments (capable of absolute measurements) sgﬂ;f:d c(st,1)|—>[S(st,1)
should be calibrated regularly: aging, drift, wear, etc. 0 —vi— [0 — 560

e (Calibration accuracy: closeness of the value of the

reference to the primary standard value =
\9]
S /
Y
3
8
« External reference method 7
— Calibration curve — from measurements of set of /
known quantities (calibrated externally or created with T GG G, GG, G,
a well-defined procedure) ¢, (concentration)
AS
* Standard addition method
- I’eqUireS Iinear f Internal standard

400 ppm k A

* Internal reference method
— Direct comparison — standard added directly to all
measured samples; normalization often used

100 ppm



Calibration curve

Calibration curve = Sample response function

—ideally linear
(linear) dynamic range

Example: optical measurement of solution

v
concentration 4 .
o I
18 . T T x !
9_) 1
|
Y] Y. | SE——— + 1
5 |
f - I
il g :,h.D |
: c dynamic range !
4 "J; ’ L |
’8‘ 1.2+ c X ' |
= < ) | !
Biol N ' 098=<i=102 |
! y 1 1 I
: : I T B linear dynamic range |
gos_ : B CERTIROR G e e =l { I I | I
5 \ | | o — ) '
£ os| 5 . , _ offset c (concentration)
0.4}
0.2}
%0 10 20 30 20 50

Concentration (ppm)



Calibration example — thermocouple

external reference junction

+ o @
T

. H %
isathermal )

i ice bath

region termnp=0°C

W coppet

W metal 1

W metal 2

internal reference junction

to DAC board

isothearmal

coldjunction sensor

@ measures Ty

-
J3 0+ T1

>J1
2 (- ﬁ
N B

* Thermocouple output is non-linear

(especially in negative range)

=> linearization element can be used

E (T) ~AT

=> T_.e needed, orsetto zero

Calibration with

 reference T measurement
(thermistor, pyrometer, ...)

— regards also secondary sources of error

* knownE (T) dependence

O T S T SEEEE

0 500 1000 1500

1 1

Tﬂaa Materials Temp. | Error Apﬁlicaﬁun
ANSI Range | +/- oltes
Symbaol ("G (*C)
T |Copper-Constantan | 0-350 | 1.0 | When moisture is present,
J Iron-Constantan 0-750 | 2.2 | Forreducing atmosphere,
E Chromel-Constantan | 0-900 | 1.0 | When cormosion possibility.
K Chromel-Alumel 0-1250 | 2.2 | Forclean oxidzing atmosphera,
R Platinum-13% 0-1450 | 1.5 | High resistance to oxidation
Rhodium/Platinum and corrosion.
5 |Platinum-10% 0-1450 | 1.5 | High resistance to axidation
Rhodium/Platinum and corrasion.

Temp. difference A T'(deg C)

T— TypeN : Temp. difference AT (deg C)
| =— Chromel-AuFe0.07 :
1— TypeT -
____________________ — TypeK
o | — Type)
. | — TypeE
-------- TP SRR RRRY x o ncncnc s s e
-270 —200 ~-100 0 22



General functions of devices
for signal conditioning

Amplification of analog signal

— variations of signal match the
dynamic range of ADC — better
resolution, higher sensivity, higher
S/N ratio

Attenuation

— reduction of strong signals (high
voltage, receiver saturation, ...)

Filtration

— noise reduction in selected spectral
region (e.g. 50, 60 Hz)

— aliasing prevention (Nyquist
theorem)

Linearization
— often coupled with (pre)amplifier

Isolation (optics, transformers)

— elimination of ground loops,
reduction of noise, device
protection, separation of circuits
with lethal voltages, ...

Multiplex

— ADC cyclic switching between
multiple channels, selection of
signal source

Parallel sampling of multiple
channels

— high throughput acquirement
Excitation of (passive) sensors

— bridge circuits, 3- and 4-wire
measurements, ...

Cold junction compensation
— thermocouples



Synchronous detection

e allows separation of very weak signals in high noise

e requires reference signal with well-defined frequency and phase (carrier)

— can be already available in the signal (e.g. from experiment excitation source)

— can be added to signal (modulation) before processing (e.g. modulation amplifier)

Signal modulation only
(modulation amplifier)
— moves signal away
from noise sources

—> band-pass filtering

Synchronous detection
(lock-in amplifier)

A

AMPLITUDE

Typical op.amp.

noise A ~ 1/f

— moves signal to DC level

—> low-pass filtering
TEST

SURFACE detector

B
DETECTOR IJ_
f

synchronous

e

N

A7 XY

< A
LIGHT
~ souRrce [If

r

L ®

reference signal

- sine, square, ...

FREQUENCY

output signal

[

low-pass
filter

multiplication => only the
signal at modulation
frequency moving to DC

AMPLITUDE (dBV)

INPUT SIGNAL OUtpUt signal

INPUT SIGNAL x REFERENCE ~™~
=
1 2 3 4 5

FREQUENCY (kHz)

AMPLITUDE (dBV)

Shbd
8018010

REFERENCE .~
-125

AMPLITUDE (dB'

-8

1 2 3 4 5
FREQUENCY (kHz)

i 2 38 4 &
FREQUENCY (kHz)




Types of signal sources and measurement systems

e Sensor output —in most cases voltage source "
(directly or after processing) W—OT
e Basic types of sources and meas. devices: C v, V. Meg?;:gment
1. grounded source. |
2. floating
Grounded (ground-referenced) Floating (Non-grounded)

* typically sources
powered from
electrical network

* no single ground:
grounds of different
sources may be at
different potentials!

* typically sources

powered from Vv,
batteries, active

sensors (e.g. TQO),
transformers, isolation
amplifiers etc.

______________




Differential (non-referenced) meas. system

* None of the inputs connected to ground-ref. potential
— battery-powered devices
— systems with instrumentation amplifier (diff. amp. with high input impedance)

- etc.
Common-mode voltage  souctové napéti

MUX .
= voltage present on both inputs
CHO+ 0———1—0 & Xy
V.= (V+V7) /2
CH2+ o————0 "5
CH+ om0 o Non-ideal amplifier:
» — —
V_..=A,. Vt=-V7)+A__ (V'+V 2
. noninverting out diff ( ) cm ( ) /
terminal e e
¢ Instrumentation =>range limitation
CH74+ o | o v - Amplifier
+
- Common-mode rejection ratio (CMRR)
MUX B * KCMRR=Adiff/ lAcml Cinitel potlaceni souctového napéti
CHO- 00— o— V- v
chomo | inverting i — typ. decreases with frequency
terminal .
CHi—o Lo o o - expressed In dB Instrumentat]
% ) Ampl.\?l;r o
¢ @ v - V-)ut
CH7—o— o l V- i
CMRR measurement ‘ .

AIGND circuit J7




Grounded (ground-referenced) meas. system

* Measurement is made with respect to a reference

Ground-Referenced Single-Ended ((G)RSE)  Non-Referenced Single-Ended (NRSE)

measurement system (pseudodifferential) measurement system
measurements made with respect to the measurements with respect to a single-node
measurement system ground (Al GND) (common) Al Sense, but the potential at this
node can vary with respect to system ground
MUX MUX
CHO o———¢ o CHO+ o————& o
CH2 o——0 "o CH2+ o———1—0 o
e oo S

E e E |

CH7 o— 1 oo Vi CH7+ o0— 1 & o Vi
AIGND i 0 Al SENSE J—Q
i <

Different signal source types and measurement systems
=» proper choice of measurement system for each type of signal source



Measuring grounded signal sources

* Grounded signal source measured by ground-referenced system

v
|

e

AV, ... both DC (offset) & AC
(typ. 50/60Hz) component

Grounded Ground-referenced \_ potential difference
Signal Source Measureament System

Source Measurement
Ground System Ground

Generally not recommended
Can be tolerated for high-amplitude sources
with low interconnection impedance

signal voltage

measured voltage

Check polarity of signal source
before connecting it to a ground-
referenced measurement system
to prevent shorting to ground!



Measuring grounded signal sources

* Grounded signal source is best measured with a differential or non-referenced
measurement system: any potential difference between references of source
measuring not included in the measured signal

%
Vs

o«
|

Mfg L
7 Vi = (Vy + V) — (V) =V,
Grounded Non-referenced or
Signal Source Differential

Measurement System

Source Measurement
Ground System Ground



Measuring floating (non-referenced) sources

* Floating signal sources can be measured with both differential and single-ended

measurement systems
« Differential input systems: common-mode voltage level of the signal (with
respect to measurement system ground) should remain in the common-mode

input range of the measurement device

: R1
) —

gIF%E Without bias resistors:
i 37 saturation or erratic

S behavior can occur!

* Bias resistors: voltage level of floating source can move out of the valid range
(e.g. due to instrumentation amplifier input bias currents)
=> has to be anchored to some reference
- large enough to allow the source to float with respect to Al GND, but small enough to

keep voltage in the range (typ. 10-100 kQ)
- DC-coupled signal sources: only R2 required (but unbalanced inputs => higher noise, OK

for low impedance sources)
- AC-coupled sources: R1=R2



Measuring floating (non-referenced) sources

Single-ended measurement systems
* No groundloop is created

Ground-referenced single-ended

7

ACH

AIGND

]

>

1

a. GARSE Input Configuration

* No additional resistor(s) needed

Be aware of common-mode voltage

Non-referenced single-ended

J

>

AIGND

b. NRSE Input Configuration

Pseudodifferential inputs more
immune to noise




Connection schemes of analog sources and
measurement systems — overview

Signal Source Type

+ common-mode voltage
independent

- % of channels

- bias resistors needed

BEST

+ full number of
channels

+ no bias resistors

- common-mode voltage
dependent

+ full number of
channels

- common-mode voltage
dependent

Input
Configuration

Floating Signal Source
(Not Connected to
Building Ground)

Grounded Signal Source

Examples

= Thermocouples

* Signal Conditioning with
Isolated Outputs

= Battery Devices

Examples
# Plug-in Instruments with
Monisolated Inputs

AL+
AL(-)

@)

Differential
(DIFF) R
AL GND
Two resistors (10 ki2<R<100 ki) -
provide return paths
to ground for bias currents
Al
¥y

Single-Ended - @:— ALGND,|_

Ground

Referenced
[RSE)
. Ground-loop losses, ‘-;g,
are added to measured signal.
Al : Al T
Vi _TE sense| | Vi |a1sense| |

Single-Ended -
Monreferenced R

(MRSE) AL GHD Al GND

R

+ common-mode voltage
independent
- % of channels

BETTER

+ ground loop voltage
- can destroy the system

NOT RECOMMENDED

+ full number of channels
- common-mode voltage
dependent



+330

Noise density function

NOISE
VOLTAGE
DENSITY

-330

White noise (wideband)
— equal energy at any f

Pink noise (“1/f” noise)
— contains equal amount
of energy in each decade

Y Gaussian noise distribution

Noise floor of a measurement device
= measured noise level with its inputs grounded
— usually expressed in V/VHz - value integrated
over the bandwidth of interest

FREQUEMCY (Hz}

E ) ]
=z
1
E-"—I
§E en=ND
o3 ¥
%\_ﬂ ND‘" EH‘.
o e eq=ND (&)+1
v £ AN
=) L g
= f = 2
FREQUENCY (H Sa 2 ' F
o] {Hz) gLE ‘n..r...-‘{fFF GID (T“)H df Vims
= o2

&5 np4

b
s ) log/log scale S
8 n=TF FREQUENCY (Hz)
5[; Ky
=
§Z
=
b7
o - | 1/f corner




Noise coupling (interference) in the interconnects

Noise — unwanted signal contribution even when ground loops avoided
— should be minimized

Moise Source

(Noise Circuit)

- AC power cables

= Computer monitor

= Switching logic signals

- High-voltage or high-
current AC or
switching circuits

- Discharges

- Electromagnetic

\(Hadlatwe}

J

P ~ Recelver
[ Coupling Channel ) (Signal Circuit)
- Common impedance
(Conductive)
- Electric fleld - Transducer
(Capacitive) - Transducer-to-signal
- Magnet field conditioning cabling
(Inductive) - Signal conditioning

- Signal conditioning to
measurement
system cabling . ] .
No single solution exists

noise coupling (“pick-up’’) mechanisms (in fact, inappropriate solution can
make the problem worse!)

Suppresssion — separation of power and signal
grounds, shileding, larger separations, balanced
differential circuits,

Digital noise reduction — better to minimize noise as
much as possible in analog signal, before conversion

to digital




Conductively coupled noise

Conductive (direct, DC) coupling
* Due to finite impedance of wiring

* Elimination (minimization):
- break ground loops

- separate ground returns for low-level and high-level (high-power) signals

Temparature Sansor
(g = 10 m¥=C)

Temparatura Sansor

Wy = 10 mV/=C)

= —
vV, Vg —i Vee Vo —i
GO T GHD
L4 (TR T AT V=W
lon =14 i
sharaed currant path
14 Y ¥

+5\

Powar Supply

a. Saries Ground Connactions Resulting in Conductive Coupling

Powar Supply

b. Separate Power and Ground Retums to Avoid Conductive Coupling



Capacitive and inductive coupling

* Capacitive coupling — results from time-varying electric fields
* Inductive (magnetic) coupling - results from time-varying magnetic fields

* Electromagnetic (radiative) coupling - combined interference considered when
electromagnetic field source is far from signal circuit

Capacitive couplin Inductive couplin
P pliing pling

W, (noise source) @ L

¢ ¢ ¢ ¢ ¢ ¢ +—Electric Field

é) W (signal source) % RL

a. Physical Representation a. Physical Representation

o
Ve AL
b. Equivalent Circuit

b. Equivalent Circuit

Magnetic
vV, a Flux Coupling




Capacitive coupling

m o
Capacitive (AC) coupling elimination ol
— frequency dependent => can be reduced by reducing noise §m T[T
source voltage or frequency 2 ol 1]
—reduce signal circuit impedance i A
— employ capacitive shielding (with equivalent capacitance C,;) %
Soor oo FREQUENCYT:!H:} 0
Signal Source lr:teasuregfntS}'stem Both ShiEld Iocation and
_______________________________ :[ g connection are important
L _.= ______ g + || Improper shield termination
Ground loop current . . .
cartect n he shieid — ground loop currents carried in the shield
= 1‘Kﬁ;rr L
Signal Source Measurement System . . .
nstrumentation Proper shield termination
amplifier .
; —no ground or signal current flows through
o B—T the shield
Vi
No conductive material in the
vicinity of the signal path should
= <L be left electrically floating !




Balanced systems

Balanced circuit = meets the following criteria:

1.

source is balanced - both terminals of the source (signal high and signal common)
have equal impedance to ground

cable is balanced - both conductors have equal impedance to ground

receiver is balanced - both terminals of the measurement end have equal
impedance to ground

2,=2, & Z,=Z,

o+
| unbalanced
Zct =>V_ = differential signal
= Vi
Ve S
— Ze2
o - 4—

Event. capacitive noise coupling = common-mode voltage



Experimental data acquisition and
processing Il

Digital signals

* Conversion of analog signal to digital and backwards
+ Signal sampling, Nyquist theorem and aliasing

* Quantization and coding

* Examples of D/A and A/D converters



Digital processing of analog signals

Digitization
= conversion of analog signal to digital

3 stages:

1. sampling ]- Sampling circuit
2. quantization

3. coding A/D converter

y
{ )
~t T

+0,836
+1.234
+1.843

~»={ sampling

quantization

+1,023
-0,432

-0,494

-0,325

+0,321
+0,396
+0.,378



Sampling strategies

Real-Time Sampling (RTS)
— digitizer gathers all the samples using an internal or external sample clock
— the only option for non-repetitive signals

Equivalent Time Sampling (ETS)
— waveform is created over time from series of samples taken from repetitive
waveforms
— synchronized triggering required
— Random Interleaved Sampling (RIS) - type of ETS; trigger time occurs randomly
between two samples

trigger timing meas. accuracy >> sampling rate => oversampling

A Bin 1 Bin?2 Bin 3 c. Bin 1 Bin 2 Bin 3

//\ averaging (binning)

|
| - noise reduction

-s-Acguisition 1

B Acguisition 1
B Acquisition 2 \\
& Acguizition 3

Trigger Time of Each Wavefarm

4

Trigger Time of Each Waveform



Sampling circuits

Basic scheme

&
p——

Ty

Sample & » AD
Hold Converter

L

v
Ve Multiplexer
v
v

AN

AN

N\ el

t... sampling time (dwell)
T, ... sampling interval (rate)

Multiplexer - S'H - A/D

ADC technologies (architectures)

successive-approximation- delta-sigma converter

register (SAR) — takes an average
— takes “snapshots”

24
- AZ - Delta Sigma
5 20 | oOrsigmaDelta
é (Oversampling)
§ 16
&

12 SAR

(Nyquist)
8
| | | | | | | |
10 100 1K 10K 100K 1M 10M 100M

Conversion Rate (SPS)



Sampling circuit characteristics

Hold

Sample | . Hold >
t

Sample and Hold - Acquisition Time

A t. 1
A Id St
Vin : : Ho ep o
o l \V %!’
[ o
[
[
[
[
[
Sample [ | Hold >
t

Sample and Hold - Charge Injection

t_. ... acquisition time (req’d by holding
capacitor to charge to correct level)

t

ap

from hold signal)

doba odbéru vzorku

... aperture time (delay of actual hold

P Vo |

. : :

| | |

| | |

| | |

: Vin : :

: : : y

: ! ! >V,

Sample Hold Sample Hold >
t

Sample and Hold - Memory Effects



ldeal sampling

Input Waveform Sampling Function Sampled Output
(1) (1) (1) (1)
f(t) hit)) & A a(t) | f(t1) f(t2)
Multiplication ‘\J‘V_\L/ " Unit = f(t3) f(t4)
in Time Domain Impulses T T
t1 t2 t3 t4 t PRI t 1 t2 t3 t4 t
\I I\Fourier Analysis \I l\ \I |\
Input Spectra Sampling Spectra Sampled Spectra
limited bandwidth
wo| @@
F(f) G(f) |
Convolution in @ = |
Frequency Domain |
1 f fo=1T 26 f f1| fs f
fs —f4

NYQUIST'S THEOREM: fg —f > f1 = fg > 2f4 => aliasing doesn’t occur



f(t)

F(f)

Input signals are not truly
band limited

Input Waveform

\_,\,_\’\—/ h(t)
X

»
t
\I [\Fourier Analysis

Input Spectra
H(f)

®

>
f1 f

f(s) > 2f4

Real sampling

Sampling Function

L

] g
o T
Sampling Spectra

(1) (1)

>
fs=1T 11 2fs f

Sampling cannot be done with
impulses so,
signal is modulated by

amplitude of

a(t)

G(f)

Because of input spectra and
sampling there is aliasing and

Sampled Output

amplitude-
modulated pulses

[,

[}

OQOutput Spectra

f4 fs

distortion

S|:x envelope (x=7/f)

>
2fs f

—_—

>
A_| |

L

ATIT

—T/2 +1/2 \”\

F(f)

=1/t 0 1/t

Envelope has the form |

AT ( SinrrfT) |
E =
T mfT |




Aliasing effects

Aliasing
— artefact due to signal undersampling - too low frequency used
Alias = false representation of signal waveform

Choice of frequency upper limit:
1. intrinsic limitation of circuitry

2. real signals have infinite bandwidth, but energy of higher frequency components becomes
increasingly smaller => useful signal cut-off

adequately sampled signal

Output of sampling circuit
does not reflect the original

aliased signal due to undersampling / signal unambiguously




Nyquist theorem

Nyquist-Shannon sampling theorem

Aliasing prevention

— for accurate signal reconstruction, a signal must
be sampled at a rate greater than 2 times the
bandwidth of the signal

- Nyquist (folding) frequency

fyy = 0.5 £

Ny
Shannon:
If a function x(t) contains no frequencies higher than F

hertz, it is completely determined by giving its ordinates
at a series of points spaced 1/(2F) seconds apart.

sampling rate increase 4
use of analog filters i

| T=%
1 VZOREK
Aliases

Sinusoid at

frequency 0.6 f ﬂ *

0.5 f,

;o
Falding




Nyquist theorem — examples

Sine wave

— the simplest example: single (fundamental) frequency, no higher harmonics

AVAYA

sine wave f=100Hz

sampling f=100Hz

distorted signal

VY= VVA

sine wave f=100Hz

sampling =200Hz

Sampling meets
exactly Niquist
criterion — amplitude
and frequency
preserved

AATAYRaAVAVAY

sine wave f=100Hz

sampling f=1 kHz

Sufficient sampling
frequency -
amplitude, frequency,
and shape preserved




Nyquist theorem — examples

Square wave
— typical signal with considerable high-frequency components (e.g. digital signals)
— required bandwidth =

= 0.35/(rise time of the signal) |

|
l
H [
sine wave ’ ‘
- L[] ]
°10°] Square wave frequency: 100 MHz Digitizer Bandwidth: 100 MHz
21| fundamental frequency
40+
Al
o |
5 ‘
1 LELD
oo
110 Square wave frequency: 100 MHz Digitizer Bandwidth: 300 MHz
1204
0

I

Square wave frequency: 100 MHz Digitizer Bandwidth: 500 MHz

EEREEREN

" |
square wave | { ®

5 8
2§

~120-%

Square wave frequency: 100 MHz Digitizer Bandwidth: 1 GHz




Amplitude

Discrete spectrum

|‘| ‘ A
il H |

TR (1) (266 (2600 (Aeh) (Ghef) (BY:R(BT )

—— Input signal components
—— Aliased signal components

Anti-aliasing filtering
alias-free bandwidth

ﬁl'is’.e_ﬂma_@_at.ffff_ ,Low Pass Filter Response
Y B LA

" 4 A I; 4 \ ES

|

|

|

: \

: | | \
0 fo f, fs/2 fa fs 0 fo f, fsl2 fa fs

attenuated



Continuous spectrum

= ]
A A 2 h
T ! :
2 _
(= -
& g
ot 28N frequency (f,)
Frekvencni” spektrum pri Frekvencni spektrum pFi
f >fn f< fn

Alias pattern repeats for every integer multiple of the sampling frequency
Eliminating aliasing Aliasing

The Nyquist
frequency

The Nyquist
frequency

Amplitude
Amplitude

Frequency
Sample rate 2 x sample rate Sample rate 2 x sample rate

B Input spectrum I Input spectrum
Il Aliased spectra Bl Aliased spectra

Frequency



Aliasing

Analogue in pixel graphics (time <-> space sampling)

Texture creates moire near horizon

Aliased

Anti-Aliased

- related to Dithering



Characteristics of A/D converters

Specifications 10.00
N M ™~ [
 (Dyn.) Range - operating range of input f;‘ 110 12-bits
R=10N T ——
e Resolution - output resolutionin bits & o5} / LA
. . : 2 . o [N ——_3bits_ .
 Sampling rate - limited mainly by OA & =% 011 N\ /]
response (settling) time < 2; _____ o0 X ]
 Number of channels 105 ——— — . —— SR 4
. . ors 0 000
* Multiplexing capability 0 20 40 60 80 100 120 140
e Sample size limit Time
Accuracy factors aK %}
e Quantization error — depends on bit resolution s — A
e Linearity - linear proportionality of analog and digital signal &3
SAMPLED
—> differential and integral non-linearity error DATA
e Jitter —inaccuracy of sampling clock oD oD

fazova nestabilita

e Aperture error (jitter) — hold signal delay and uncertainty in sample/hold time
e Noise level - intrinsic noise of ADC circuit
e Offset — additive static error

e Gain error — multiplicative static error



Characteristics of D/A converters

Specifications

Range - range (and polarity) of output
voltages

Resolution — effective output resolution
in voltage levels (determ. by ENOB - eff.
number of bits)

Conversion rate — output change time

upon input change (OA slew rate)
rychlost prebéhu OZ

Number of channels

Reference type - fixed or multiplying D/A
(variable ref. — current output o< AxU_)

Accuracy factors

Linearity - linear proportionality of
digital and analog signal

Stabilization time - response time
Offset — additive static error

Gain error — multiplicative static error

Oifset Error
{shits te fine
frery 2@

Positive Full Scale -

(Analog)

Ana]w Tolerance

Output

,
A-nalogEno-} # [
#

Leasl Significant Bil {LSB)
(ldeal)

&
r &
F . L | Gain Errar
7 | [rotates the line)
o, |
# |
- I
# | .
7 | Positive Full Scale
y ’T | (Digital}
# ’ |
# 1
P [Resol ution of 1
|
|
1
|

—>
Digital Input

Specifications of a Digital-to-Analog

Converter

Noise level (analog error) — intrinsic noise of DAC circuit



A/D converter errors

Non-linearity errors

[} [}
© o
2 =
S S
£ =
< <
i =
Time Time
—— Input signal (analogue)
° Digital samples
—— Output signal (analogue)
Jitter errors

[ Q

© el

= =

G G

= ~ =

< <

.
-
Time Time

—— Input signal (analogue)

I - clock accuracy

—— Output signal (analogue)

Sample levels

Quantisation errors

Error

A

Sample times

—— Input signal (analogue)
°® Nearest possible sample value
—— Amplitude of sample error

- bit resolution



Quantization

Quantization Ideal (linear) transfer function (ADC)
= process of mapping input values from a large Digital Output prenosova funkce A/D prevodniku
set (often continuous) to output valuesin a Code ideal Straight Line
smaller (countable) set “staircase function”

0..101 —
Quantization error 0..100— Center -
\ kvantovaci hladina
. o . {TI_...{]11—— :}%quantization level
= noise created by limited resolution of ADCboard -~~~ ——" 5 quant. threshold
(adds ~0.5 LSB, . Gaussian white noise) 0..010 L rozhodovaci hladina
. . . . 0...001 I
- determlned by quantlzathn rESOIUtlon ’\; Step Width (1 LSB)
Q=Epg/2" 0..000 K—— { | | —— fnaloginput
— —_ 0 1 2 3 4 5
Ersg=Vy;—Vi., (fullscale voltage range) idstep Value
of 0 ... 011
Quantization
- quant. signal/noise ratio odstup signalu od kvantiza¢niho $umu E:[m
/12—

SONR = 20 log,,(2™) =~ 6.02m [dB] LS8 I I I I I

(for ideal ADC: uniform noise distribution between TR TR TR T T Vaiae P

+1/2LSB) N AN N\

-1/2
LsSB Inherent Quantization Error (+ 1/2 LSB)

— can be reduced by higher quant. resolution,
oversampling, or dithering



Quantization

Quantization (transfer, A/D conversion) function

DIGITAL & DIGITAL A
OUTPUT — OUTPUT ‘
/| <— siGNAL 7 t— SIGNAL
ng=1.LSBp.p . _
# A QUANTIZATION M= 1+LE0ee ) QUANTIZATION
yi 4~ ERROR 4~ ERROR
v W B i B W i T “mC AAAAANANAAANAL T
- VIV VT aaosieur = ANALOG INPUT

N BIT RESOLUTION

Quantization error example

Signal Amplitude

1

0.8

0.6

04 -

0.2 -

0

-0.2

-04 -

-0.6

-0.8

-1

| = Actual Signal |
a4 -bit Sampled Signal

=—=Quantization Noise

Time (Arbitrary)

N+1 BIT RESOLUTION

Non-linear quantization
— quantization levels more dense for lower signals =>
quantization quality (S/N) independent of signal level



Offset

= deviation of transfer
function in the input

axis

111
110
101

00

A

Quantization errors

Relative (gain) error

111
=change in the slope of |}

Differential non-linearity (DNL)
= deviation of any code width from an ideal
1 LSB step (i.e. from previous level)

DIGITAL A
OUTPUT .
[1 +ONL —,—F:— SIGNAL
2 ~
A QUANTIZATION
& ERROR
__{_ rard V7 mnaLos NpUT

quant. signal/noise ratio including DNL

SONR =

20 log;,(2™/ (1+DNL)) [dB]

1 .

011 transfer function o

010 010

001 001

ooo “H—4—+—+——+—"+——"+— 000 “4H—r"F—F+—"F+—"+—+—+—1+—
+1/2LSB// l// ,// ,// ,// ,// ,// . +1/2LSB/ A A 4w w1 L
_1/2L5B A— A — A — A — A ‘V;Cf _1/2LSB Vi //[ pal — ‘V"&f

Integral non-linearity (INL)

= maximum deviation of the output from the ideal
transfer function after gain and offset errors have
been removed

A ’
R S T Lli“%—;_

INL 3
> T 5 e

Vin

Vout

Harmonic distortion harmonické zkresleni
= error caused by presence of unwanted harmonics
— correlated with INL



Conversion errors — misc.

Uncompensated quantization

110 1 e
—3 <—11LSB
101 1 —
3
E‘ 100 —
a
010'- e
A=0-1 LSB
001 T Ir—
———————————
0000 " Vg T Vaw Wy oy,
Ve 4 Ve 2 Ve 4 Ty,
ES 5 i i kS
Input (V)
= 2NN

Output buffer distortion

= transfer function distortion near power and ground

rails of output buffer OA

—> leads to compression and clipping near extremities
— V. €an get within ~20-30 mV of OA rails

Compensated quantization

Digital Output

8 ] 5
Input (V)

— increases with current load at output

Non-monotonicity
— may cause stability problems

lll‘— 4

110+ —
— <~—1LSB

1017 s

1007 _—
011 ==
(’l(_)—';‘ ; -
W i A=-0.5-0.5 LSB
-— 1+
000" " Vey ' Ver = Ve oy
Veer 4 3V 2 Var 4 TV -

Vout

ViN



D/A conversion errors

Impact of D/A convertor non-linearities
on transfer function

Positive Full Scale p
{Analog) ’ I

Analog Error|  ~ ’
An alog Tolerance i ’

Output ,’

Good INL

Poor DNL Positive Full Scale

|
|
|
|
|
|
: (Digital)
|

|

|

Poor Ingral Non-Linearity (INL)
1—:— Good Differential Non-Linearity (DNL)

; Digital Input

Illustration of Integral Non-Linearity and Differential
Non-Linearity in a Digital-to-Analog converter




Dithering

resolution improvement beyond ADC specification by adding

Without Dithenng Dithering Appli

48

Actual Signal
,.___,.___..r_..-

0o —a—o—=0

Thmﬁﬁﬁm“ﬁw k-

12-bit > “14-bit”

Dithering =
small Gaussian white noise to the input signal, digitization, and averaging
F—m ™

a 9

a “w ]

0 4 i

0o 0

48 4 a8 4

40 4 A0 o

“ 1 \J 1 ) - J ) M I

L] 0 me 200 o £ B R X 0 -x o

dither disabled, no averaging

dither disabled, average of 50 acq.

s [ i
[ 4] (3]
40 o 49 o
0 4 19
(14 "0
28 4 20
40 4 0
“ T T T T «“ T T T T
0 10 0 X0 - =0 2 we oo A «n £

dither enabled, no averaging

dither enabled, average of 50 acq.

Analogue in pixel graphics




A/D converter architectures

Flash ADC (direct-conversion ADC) raralelni ADC oo
Priority encoder

— resistive ladder divides V. to 2N equal parts — translation of “gauge signal“
=> N bits <--> 2N-1 comparators into a binary code
\
( \
Viep  V

s [
IR

il

— digital encoder

[

2

+ very fast (instant) =
- doubles in size for each bit added => expensive
- high input capacitance (2¥-1* C_,pparator)

- consumes a lot of power




A/D converter architectures

Pipelined ADC (subranging quantizer)

— step-wise conversion: at each step, the input signal is compared to half the
reference value

— number of steps ~ number of bits (if 1bit ADCs used)

— high bit-resolution ADC can be built from more low-res ADCs (often flash ADCs)

e
0

Mtf/g
1 FEH
0

DAC

1f'rr't.’f/Q_

+ very fast (high throughput; almost as flash ADC) - each stage can
process a new bit as soon as the previous residue is passed

+ number of stages up to ~ N (1bit ADCs)

+ inexpensive

- high latency (up to N cycles)

- error accumulation (errors passed to next stage)



A/D converter architectures

Successive Approximation Register (SAR) ADC  ADC s postupnou aproximaci (metoda vézen)

— evaluates each bit at a time — from the most to

the least significant y Ve
2 steps: |
1. Comparison: Set bit to 1 and compare the output of h
the DAC with the input voltage
. V, =0.57V
2. Latching: Latch the result of the comparator to the L | 5 |
same bit in the register
Vin N-bit register
=> analogue of analog - _{ on + , | &
signal ko \
a balance scale — .
\ \ . \ &bt
Vout Jy
+ only one comparator DAC —— [bn-1,bn—2; .-, bo]
+ low power consumption \I\ }
- DAC grows with the number of bits o .f\'
- number of cycles =N Vies digital signal

- component mismatch in the DAC limits its
linearity (and therefore of the ADC) to ~ 12bit



A/D converter architectures

Sigma-Delta ADC - ‘ , -
(“oversampling converter”) . | | =g
—large oversampling (up to hundreds x) oo LANANAN LAUANAN LAUNAN LAINAN LALAAN LALAAN [ALA
— integrates error between reference
signal and input signal V. =0 .57V
- Stream Of 1S and OS 9 ConverSion to -100 5 10 15 20 25 30 35 40 45 cycles
. ° ° ° BVin BThiff DTint ATade @ Tdae
binary code by decimation filter
diff. amp. integrator comparator
+ Td; I
V., z iff f int + Tode — .
bn digital filter
~ Latch --> 2 decimationl—
_ D(flip-flop) ecimationf- qjigital
.l._ signal
£ .
doc 1-bit DAC
Oorv,.
T o | Anti-aliasing filter with
E gradual roll-off fs>>2 fmax
+ inherent antialiasing filtering = ~
+ higher resolution (SQNR): £, x 4 => equiv. of adding a bit
(24-bit ADC common)
0 F,

- large latency => slower than SAR ADCs
- not very suitable for multiplexed inputs (due to latency and oversampling)



A/D converter architectures

Sigma-Delta ADC /e e

(“oversampling converter”’) =
M Toic
L

—large oversampling (up to hundreds x) oo P ANANAN LAUANAN LAIANAN LAIAAN LAAN LALAAN LALA,

— integrates error between reference

signal and input signal Vv, =0.57V

— stream of 1s and 0s = conversion to e e

. . ° ° BVin AThiff ATint DTade & Tdac
binary code by decimation filter
diff. amp. integrator — — — — L Full Scale
Ve + Ldif f Lint Delta Sigma
mn Z Modulator
Output 051 g Range
o 1-bit ADC
< 5 ol ,
-
Ldac : 1-bit ADC
0 v 1-bit DAC stream from the ; P
or ref modulator

1

Accumulate
Vie (sum 1-bit results over 16 cycles)
+ inherent antialiasing filtering
+ higher resolution (SQNR): £ x 4 => equiv. 5
. Accumulate _
(24-b|t ADC common) (sum 1-bit results over 16 cycles) %[ 16 }Fl:l Decimated result

- large latency => slower than SAR ADCs
- not very suitable for multiplexed inputs (due to latency and oversampling)



A/D converter architectures

Integrating (Dual-slope) converter
& g( P ) ADC s dvojitou integraci A

— use counters to generate the output

2 steps:

1. Ramp up: voltage ramps up with slope
proportional to the input voltage Vv, for a fixed
period of time t, .

2. Ramp down: output voltage ramps down with
slope proportional to a fixed voltage V¢

voltage

slope,, = V;,/RC slopey,, = -V../RC

V; = Vref t/"':int

in

1
1
1 1
1 ]
i i
| 1t :
i , /;l%r VO = _RC,];) Vindt i
1
! Op-amp RC integrator i
N ! / \ \ ’ : i
V. i 1
—_— ' R | V, 1
\o—-—\«m. - : :
/ control
+V_Omf SW1 \\ // Comp logic L SN

+ very precise

(only sources of errors: 1) V
- slow

(and doubles with each bit added)

2) comparator; clock and RC int. instabilities compensated)

refs



D/A converter architectures

Kelvin divider (Resistor string) DAC Binary weighted network DAC

DAC s odporovym retizkem Sumacni DAC

LSB
SW0 OO

SW1 —O’C’)—-—'VW\, L
8R v,
SW2 = O

SW3 —O/' O—'—‘WV'\(-'4H N
MSB

R-2R ladder network
DAC s odporovym Zebrickem R—2R
50k 50k 50k 50k

Switches realized by
digital change-over switches
between reference and ground




Multichannel sampling

Multiplex sampling
— sampling of more channels at different times
— OK for processes with 8t >> sampling rate

. ] ) Multiplexed
Simultaneous sampling architectures ch 0
— sampling of more channels at the —
exactly same time Ll | Mux ADC
(|
Gh % ————

Simultaneous Sample and Hold (SSH)

— derivative of multiplexed architecture SSH w/ multiplexing — simuitaneous sampling

(most common in mid- to high-channel- ch 0 b SSH
count data acquisition devices)
ADC

— SSH circuits track incoming signals; at
scan begm-nmg they are put in hold and oh x —p —
scanned with delays
. o Multi-ADC — simultaneous sampling
Multi-analog-to-digital converter
(multi-ADC) ch 0 Amp ADC
— derivative of multiplexed architecture
(most common in mid- to high-channel-

count data acquisition devices)

Gh X Amp ADC




Multichannel sampling

Multiplex sampling
— sampling of more channels at different times
— OK for processes with 8t >> sampling rate

. . . Multiplexed
Simultaneous sampling architectures ch 00— -
— sampling of more channels at the signels chamele signals i

held samplad releasad tracking ADC

exactly same time — “*; 4/ ~

¢t “ -é%'m

Simultaneous Sample and Hold (SSH) oo =" :

— derivative of multiplexed architecture SSHw ampling
(most common in mid- to high-channel- chod  wb—1T1

count data acquisition devices)

— SSH circuits track incoming signals; at " e ADC

scan beginning they are put in hold and

. chx =
scanned with delays %
Multi-analog-to-digital t Mty i
ulti-analog-to-digital converter . |7
(multi-ADC) Line ADC
— derivative of multiplexed architecture comer LT LU
(most common in mid- to high-channel- o

T, ADC

2

8 e

count data acquisition devices)

1 — Held tima

2 - Switling time of MIQ or of SCXI
3 — Track tims



Experimental data acquisition and
processing [V

Time series |

* Logic signals
* Timing of logic signals & timing errors
* Time and frequency measurement

* counters
+ indirect and direct methods



Logic signals — basic definitions

Logic signals Single-ended digital signals (TTL, CMOS, RS-232...) signal + reference (gnd)
H =logic,,1

vV
o [ [a o [\ e [r b
— ; oy S AR AR U SRS S AR
L = logic,,0“ V_ IL
Differential digital signals (LVDS, ECL, PECL, RS-422...) 2 complementary signals

O DaDNnT

¥+ - better resistance to elmg. noise
Logic levels
Voo - — .
Logic High — Family | Voltage Range SE Diff
Logic High
Output Range vy : 9 o 9 _ r
Vor dnm, L put Fange |
Forbidden | Vin |
Zone Vi —
Logic Low VﬁL 1 Tfogifﬂmw =t i g
Output Range ¥ | PuEREES PECL 341042V .
GND LVDS 1.03to 1.38V .
Other...

¢ Combinational logic - output depends on present value(s) only
¢ Sequential logic — output depends on present value(s) & input history (=> needs memory)



Logic signals

D Flip-flop
— “Data” or “delay” flip-flop

— memory element: Input (D) captured for a definite
portion of the clock cycle and carried to output (Q);
at other times Q doesn’t change

PRESET

(SET)

Data
Pin

Clock

CLEAR

(RESET)

D Flip Flop Truth Table

Output

Inverted
Output

CL
(Note 1)

D

R

S

Q

-

-

T

X

X

X

o o o

—

= = O O o o

o 0

=

- 0O = P o =

Mo Change
¥ =Don't Care Case

MNote 1: Level Change




Logic signals timing — basics
Clock signal
— oscillates between L & H

— most commonly square signal with 50% duty cycle
— synchronization at rising edge, falling edge, or both (double data rate) = active edge

7 kvalifikator
OV.... S A I . Qualifier signal — additional signal,
: b i £ =1/t ¢ determines when D is considered valid (and
' ' P hence recorded); used in specific cases
Digital timing diagram Setup and hold diagram
= representation of signal set in time predstih setup time = min. time of const. input before clk tick
domain presah hold time = min. time of const. input after clock tick
XOR example teu. T
setup margin ﬂ(_)ﬁm hold margin
Sample Clock J |_ : ' . H

CLOCK

D Flip Flop input(D) L L

1
1
1
1
i (1)
Channel 1 : :‘—): o
T . S D Flip Flop output (Q) ! !
| 1 1 | 1 1 g T '
Channel 0 I [
B : L @
1 1 1 1 1 1 1 1 1 K——
1 1 1 1 1 1 1 1 1 D v3)
| ; can change D stable D can change
XOR Output : :
(DDR) i Q stable unstable New Q stable
>3 ¢

Q



Skew zpozdéni

Timing signal accuracy and errors

strmost

— caused by static mismatches (positive or negative) = Slew rate
=> constant from cycle to cycle (does not change period)

Jitter fizové nestabilita
— temporal uncertainty of clock edge
=> changes on a cycle-to-cycle basis (temporal period variations)

s

Drift

me

ma

— progressive clock de-synchronization

=> accumulates over time (systematic period variation)

Components of Clock Error

- jitter

Stable but
ot accurate

Time

Mot stable and

not accurate

Titme
Aocurate but
1ot stable

Stable and
accurate

Titme

transmitter
clock

receiver

clock

Skew
(Lagging)
e
Qutput 1 : | : I
(Reference) jj—‘—/ \
—H | I
| | | |
||| |||
| | | |
Output 2 | _/_\I_ﬂ
| | | |
||| |||
Output 3 ) | | | ,
> | |
| gkee
(Leading)
Drift _—

Synchronization = process of setting clocks
to the same time

Syntonization = process of setting oscillators

to the same frequency



Time & frequency measurements

Types of time and frequency information

* Date and Time-of-Day

—records when an event happened
* Time Interval

— duration between two events
* Frequency

— rate of a repetitive event

Frequency bands (radio- and micro-wave region)

International standard for the second:
9,192,631,770 periods of an electron
transition between 2 hyperfine levels of
the ground state in '33Cs

Best cesium clock accuracy ~5x107'® (<1sin
50M years) — most accurate standard

Band Description Frequency Wavelength
VLF Very Low 3 — 30 kHz 100 — 10 km
LF Low 30 — 300 kHz 10 -1 km
MF Medium 300 —-3000kHz 1km-—100m
HF High 3 —30 MHz 100 -10 m
VHF  Very High 30 — 300 MHz 10-1m
UHF  Ultra High 300 -3000 MHz 1 m-10cm
SHF  Super High 3 —30 GHz 10-1cm

EHF  Extremely High 30— 300 GHz lcm—1mm




Time & frequency measurements

Indirect measurement

1. Time (period, pulse length) or frequency of input signal converted to analog signal
2. AD conversion = amplitude determination

Duration of very short pulses Frequency of constant-length pulses
— voltage (charge) on C ~ pulse duration — voltage V, ~ pulse duration controlling SW1
controlling SW1

—for<109s V, \ﬂ\i

| +V..
SWI (LU | | -
QDb o
VO
c g\% SW1

o Y
+Vref \-)(-\ V
\ﬁ [4]

Vo = I/C * At Buffer Buffer Low-Pass

Amplifier Amplifier Filter

Buffer amplifier Vo = <£ * > * V.

high Z low Z
(A=1 >V follower) Vi, £ >__n Vo




Clocks and counters

Clock
1. frequency source (oscillator)
2. counter

3. output device

Counter

= digital sequential logic device that will go through a certain predefined states
(e.g. counting up or down) based on input pulses

Up-down (bidirectional) counter - allows counting in both directions

Types of counters
* Asynchronous (ripple cnt.) - output of one flip-flop feeds the clock of the following flip-flop
* Synchronous - each flip-flop clocked by the same clock => cumulative delay eliminated

Main parameters Applications

* Max. frequency * Frequency counters

* Length (in bits)  Digital clocks

* Oscillator stability * Incremental (position) sensor

* Analog-to-digital convertors
* Frequency divider
* TTL signal generator



Divide-by-2 counter

Counters

4-bit (modulo-16) counter

Feedback Loop QA QB ac QD
- Lz e L
Clock ) 3 : )
L Output Frequency B e =2 . =2 + =2 + =2
D Q F— f+2 T T
Input Frequenc
i f q_...i> (sh) im.s b
.
CLK
Q T 2 3 4 6 7 9 10 11 12 13 14 15 16
Clodk [
Fulses
1T === | | | | | [ |
T T T T Input I I I I I I
, Frequency aa | lsb)
| l | S
| | | | | |
] — l 1 | | |
Output QB
] Frequency ] L
Frequency = é— |
- - Qac |
|
aD | mshb)
| L
BCD (mOd"10) counter count Tgléh ;aflegs Qa !-Iu-:n 00 OMd 01 0100 9101 0110 o111 1000 1001 1010 1011 1100 11 1110 1111 0000
Ofstat]l 0 O 0 0O
4 1 0 0 0 1
7 0 0 1 0 QA QB ac ap
3 0 0 1 1 4 2
4 0 1 0 0 Clock
510 1 0 1 Pulses =2 =2 v =2 * =2
6 0 1 1 0 reset
7 0 1 1 1
8 T 0 0 0
9 1 0 0 1
m[”ew— 0 0 0 o0 &
cycle




Time & frequency measurements

Direct time measurement (digital gate method) ate Dpens Gate Gloses
— using counter and reference frequency source: F=1/T start | i
|
Stop ——— [
At =N/F ' !
Gate — 1 Open L
[ I
Accuracy: N accuracy +1 =>5t = 2T oo LU
I I
measured interval At Accumutated | ||| |LLLLLLLLLLLLL
< > Clock Pulses Accumulated l
H—» L - Count —*>'
Gate H L

: N pulses counted

| | | | | _‘ Internal timebase counts

1 2 3 4 5 6 7 8 9 10

Timebase = 20 MHz, Period = 1000 ns, Frequency = 1 MHz, with an error of 100 ns

Accuracy refinement:

* Residual ramp interpolator - compensation of uncomplete start and stop periods

* Vernier scale (nonius) method - 2 similar incommensurate frequencies, 2 counters
T=(N,-1) /F,- (N,-1) /F,

* Repetitive signals — averaging



Time & frequency measurements

Direct frequency measurement (digital gate method)
— using counter and reference frequency source: F=1/T

T =m*T => £=N/T_=N*F/m
Accuracy: depends on stability of F and magnitude of N (<2?, n ... bit-size of counter)

counting period T
< >
H—»L

Gate H L

|
I N pulses counted

Source | | | | | ] :
1 2 3 4

5

Gate high period = 1 second, measured Frequency = 5 Hz

Accuracy refinement:
* Larger counting period or counter bit-size

* Very low frequencies: better to measure period



Time & frequency measurements

Direct frequency measurement (digital gate method)
— using counter and reference frequency source: F=1/T

T, =m*T =>
Accuracy: depends on stability of F and magnitude of N (<2?, n ... bit-size of counter)

f=N/T, =N*F/(mt1)
nominal counting period T,
< >
|1— Start of Nominal Period End of Nominal Period
chunting sychronized with source pHLse
-

N pulses counted

I 0 1
V-f output
|1 2 3 m-1
k— Actual Start of Period Actual End of Period —)I
< >

actual counting period T,

Accuracy refinement:
* Larger counting period or counter bit-size

* Source pulse synchrozination
* Very low frequencies: better to measure period




. Appendix
Fourier transform

Any periodic signal s(t) can be written as a sum of sine waves:

s(t) =a, + a, sin(wt + ¢,) + a, sin(2wt + ¢,) + a; sin(3wt + ¢;) + -

Fourier TranSform Pail"S (only the real part of the transform shown)

a ... amplitudes

¢ p h ase Sh lftS Time Function Frequency Function
o ... fundamental frequency war o0« { F1ST2 e SO emm ()
. ) . v e (= (/nfysin(xfD)
Higher order frequencies (2w, 3w, ...) = harmonics
1 —— 1 P N
- % 0 -;— \'./.l/T (o} er 3, 4.
A it/ |t <t ;
Triangl 6t = Siric? S(f) = rsinc? (f1)
/ " { c: e T = (U ey sl (nif)
‘ _‘__“““- -1 0 T e 00, 2/, 3, 4,
e i Gaussian o = o1 Gaussian S(f) = «(2m)* g Cf’
\ -t 0 T Ve 0V
~ Impulse G =5 DC Shift S(f)y=1
- 0, t#0 '
Time Domain F:Ti Frequency Domain I
s(t) S(w) "
Sinusold 6(t) = coS wt Single Freq.  S(f) = Y2(8(f+fo) + 6(f-f))
17 o - _ 0 W0 W [ |
L ]
s(t)= Z—IS (w)e” dw S(w) = f s(t)e " dt N A n® Wt/ Sl ——
T 0 -0 Comb. G(t) = comb (1) Comb. S(f) -_z 8 (f-n/v)
ET ]
-t 0 T 2t 3t i’l “2n 0 2n An




Metody zpracovani fyzikalnich
mereni

EVF 112

Méreni analogovych a digitalnich
signalu v elektronové spektroskopii

Doc. RNDr. Karel Masek, Dr.
Skupina fyziky povrchti KEVF



Elektronove spektroskopie na KEVF

o XPS SX ray photoelectron spectroscopy)
fotoelektronova spektroskopie

o AES (Auger electron spectroscopy) Augerova
elektronova spektroskopie

o UPS éultrawolet photoelectron spectroscopy)
ultrafialova fotoelektronova spektroskopie

o EELS (electron ener?(y loss spectroscopy)
spektroskopie charakteristickych ztrat

o APS (appearance ﬁotentlal spectroscopy)
spektroskopie prahovych potencialu

o SRPES (synchrotron radiation photoelectron
spectroscopy) fotoelektronova spektroskopie
buzena synchrotronovym zarenim




Spektroskopie obecnée

o Primarni Cinidlo - rtg zareni, elektrony,
ultrafialove zareni, synchrotronove zareni

o Mérime - energetické rozdéleni .
vyletujicich (sekundarnich) elektronu

o Zjistované informace - chemickeé sloZeni,
chemicky stav, Cistota, vazby (hloubka
informace)

o SPEKTRUM = zavislost intenzity na
merene energii elektronu

o Intenzita - vétSinou pocet pulsu za
vterinu, proud




Spektrum sekundarnich elektronu

Pravé sekundarni / Elasticky rozptylené
electrony Augerovy

electrony

Primeé spektrum

Energie E

dN(E)/dE Derivace

Energie E;



Augeruv jev

NN

Augeruv
elektron
- Excitace elektrony
- Excitace rtg zéfenim
38 Auger
1.0 r
2P Yax 0.5
2P
2S

1s

0 20 40 60 80 100
Atomic number Z

Figure 4.6. Emission probability of an Auger electron (A) or photon (X)

Emise fotonu
(rtg fluorescence)



Fotoelektronove spektrum

XPS data interpretation
WOx1, WOx2, WOx3 run95

Mb [Auger]

Pd [&uger]

Irfensity [3.U.]

It [ALiger]

C [Auger]

0 [Auger]

L Indd
a4

Wids

d
02z
W

A

[ | [ [ [ [ | | | [ |
100 200 300 400 500 GO0 00 300 900 1000 1100
Binding Energy [eV]

>




Fotoelektricky jev

foton

fotoelektron

BE =hv-KE=E, -E,

BE vazebna energie

hv energie fotonu
2Pz KE kineticka energie
2P E: energie koneCného stavu
2s E; energie pocCatecCniho stavu




Instrumentalni vybaveni

Detektor

~ Interface

Primarni
zdroj Analyzator
Primarni zdroj
-Rtg zareni Al, Mg Ka
Vstuan - elektrony 50 — 5000 eV
\j optlka - UV zareni He vyboj
T = - synchrotronové zareni
40 — 1000 eV

vzorek



Analyzatory




4-mrizkovy analyzator

Screan | +7kV
o= Grid 4 : Graund

R TR LEED - difrakce

- - i
ST et Grid 1 Ground

e nizkoenergetickych
elektronu

AES — Augerova
spektroskopie

Sample Holder
KL E P, TILT
100=-1700 K

I Ebmst-an Gub - W




Cylindricky analyzator (CMA)

Jednoduchy CMA

(&4

Vnejsi valec

Vnitfni valec se —=
v . - Vouter
stérbinami N\ +
Vzorek r‘ Detektor
—I\ (channeltron)

apertura

Koaxialni elektronové délo



Cylindricky analyzator (CMA)

Dvojity CMA (s brzdnympolem)

{Chater magnetic shisld
agnatic shisld

Chiter cylinder Rotary motion for aperiure
_ Inmer eylindsr

E_F

Electron
multiplsr

2]
[
|
]

]

Apertures / / 8 0.D. Flange.



Hemisféricky analyzator HMA

7 inner ™.
hemis| here\
p \.

oufer
hemisphere

2nd
lens

1st
lens

~enfrance
exit !
aperfures

detec A l
for :

T~aperture

~~UHV vessel

deceleration sector

=]

L eleciron path

Elektronové spektroskopie —
XPS, UPS, AES, EELS, SRPES
Lepsi rozliSeni

Citlivost zavisi na velikosti sfér



Zpusob mereni

o Piimé spektrum - proud nebo pocet pulst za jednotku ¢asu

o Derivované spektrum - prvni derivace (nékdy i druha
derivace) signalu, v pripadé analyzatoru s brzdnym polem
ziskdme primé spektrum

stfridava modulace
(~1V, 10 kHz)

Lock-In |——— dN(E)/dE

zp‘ei lovac

\

AN(E} ..

N(E)

AE Energie



Zpusob mereni

22646 20000

S 0esk 15000
¥ aeis ¥ 10000
£ HETE T ‘T
= 3 5000 K
ﬁ 16e+6 | ﬁ
- - 0 5 Gl a M
& 14detb | Fy
] w5000
3 12646 8
£ £-100m fle

1.0e+6 | -15000

0
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Electron Enerav fe\ Electron Energy (eV)

Pfimé spektrum Derivovane spektrum



Zpusob mereni

Ridici
jednotka,
zdroj

A

Lock-In

A

AC
modulace

Interface

il

————1

PC

Detektor

»nasobic

»kanalek (channeltron)

»>pole kanalku

»kanalkova destiCka (channelplate)

Elektronika analyzatoru
»potrebna ridici a napajeci napeti
»komunikace s pocCitacem
»Snimani signalu z detektoru

PC a interface(prevodniky, ¢itace, komunikacni karty)

»komunikace s ridici jednotkou analyzatoru
»>generovani fidicich pfikazu nebo signalu
»akumulace dat, jejich zaznam a zobrazeni



Zpusob mereni

Ridici
jednotka,
zdroj

Detektor

Detektorovg »nasobié
jednotka L »kanalek (channeltron)
0

Q - »>pole kanalku
ug hig »kanalkova desti¢ka (channelplate)
S Elektronika analyzatoru

< ':'PC »potrebna ridici a napajeci napeti

»komunikace s pocCitacem
»Snimani signalu z detektoru

PC a interface(prevodniky, €ita€e, komunikacéni karty)
»komunikace s ridici jednotkou analyzatoru
»>generovani fidicich pfikazu nebo signalu

»akumulace dat, jejich zaznam a zobrazeni




Zpracovani spekter

o Jednoucelove programy pro snimani
spekter — SPECTRA, SPECSLAB, EIS

o Jednoucelové programy pro zpracovani
spekter — CasaXPS, XPSpeak, FI

o Viceucelové programy - tabulkoveé
procesory — Excel, Origin, Igor, MatLab,
IDL, Mathematica



Jednouceloveé programy

o Nastaveni mériciho pristroje

o Méreni a zaznam dat

o Zobrazeni méerenych dat

o Zakladni operace s daty

o Export do rlznych formata

o Kazdy program ma urcité zamereni




SPECSLAB - méreni

5 pie ab ]
File Edit Wiew Tools  Operations  Sindow  Help
B p| 2k Xy | — =5 ey |E o | LEHEEEDH

’: -

Files

=[5 CDWOR

Abort Acquisition
Suspend Acquisition
Resume Acquisition

Consecutive Mode

+ % I‘I.D i VI n
=1
_WOx3_05_01.bin

112304 ]s]6[7]a]0

- 0)x]

T T
100 105 110
Kinetic Energy [&V]

=l wo Cylic Mode

B Overwrite Mode

- Settings...
[—:I--IE% 2nd W deposition, 1754eW

B s

-[F 0O1s

® Wo4F
EIIE% 2nd W deposition, 120eV, 1007200

| aligriment

- ws me 0,57

R VB mc 0,57

- W 4f e 0,57 . .

=R i e e 0,677 20 85
- Fermi Edge[120]

[#-lligy 2nd WO deposition, 45.4eY, 100/200 |Data 3
[+ 2nd W deposition, 58,3&V, 100{200
[#-ligy 2nd WO deposition, 66.5eY, 100/200
-l 400C 15min, 120ev, 100/200 =09
=- 400C 15min, 48.4eY, 100/200

T " 25

[} aligriment

; 34| WS me 0,57 204

[EG) VB mc 0,57

E|® Fermi edge me 0,57 PR
e Fermi Edge[45.4]
[+ 400C 15min, 58,3eY, 100j200 104
[+ 400C 15min, 66.8eY, 1007200
[+ 400C 15min, 1254el 54
o4
T
119.6

T
1198

T T T
120 1202 1204
Kinetic Energy [2V]




SPECSLAB — méreni a zobrazeni

File Edit Wiew Analyzer Tools Operations Window Help

i | H RS ek X i [ — =5 T By Es oo L E F BH|EH 6 () (|
—— - 0e0m+xfiw B 1 lafaals s ]70]s
A Files 4 bata

B Cr\DWHORKdatatitOo_rungsi05-07-05_Cne3_0
=l Wi deposition, 1254ew
B ows
® W oaF
L] aligriment
=i 2nd WO deposition, 1254V
s
® O 1s
B waf
EI--% 2nd Wi deposition, 120eY, 100/200
=) aligriment
[f) — wsmc0.57
-[B YE me 0,57
W df me 0.57 T T
Fermi edge mc 0,677 70 20
Fermi Edge[120] Kinetic Energy [eV]
EI--% 2nd Wi deposition, 48.4e¥, 1004200
- WS me 0,62
WE mec 0,62
Fermi edge mc 0,62
Fermi Edge[47.9]

o
<]
1

Intensity [107 Counts]
1

o
in
1

Analyzer Acquizition D ate
|2nd 'wlx deposition, 120 IPHDIBDS HS43500 150 |DEHD?HDE 18:05:24
[_]lﬁ% 2nd Wox deposition, 58.3e, 100/200 ethod Entrance and Exit 5lit  Lens Mode Analysis Mode
B W3 me 0,67 IUF'S ;I I5:?x20;| |2:0per;| IHighF‘ointTransmission ;I IFixed.t’-‘-.nalyzerTlansmission

R vBme0.E7 Eexc Ekin Start Epass I Ubias ™ Udet I
=R Fermi edge mec 0,67

Fermi Edge[57.5] o [30 |2 Ja0 |2700 45

WS e 0,67 Ekin/Epazz Ekin Step Ekin End Walues Scang Dwell Tire
#nd WO deposition, 66,88, 100§200 j1278 [ j125 IE] 1 o1
G| WS me 0,75
WBme 0,75
Fermi edge mc 0.75 Load
Fermi Edge[66.5]
=] % 400C 15min, 120eY, 100200

G aligrirnent Previous Y alidate Acquire Clear

Commet Default Values

Save




SPECSLAB — jednoduché operace

SpecsLah

File Edit Yiew Analyzer Tools § [yt Window  Help

i o W O g e 2B — =5 7 5| o] ), B BE[EE D

’:-- e = O Linear Operations 3. 1 2 3 4 5§ 6 7 & 9
Moise

Files Preak FWHM

=B CH\DWORK\dataWos_rungg  PeakLocation

EIIF@ Wi deposition, 1254 Savitzky Golay Smooth
B’ s Settings 3
® W 4F —
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WSPECTRA — MCD systém

2l aE el @

|No File JJE
Wz ja e .cls_.clv_.cls_dlg_.cre‘_l_l!l Ready . —I I:;.j:.:tem

.
A0DKA === === === == o e e Ao o e +

?l
=1
o
=3
U\—'ﬁ"F

<»| x= 123.38  y- 95.14k

Interface setup

Y Signal Source |5 (MCD) =l peiiooxicntions S ] A
v Load on program startup o o
By I 1638.4 J ¥ Create new on file "xx.1° : :
Timebhase IU (10 ms) j v Preload last file+1 on open
Region 10 |0 (Normal) ~ : :

I — Exctation [17555 5

T Lnannel emngs =
o
. ; Offset lon? [sens. |
é work-function I 0.0 DaC hrts[ WU.D of 10
= Interface SP721-00--
=
=
) sl 2
10" S - — i
: : 0
! ! | =
I e A Start= 299.99 i
: : Scan Width = 10.0
Pass Energy = 2.0
g‘y AutoCal. | MCD driver type
] | Histogram m | I—_
: inear ‘_I'
4 | o] 4
0

300 250 200 150 100 50 i
Binding Energy, &%




WSPECTRA - nastaveni
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WSPECTRA - funkce
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WSPECTRA Presenter

SPECTRA Presenter
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Formaty dat v el. spektroskopi

o Binarni

o Specialni, dle vyrobce programu
o VAMAS

o Energie - intenzita (x-y)




Formaty - VAMAS
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Formaty - Spectra
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Formaty — x-y
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Specializovany software

o Zpracovani a prezentace spekter
o Kvantitativni vyhodnoceni spekter
o Fitovani spekter

o - napr. CasaXPS, FITT, XPSPeak
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Zpracovani a prezentace spekter

o Viceuceloveé programy - tabulkove
procesory — Excel, Origin, Igor,
MatLab, IDL, Mathematica




Excel — Microsoft Office
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lgor Pro
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Labview

o Grafické programovani

o Modularni systém (Labview,
Diadem, Simulation, Real-Time,
FPGA, PDA, Datalogging, NI Vision,
Toolkit, Matrix, Signal Processing,
Vision Assistent, Device Drivers)

o Knihovny vzorovych programu
o Kod pro jazyk C++



Labview
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Labview
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Metody zpracovani fyzikalnich
mereni

EVF 112
Zpracovani obrazové informace

Doc. RNDr. Karel Masek, Dr.
Skupina fyziky povrchti KEVF



Obrazova informace — uziti ve fyzice
tenkych vrstev, fyzice povrchu ...

o Elektronova difrakce LEED (Low Energy
Electron Diffraction) a RHEED (Reflection
High Energy Electron Diffraction)

o TEM (Transmission Electron Microscopy) a
TED (Transmission Electron Diffraction)

o SEM (Scanning Electron Microscopy)
o STM (Scanning Tunneling Microscopy)
o HRTEM (High Resolution TEM)

o A dalsi



Zpracovani obrazu - informace

o Upravy a prezentace obrazu
o Profilova analyza, intenzitni méreni

o Vyhledavani a urcovani polohy a
velikosti objektu v obrazu

o Korekce vad zobrazovaciho systému



Ziskavani obrazové informace

o Digitalni informace
o Fotografie — skenovani obrazu

o Stinitko — kamera, prenos v digitalni
forme, digitalizace videosignalu

o Matice citlivych prvkd (CCD)

o Vysledek - obrazovy soubor v
néjakem formatu



Ziskavani obrazové informace

CCD kamera Frame grabber

Stinitko Video aquisition card
ﬁ_DBus interface

PC
Matice snimacich prvku ”””” ”
IE Interface




Software pro zpracovani obrazu

o Specialni software - dodavany
vyrobci zatizeni (mikroskopu)

o Specializované programovatelné
prostredi — napr. Labview

o Obecnejsi programy — ACDSee,
MatLab, .....



Digitalni obraz

o Obraz = 2D matice intenzity svétla v Urovnich
Sedi nebo v barvach

o Konvence - pocatek vlevo nahore, vodorovné osa
X a svisle osa y

o Rozligeni m x n — m pocet sloupcﬁ a n pocet fad
o Bitova hloubka = pocet bitd pou2|tych k vyJadrenl

hodnoty jednoho pixelu, 8 bitd = 256 Urovni, 16
bitd = od 0 do 65536 nebo od -32767 do 32767

o Pocet rovin = pocCet matic, které vytvareji obraz,
v Urovnich sedi a pseudo-barvach - 1 rovina,
,true color® - 3 roviny RGB (Cervena, zelena,
modra), HSL (odstin, saturace, jas)




Typy obrazu

o V Urovnich Sedi, barevné, komplexni

Image Type Mumnher of Bytes per Pixel Data

H-hil
i Uiz ned,
Intezer
Corayseile I [ | [ Crtey e

(1 byie or B-hit o the prayscale intersity
B-bit s

1 &5-hil
i Siened;
Intezer
[il':l_'. sl | | e L A e |

2 bytes of | -bit Fior the gravscale inlensity
I5-hit




Typy obrazu

lnage Type

Number of Bvtes per Pisel Data

A 2-hil
Il time-
foint
Gravacale

(4 bvies or
32-bit s

32-bit For the grayscale intensily

KGR Color

(4 byles or
32-hit)

SR R R s Rt R T Rl
T T T TR 1. l-l\ll' 1 |'\'l\-|' 1 l'.\.l.\'ll

Bebit for the
blug inbersity

&-bit for the
Qreen Ltensiy

&-bit for the
redl anlensity

E-bit fior the
alpha value
not used)

Hs=L Color

(4 byvles or
32-hit}

EEREEH S R RS |

& hit oo the
luminance

E-hil for the
satnration

&-bit for the hue

&-bil nol used

Complex

(5 byles or
fd-bits

i o A R -
HE e e e i e i T i T e e T el o i ot i el b e R Ll it i e L o e e

32-bit foating for the real pari
32-bat for the imaginary part




Obrazové soubory

o Bitmap (BMP)
o Tagged image file format (TIFF)
o Portable network graphics (PNG)

o Joint Photographic Experts Group
format (JPEG)

O ...




Okraje obrazu a maska obrazu

o Okraje obrazu - zalezi
v (o]
na poctu sousedu,

které vyuzivaji funkce =
obrazoveho zpracovani %
o Maska - urcCuje cast

obrazu ke zpracovani

: e

.

O Border pixsls
[] [ Pisats rat alieciad by the mesk

W Ficls affocted by the mask




Zobrazeni obrazu

o 8-bit zobrazeni => 256 barev
o 16-bit zobrazeni => 65536 barev

o 24 nebo 32-bit zobrazeni =>
16.7mil barev, kodovano od RGB

o 16-bit obraz v Urovnich Sedi
ignoruji se méne vyznamneé bity
uziti mapovacich metod



Palety

o Tabulka barev,
kazde intenzite

O Y 4 - Y 4 Y 4
o Ruzne vizualni

zmeny hodnot j

ktera prirazuje
barevnou hodnotu

brezentace bez
. V4 . o
ednotlivych pixelu

o ZdUraznéni ma
pseudobarvy

ych rozdild,



Palety

e Rad Rad | |
Gireen Giraan Giraan |
Bl Eua Blug | |
a 256 0 128 255 D 18
Paleta sedi Paleta teplotni Paleta binarni
Aad / Red
Giragn Green
pr——
Elus \ Bl /
0 &t i@ 192 255 i 128 192 256

Paleta duhova Paleta gradientni



Overlay

o Popisy obrazu, zvyraznéni c¢asti, linie,
v (o) 7
tvary bez zmeny puvodniho obrazu

o Ovliviuje pouze zobrazeni




Zobrazovaci systém

Vlastnosti:

O

O
O
O

o O

Rozliseni
Rozliseni v pixelech
Zorné pole

Pracovni vzdalenost
(délka zaostreni)

Kontrast
Velikost senzoru
Hloubka ostrosti

1 Rasoltion
2 Fial of View

3 ‘Working Distance
4 Sersor St

5 Depth of Field
G Image

7 Pl
8 P




Chyby zobrazovaciho systemu

o Distorze obrazu,
perspektiva,
otocCeni

1 Lans Distartian

2 Pampeclive Errar

3 Eriown Onentation Oifset

IIIIIII
L B N N N
L B B N

b.

original

perspektiva

distorze




Prostorova kalibrace

o Umoznuje prevod do realnych jednotek a
odstranéni vad zobrazovaciho systéemu,
nastaveni koordinacniho systemu

o Transformace mezi nameérenym a
vzorovym obrazem

F

L

&

!

sadekan

LA N N NN N
— ™ s8R BEN
B N N R NN

dy

o 9 TR

b




Prostorova kalibrace

o Koordinacni system

o Kalibracni algoritmy -
Dro korekci
perspektivy,
nonlinearni algoritmus

e o
%l-l—l-l—l-i—*r @l@r‘”:: e®
' YEXXER. *-2..::
L ’
Secenes Tev % er Chybova hodnota
»® .
I EXN RN *-...i

[T Crignin the Foal Workd Grd 2 Ungin i tha Gnd mags |




Obrazova analyza

o Histogram = pocet
pixell urcité drovné
sedi, pomaha pri
nastaveni podminek
snimani obrazu

o Linearni histogram,

Hpinoat k) = 1y Plivead k)= Rgin

pravdépodobnost

o Kumulativni r'"a::.-m.-lt.-'...i....l..-...
histogram, T
pravdépodobnost

i i L
H'--.'I.'I.'.'I."ll:.-l= My m, PI '._-_1_1_._i.|li' P= Ty =

et



Obrazova analyza

o Linearni skalovani histogramu
o Logaritmickeé skalovani — zvyrazni malé
nodnoty v histogramu

t M a4

4. Lrear Vertcal Scale

.

b. Loganthmic Vartical Scala



Obrazova analyza

o Intenzitni profil — pribéh intensity podél
linie v obrazu

o Intenzitni méreni — minimalni a maximalni
hodnota, stredni hodnota, standartni
odchylka

Inkznsity lax
(Bnghter)

Intensiy Kin
(Darker) s dirg Point Ending Paint




Zpracovani obrazu

o LUT = Lookup Table

o Zakladni funkce zpracovani obrazu
vyuzivajici LUT:

- vyrovnani pomoci histogramu
- gamma korekce

- exponencialni korekce

- logaritmicka korekce

O O O O

o Vyuziti: uprava kontrastu a jasu



Zpracovani obrazu

o Priklad

If x 2| 191, 2541, Fix) = 255 Fixi -




Zpracovani obrazu

o Priklad obvyklych preddefinovanych LUT

LUT

Transfer
Function

shading Correction

| inear

/L

[ncresses the inbensity dynamic

by evenly distrbating a given
gray-level interval [min, max] over
Ehe full gray scale [0, 235]. Min and
max default values are 0 and 235 for
an S-hil image.

Logarithimic
Porwer 'Y
S nare Reot

[ncresses the brghtness aml contrasl
i dark regions. Decreases the
contrst in bright reglons,

FExponeniial
Porwer Y
S| nare

/

Decreases the brighiness and
conlrast in dark regions. [Incremses
the contrast in bright regiors.




Zpracovani obrazu

o Logaritmicka a
inverzni gamma
korekce - rozsiruje
intervaly v nizkych
urovnich sSedi




Zpracovani obrazu

o Exponencialni a
gamma korekce -
rozsiruje intervaly
ve vysokych
urovnich sSedi

250+

200 4

150+

100+

abT




Zpracovani obrazu

o Vyrovnani - LUT je
vypoctena z
obsahu obrazu




Zpracovani obrazu

o Zakladni konvolucni
operace = 2d filtry
které aplikujeme na
obraz

o Koeficienty definuji
jak je hodnota
vypoctena na zaklade
hodnot nejblizsich
sousedu

o Filtry 3x3, 5x5, 7x7

]
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Zpracovani obrazu

o Filtry = linearni (konvolucni),
nelinearni
o Konvoluce = gradientni,

Laplaceovske, vyhlazovaci,
Gaussovske

o Uziti filtra: detekce hran, kontury,
odstranéni sumu, vyhlazovani,
ostreni, ...



Zpracovani obrazu

o Typy prostorovych

i o
filtru
Filter Tyvpe Filters
L nar
Highpeass Giradient, Laplacian
|ivevpiass smonthing, Ciaussian
Monlinear
Highpass Gradient, Roberis, Sobel, Prewiit, Differentiation,

|ivevpiass

10 ITE
Mleclian, Nih Order, Lowpass




Zpracovani obrazu

o Priklad: gradientni filtr
Zvyraznéni hran a textur

@ =

L or —d

|" I|I

Prewitt #10

Proswitr £2

0 -1 -
1 -
1 1 @

Frewitt #10 highlights pixels where the light
intensity increases along the direction going
from northeast to soutbevest. 1t darkens pixels
where the light iniensity decreases along thal
same direction. This processing outllines the
porthieast fiont edges ol hright regions such as
the ones in the illusiation.

Prewitt #2 highlights pixels where the light
inbensily increases along the dirsction going
from southwest o northeast [ darkens pixels
where the light intensily decreases along that
sana direction. This processing ootlines the
soll st front adges of bright regions such s
the ones in the illustration.




Zpracovani obrazu

o Laplaceovsky filtr — zvyrazneéeni
kontur

o Vyhlazovaci filtr - srazeni hran,
rozmazani obrazu

o Gaussovsky filtr — potlacuje detaily,
pruméruje




Zpracovani obrazu

o Morfologickeé funkce - filtrovani sumu,
uprava pozadi

o Erozni funkce - snizuje jas pixelu
obklopeneho pixely s nizkou intenzitou

o Dilatacni funkce - zvysuje jas pixelu
obklopeneho pixely s vysokou intenzitou

o Funkce otevreni - eroze nasledovana

dilataci, odstranuje svéetle stopy v tmave
oblasti, vyhlazeni hranic

o Funkce uzavreni - dilatace nasledovana
erozi, odstranuje tmave stopy ve svetle
oblasti, vyhlazeni hranic




Operatory

o Aritmetické a logicke operace s obrazy

fe= L0 |::'J".||j':'| |

o Aritmetické operatory

[hperator Foijuation
Multiply Pe = minip, x . 2353
Diivicle po=maxep fp,, O
Akl po=minip, + p,. 2350
subiraci Pre = maxip, — pu. 0]
Mladulo o= pomiedp,

Absolute Difference p.=lp. —p.l




Operatory

o logické operatory

fperalar

Foopua tion

Logical Opserators

AN p.= . AND p,
MAND P = P, AN g,
R P = pa OR
MR P = p, NOR p,
HOR p= P, XOR p,

Liogic INifference

o= Pa ANMD (NOT pod

Commparnison Ciperabors

M azk ip, =0
hen p, =10,
':'II.':I'-llll_ = "
Mlcan o= mean| p,. e ]
Max e = man| pa. pel
Min o= minlge. p.l




Frekvencni analyza

o FFT (Fast Fourier

Transform)
EFT Flgr (mvarss FEFT
v, | —® Fu vl —8 A v B gix

o Nizkopasmovy filtr — vyhlazeny obraz,
snizeni sumu, potlacené detaily a
kontury

o Vysokopasmovy filtr — zaostreny,
zvyraznene detaily



FrekvencCni analyza

o Standartni FFT
reprezentace,
komplexni




FrekvencCni analyza

P\«J o Opticka FFT
reprezentace,
komplexni

b. FFT in Optical Reprasantation



Nizkopasmove filtry

o Nizkopasmovy e, am

l:ltl um g Fre

o Nizkopasmové
odriznuti

=y

o



Vysokopasmove filtry

o Vysokopasmovy .
Utlum .

o Vysokopasmove
odriznuti




Analyza Castic

o Prahovani

o Binarni morfologické funkce
o Méreni Castic




Analyza Castic

Particle Measuremeni Valwes

Area 2455
MNumber of Holes I
Bonmeling Rect

Ll 127

Top )

Right 200

Boitiom fi

Center of Mass

X 167.51

¥ 3761
Oirienfation R2.340
Dimensions

Widih 73

Hizight T




Prahovani

Image Hislogram
Thrashoid
Imerval
. 166 2
hif) Class 0 —

Histegmm Va ks

Gray Lavel Valuo



Binarni morfologické funkce

Uprava binarnich obraz{
-eroze

-dilatace

-otevreni

-uzavreni

-ztenceni

-ztlusténi

-gradient

-automedian

O O O O O O O O



Méreni castic

O
O
O

Hranicni obdélnik
DrUMmer

Plocha

o Ekvivalentni ctverec
o Ekvivaletni elipsa
o Segmentova délka

V VWV « V

o Moment téziste



RHEED, LEED

Si (111)
= rekonstrukce 7x7

......

Si (111)
rekonstrukce 7x7
po depozici Au

WO, / Al,O, (0001)

Al,O, (0001)
otaceni okolo osy
kolmé k povrchu




RHEED, LEED

Intenzitni profil

In(Intensity)

Pd/AI203/ =
0.8

NiAl(110)

A
i = =
it Phoy ey
:‘ T T
(OO)-SpOt '! Y 15 20 25
Y] dpg [A]
4APd, 300K

® 300K
®90 K
4 90 K, 210*mbar CO

3 ﬂé‘{ 2APd, 90K

"3‘#\__-:"5“;:5_ 0.5 A Pd,

2*10 *mbar CO

clean

Kpar [%a;"]




RHEED, LEED

Casovy vyvoj intensity

5 \//\\/Af YAV,
-

Time {5}




RHEED, LEED

vzorek

Ruist Al
na NaCl (001)

Pro kubickou miiz a ||

a
d =
R k4




Urceni vzdalenosti stop

Urceni
vzdalenosti stop

Subpixelova detekce

Urceni polohy stop:

* prosté mereni
» m&fenim z intenzitnich profilt
» fitovani modelovych funkci

funkce:
Gauss, Lorentz, Voigt (pseudo-\Voigt)

presnost vySsi nez rozmér pixelu

Virtualni kamera

odstranéni zobrazovacich vad
detekéniho systéemu




TEM photography of Au particles deposited on KCI. The
magnify is 750 000.

Rh / NaCl - replika Au / KCI - replika



Morfologické metody popisu
ostruvkovych struktur

»hustota castic = pocet / plocha, cm?, radu 1012

»pokryti povrchu — bezrozmérné ¢islo

»stredni velikost ¢astic

»rozdéleni velikosti

»radialni rozdélovaci funkce — radial distribution function
»>rozdéleni N nejblizSich sousedt — distribution of Nth nearest
neighbours (center to center, random point to center)
»kvadratické metody (variance)

»covariance

»chord-length distribution



Morfologické metody popisu
ostruvkovych struktur

OZDELENI VELIKOSTI

»gaussovo rozdéleni — rust
pripojovanim atomdu -
»koalescence - odvozeno teoreticky
(C.G. Granqvist and R.A. Buhrman,
Statistical model for coalescence of e
islands indiscontinuous films, Applied
Physics Letters 27 (12) (1975) 693)
»koalescence - log-normalni rozdéleni
— 0 =1.28%0.06 — (plati napf. pro Ag/am 0.10-
C, Pt/NaCl, Au/am C, Au/NaCl, Au/SiO,
Pd/NaCl, Rh/NaCl ...)

»Ostwalduv ripening 0.00]

- (27[)1/12 - .eXp{— ;{mhl(j }}

(@)

0.101

0.00 1

n(d)/n

0.15 ™)

0.054






