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Objectlves of the report W ”J..,,._

UME
« Evaluate the sources of uncertainties in digital measurement
of waveforms

» Calculate uncertainty propagation for the whole traceability
chain

* Provide models and approaches for fast on-site calculations
of uncertainties

Uncertainty estimation is based on:
*Measurement procedures
*Algorithms used to obtain measurement parameters
*Uncertainty sources
*Current measurements are also based on voltage
measurements

For these reasons the report is planned as follows:




Content of the report

» Detailed instructions on measurement procedure for
voltage are presented. Including
* Including equipment/systems which are available in the market
* Possible measurement setups

« Explanation of the calibration process which defines with which
setup/configuration to use which algorithm

* Presents ideas for choosing references to be used to reach the
uncertainty goals.

 Briefly steps of calibration for both voltage sampler and voltage
source calibration are defined.

» Model functions of the measurements are given in detail
Including the uncertainty sources and their estimated
values.

» Finally information about uncertainty calculations and
» The scope of the measurements is presented
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Content of the report-Measurement Setups
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Figure 1. Synchronous Sampling
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Measurement Setups-Adviced Algorithms for Waveforms with Single Tones

Table-.Methods/Algorithms for Calculating Effective VValue-of-Single Tone-Voltage \Wavesy]

i Discrete-Fourier-| 3-Parameter- 4-Parameter- [
Measuring-Setup= | Sampler RMS -formula= ) " ) "
Transformes Sine-Fittingx Sine-Fitting=
IADCx van v .0 v L5n v L6n o
SY”ChmnDUS’:‘ AT-ADCH '/’—pn '/’—rn '/’—551'1 '/’—rﬁﬂ i
Q\Jﬂ ‘lfl—rn X4]:,'( /’—rEﬂ /’—rﬁﬂ =
. o]
Semi-synchronous= IADC= v g v g v L 1.50 v 1.6
IADC= X2y X30y v 7o v L8g ~
Asynchronous=
SA-ADCH X220 X3 v ' v 480 -
1-Half-ofthe-CLK: period-of the-ADC- should-be-considered-as- the-jitter-parameter § =
2_.Samples- may- not-represent-a-whole-period,-as- it-may- not-be-an-integer-when-the-sampling- (-fs)-frequency-ofthe-sampler-
(ADC)-is-divided- to-the-frequency-ofthe-source-(-fm-).-Therefore, instability- between-measurements- may- be-high.{]
3-Thewindow-effect should-be-evaluated,- as-the-ratio-obtained- -when-the-sampling- (-fs-)-frequency-ofthe-sampler- (ADC)-is-
divided-to-the-frequency-ofthe-source-(-fm-). q]
4-Samples- will-not-be-evenly-spaced- in-time-domain- when-the-QV's-sampler- is-the-NI5922
S-Fitting frequency-should-be-taken- -fm=fz/Nq
8_Starting- frequency-should-be-taken--fm=f=/N1q]
7-iVhen-fm-and--fs-are-determined-according-to-the-same- frequency-standard-and-time- data- of the-sampler- is-corrected-
according-to-the-frequency-measurement- result, - the-algorithm- gives-results-with-high-accuracy.- The-amount- of data- must-
be-greater-than-one-period §|
8_This-algorithm- can- be-used-when-fm-is-too-small- to-be-measured-with-a-frequencyr-counter_-There-mus’i-rzbe-at-least- five-
periods-of-data.-When-fm-is-estimated- correctly, -the-signal—tn—nnise-ratin-Df-the-fitted-cuwe-{SNR=1D*IDQ{%‘§£)is-
any
calculated- within-expected-values. - Ifthe-SNR- is-worse, -by-trying-different-starting-frequencies for fm, Iteration- should-be- 6

continued-for the-lowest-SNR.=
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>

—JUBITAL—

UME

+

Table2.-Methods/Algorithms for-Calculating-Effective Value -of-Each-Tone of Multi-Tone-Voltage-
Waves- T
Measuring- Setund Samplera Discrete-Fourier- 3-Parameter- Sine- | 4-Parameter-Sine- [
"9 b P Transformm Fittingz Fittingx
[
Synchronous IADCx= v o2n V43 v'-3u
0]
Synchronous= AT-ADCu v a2p v'-3n v'-3n
[
Synchronousa QVan X g v 30 v 3
9]
Semi-synchronousx JADCx N, v'-3n v'+3u
4 VR, K
Asynchronous= IADCx X o v 40 -
9]
Asynchronousa TA-ADCn X 1 v 24 v 90
1--The-footnotes-given-in- Table- 1-are-taken-into-account. -
2--Tones-must-be-harmonics-of-fm-(Kkxf,. k=0,1,2,3...-ve-kxf,<f/2) 4
+-Tones =Kk f/(M.N);-k=0,1,2,3.__-ve-f<fs/2
4+fy frequencies- must-be-estimated/measured- correctly. T
5-Footnote- (2)-in-Table-1-should- also-be-taken-into-account- for -fi frequencies. -m
O
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Table3.-Amplitude -FrequencyRangesand-LeastPossible Uncertainties-of Reference-
. Device/Systemsq
Calibration- Objectn Reference:- Amplitude- Frequency: Possible-Uncertaintiesn
System/Devicen Rangen Rangen
Voltage- IADCo o-mV---750-Vu 1-mHz---2-kHza 1,5-pVIV-50-pVVee [T
Source/DACH ZA-ADCm <3-Vu <100-kHzm >100-pV/Vm 9]
QVo <8V 1:Hz---2-KHzu 0,5:pVIV---3:pVNo [T
Calibrator- (FLUKE- o]
97 X0A,-Datron- 0,8V--700-Vm 10-Hz-100- KHzx >20-pViva
4808 ).u
Voltage- Sampler« PJVSx <1 Va <500 Hza 0.5 pV/Va o
Alvon-DualDACH <-10Vo 6-Hz---10-kHzx =>50-puV/Vo o
CMI-SWG03a <10-Vm <-100-kHzx >50-puViVz 9]
a1 O
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vi()+v(O}dt+v, (1)

Model Functions & Uncertainty Sources

The model function of an x[n]
sample is defined:

1 SLlH‘I' SRES ) ?.Ta+ﬁ]'r-a+_fi+ﬁrﬁ
X[ﬂ] =‘IG+T +6 (1+6REF+SG+— FS s

i TTi |VADC | T+

Table4.-Uncertainty-Componentsq]

Probability- Correlation-
Componentn Definition-and-Its-Valuen Distribution- Uncertaintys Between-
Functiong Sampleso
s + {(Juantumvoltage ofthent-
- Ve samplewhenthe samplerisQVY] _ o o

s »+ ts-valueiszerowhensampler
I5-3456A, EA-ADC ADC o

2o|  Vese | Full'Scaleofthesamplers= o o o

Nominal-Value ofthe samples-

31| Vaooe obtained bythesampler= . . .
Mathematical function-ofthe signal-
appliedtothesampler'sinputy]

du | w(H)= Sin(ZXﬂ.’X%)+S'1n{2Xﬂ'XkX = = =

1
A

Integration/Sample-hold timey]

» —+ Valuedetermined by APER-
commandwhen-sampleris-
3458Aand Ti=Ta-25ys, Ti=-

5o T;= 10ps;Ti=100nsxz,ze z1 o o o

s + 17 nswhensamplerzA-ADCY

» + Thewaluesuitableforthe-
samplerinthe QV systemwhen-
the sampleris-Qv=

Jitterinintegration timey] %
Dot e -+ 3458A Rectangularm Mox
i . m-ADgﬂ : ¢~ <00ps]

. {3%!:&
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Model Functions & Uncertainty Sources

1 v.T, 'Hhm +T1'+O]'ﬁ
T+6m |Vancl v T8

Buwté RES

Probability- Correlation-

Components Definition-and-lts-Valuesn Distribution- Uncertaintys Between-
Functiono Samplesno

Sampling-penodf

s -+ Valuedetermined-by TIMER-
commandwhen-sampleris-
J458Aand-Ti=Ta-25ys,-
Ta=100nsxz,ze ZH

o =+ [fthesampleris-NI5922 the-
period-ofthe-equivalent-
samplingfrequency=

o T. =

Jitterinsampling penodq

s » 3458Ainternal-CLKY

o« » TA-ADCY

e —+ 3458A-5emi-Synchronouso

* A==

Bu i1 Rectangular= Noxt

-+ <=bH00ps
3pst
o0nse=

Out T Period ofthe inputsignal-{vi(t))= o o B

.
+

.
+

. | Jitterinthe period ofinputsignal-
1090 0m™ | e ° ° Nox

10




_IUBITM(_

UME

Content of the report VV ”

Model Functions & Uncertainty Sources

v Tgtbm + Tty
x[n] =V, + (148 +85+ Sunt RESVFS) f (i (D+vo(D}.dt4+v o, (6)
Ti+6m [Vancl R
Probability- Correlation-
Componenta Definition- and-lts-Valuen Distribution- Uncertaintya Between-
Functiona Samplesut
The correction-of the reference-
voltage-ofthesampler-q 1
ltis-relative tothe Vaoc, 1
TMa| g™ | itsvalueisOwhen<alibrating-the- Normalz 1 Yesun
samplery| o+ 05UV
s + 3458A1 o » <20pV/Ve
s &+ TA-ADCH
Thecormection-ofthe gainofthe-
sampler-Itis relative tothe Vaoz, - T 1
itsvalueis0when-<alibrating-the- 1 1
120 §q0 samplery] T T Yesn
o -+ 3458 A<100-Hz] * > Nomal] | o~ 001V o
o - 3458 A=100-Hz] * + Rect] o = INH(0,002/Ti)—=<30-pVA
. & TAADCH * + Rectnm o = 30uViVa
Itis the ADC's INLfault -
Thecormrection-ofthelinearity of the- Normalf] can-beobtainedfromthe-
sampler- It-is-relative tothe Ves SINAD parameter-for-
13a|  Sy™ | : - - | - Nowt
its valueis0when-calibrating the- Rectangulam d\_.rnamlcmeasuren_"lents.-
sampler. = g =0-can-be-obtained-when-
obtainedfromSINAD=z
s =+ [tistheresolution-ofthe-
ADC_{t-canbeobtained-
The resolution-correction-ofthe- fromthe ENOB-
sampleristelative tothe measuring- parameterofthe ADC-
range, thevalueis{inthe sampler- Normalf| fordynamic-
T4a) Sges™ calibration] il measurements.-§;,,,=0- Nox
* » Dynamic| Rectangular= can-be-obtainedwhen-
» &+ 3458A0 obtainedfromENOBY]
* » (26)Calculated by- 11
Equation=
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v+ + Ty
(1+8ger+85+ =E RESVFS) j Vi) +v () }.dt+vg, ()
Ti+8pm [Vanc! R
Probability- Correlation-
Componentsd Definition- and-lts-Values Distribution- Uncertaintysz Between-
Functiona Sampleso
Theguantizationnoise-ofthe- 1
samplery 1
P P - Calculatedby-Equation-
- | Insamplercalibration, the valueis *
16| v, (t) assumed-as 07 Rectangular= 221 _ Noxt
o -+ 3458A7 + + Calculated-assuming-
e ADCx one-biterorby-Equation-
(23)=
Thenoiseofthesignal-atthe- %
samplerinputq] .
16| v (D™ | e » 57X0,Datron4808,- 1 Rectangular= | * 7 éil;':"ulaledby Equation Nom
't %ﬂd%g%l-DAC,CMI- » » Calculated by-Equation-
(25)=
Coefficient-of correcting the effectof- Rectangular] Manufacturer's-declarationy
17a|  Gge | thesampler'sdiltersthatsuppress- NDIT?lalﬂ M o
inputnoise {anti-aliasing filter)= Calibration-Result=
Thevaluesof straycircuit-
Theate-atwhich the-applied- E'rg';:':;tﬁ?;‘fa“r:gi?ur‘i:éir
voltage fromthe voltage sourceis- g ng
18a|  Tyape Rectangular | valuesthevalue of Jyspand- | Nom
transferredtothe samplerdueto- its uncertaintyis calculaied-
stray circuitelements ofthe setup= ) ) T
according to-electrical circuit-
theories.o
190 8V u2 Ee?gr;ﬁ::‘;”vgﬁs;gzﬂlﬁim'“”he' Normals Obtained fromthe certificaten| Nox
Cormrection duetothedriftofthe- Hist facturer's-
20| &V_pu | referencevoltage sourceovertime- | Rectangular= to‘igﬁfggsg Lr‘n:mﬂre s Noxt
sinceitslastcalibration=
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o Calculating Uncertainty Dependent on Used

Algorithms

RMS Formula

Vrms D=

N

oV
: ms D
Uy (\'nns D) T u(x[n])

”(Vrms_D):J

2
{uﬂ (Vrms_D)}

=
1=

13 .
uGdn= | {ueind)
\ 171
DFT
,n.Ti.k
K-1_ x[o]  -i2nf Ty 0T,
A Zn_ nT.k 3 y
sinc ol
K=M.N
2 T
uz(Re(X[k])zZrl1<=1{CRe(”ak)ﬂ(X[n])}—*ruz (ReZ,Rey)+ [ ; MN.Is S(f)
f__ ]
im(K)= 2K (Cp (G + 02 (imgm) + (/AR

3 Parameter Sine-Fit

A cos(2mfyty ) +Bg sin(2nfyty ) +Co

for n=1:length(uX)
duX(:,n)=uX(n)*(rand(200000,1)-0.5)*2;
duTa(:,n)=uT*(rand(200000,1)-0.5)*2;
duTi(:,n)=uT*(rand(200000,1)-0.5)*2;

end
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Correction for Sampler's Band-Pass Filters (Gg) _I';HHE_
1llirRE'-'IE —vl?.t'-'IS_D 'Gﬁlt

—100 mV 1 1,000000
0,99999%
0,999998
_1 V - 10 V 0,999997
0,999996
; 0,999995
100V-1000 S i
V ~ 0,999992
0,999991
0,999990

0 \ (Hz] 1 100

Frequency (Hz) 1 10010000

Transfer functions of analog input circuits of 3458A

Agilent Technologies 3458 A Multimeter User’s
Guide 4th edition. Agilent Technologies, Santa
Clara, CA, USA, Dec 2000.
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Figure 4. Electrical circuits showing the distribution of
stray circuit components of the measurement setup
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Correcting the Effect of Stray Electrical Circuit Components in the Measurement Se

oy ~ VrMs_ D XGrijt
Vx=Vi=VrMs = ——
tran

Value of the stray components
Rsi=0.16 ohm, Lsi =7e-13 H, Cpi=6e-11 F, Rpi=1e+12 ohm Rsc=0.08 ohm, Lsc=6.3e-07 H,Cpc=6e-11 F, Rpc=1e+12 ohm,CpADC=Te-10 F,RpADC=1e+10 ochm
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= 1.0000004 — —
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=} |
e |
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= 1.0000002 — o = il
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= o —
|- T—
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2 e e ]
(= e 2 _— <z
o
-
=
2
=
g
= 0.8586998 [— -1
986986 [— 1
8999994 [— ~
999992 |— —




Scope of the Measurements

210.SCOPET
. Calibration-and-
Q;::th:;::d“ Measurement: Measurement- n‘!;?;:ﬁ:z::; R ks
ibrated- ‘e emar
Instrumentss Range= Conditionso (Expanded-Uncertainty-
(k=2)0
=-100-Hzm 180-pVV-—20-pVNVa
5-mV---80-mVa =-400-Hzn 180-pVNV-—20-pVNa
=1-kHzm 180-pviV---20-pN N
=-100-Hzn 10- VA1 5-uV Ve
100-mV---800-mVa =400-Hza 15V ---4-pV NV
=1-kHzm 55-pVAN=m
. f'lgg':”‘ 1:15*‘::?“ Calibration with-
RV ARy =-400-Hzm WV i
modified-IADC=
Voliage =1-kHzm 55-pVN=m
oltage- =100 ) Y
Voltage Source. | =-100-Hzm G-V -4 NN
calibratora 10V-80-Vu =400-Hzn 15 pV/NVm
=1-kHzm 55-pVim
=-100-Hzm G- VNV -—4- V=
100-V--- 700V =-400-Hze 15V
Z1-kHzn 55-pVNVr
1V-—3Va =100-kHzz 110-uV/V= Calibration-with- AZ-
ADC-m
A8 1. 0.8-uVN---0,5pVVY
0,8V-—8Vu =1-kHza [TIM-2020]a QWu
0,8V-—8\Vu =100 kHzm [Subsampling]= QWi
0,8V---8-\Va =-100-Hzu 0.5-uvive PJGSH
0,8V--8Vu =-400-Hzn 2NN
mV-—100- 400- <-20-uVAVA
Voltage, -"_»Iollage- 20-mV---100-mVr =-400-Hzm [CPEM 2020 JAWS]n JAWSa
Gainy]
il
Voltage-Sampler,- 0,8V-3Vm 10-Hz-100-kHz= 50-pVA 30 PN Reference Calibrator=
ADCa
<1 kHZ| S0-pVIV--30-uVVY )
3V-700-Vu <100-kHzx No-eguipment-in-the- Reference-Calibratora

marketzx

Fa S = T S S = = = ==

[
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SAMPLING SYSTEM BASED ON INTEGRATING ADC

Tezgiil COSKUN OZTURK, Mehedin ARIFOVIC , Sarp ERTURK, Ali TANGEL “Measurement of Arbitrary Waveforms at Low
Frequencies “, , August 2020, CPEM 2020 Virtual Conference

[a&]
Sampling Frequency (Samp. Rate [S/s]) Output Data Format Delete
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P Meas Num. 2 : of PIVS
. Event) e of g Num. of P ; y i o
ce (Tarm per Per.(N) um. of Per. (M) Apply Clock Frequency Correction? -
il [1o.osooooz0oooee [3on.ouooouacooaco *JDo not apply any correction =
e (Trigger Esen) Tntegration Time (Apert. Time [§ —— ) tcp Numbers
r(NRDGSNrTMER) = o Bl 4
=l =S
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Delay [1s] Level V] Range [V] [peripic ACaltge to be Deleted
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STATIC GAIN&INL CHARACTERISATION BY USING QUANTUM STANDARDS

ocooooo ﬂﬂ ﬂl:llﬂl].
- _ oooooo oo oooo
1§ T

Coskun Ozturk, T., Erturk, S., Tangel, A.,
Arifovic, M. "Using Programmable
Josephson Voltage Standard for Static and
Dynamic Gain Characterization of
Integrating ADC",

IEEE Transactions on Instrumentation and

Measurement, -
:do110.1109/TIM.2019.2941360 (2019) : 1-9

b

Fig. 1. i) Comnection dingram of the system [21]. (b} Photograph of the
caperimentnl setup of the system wken while the measurements were oblained.
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IMPROVING STATIC GAIN&INL CHARACTERISATION BY USING QUANTUM STANDARDS
Coskun Ozturk, T., Erturk, S., Tangel, A., Arifovic, M.
"Using Programmable Josephson Voltage Standard for Static and Dynamic Gain Characterization of Integrating ADC",
IEEE Transactions on Instrumentation and Measurement, -:doi10.1109/TIM.2019.2941360 (2019) : 1-9
0.25 b
oy # * E
-"-:::_ Y rw= 2 E '1-
- =
E.J 15 :-l. l-II ] 2 :=..= .::-; (= i
L ] —_ -
il i '*::l:l‘ L B -‘-tl: C -
= 0.05 E il
=& i - - T BB |1
b [N EI W O 2 - 1 !
, L 0 & .:I.!.:I-ulu-lf;l.l':.-:l. LS & oo da o 2 [uviv)
Fig. 4. fopgirim dependence and the ocomesponding histograms of the
mecasured TN
3.3
- a I'l ! ‘ E
._' I - ol i t
‘e S 290 —E E
E'> 270 8§ 5
= 3 F50 X
-E_ 2.30 B
£, 1L
LEB-05-2411 O2-00-2017F ES-Ua-201 8 O08-08-2018
hMeasuremant Time
Fig. 5. Dmft of the static gaim.
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IMPROVING DYNAMIC GAIN&SINAD CHARACTERISATION
BY USING QUANTUM STANDARDS

B.0
i . 7.0
Coskun Ozturk, T., Erturk, S., Tangel, A., Arifovic, M. "Using Programmable Josephson e L1
Voltage Standard for Static and Dynamic Gain Characterization of Integrating 5.0 &
ADC", IEEE Transactions on Instrumentation and Measurement, - 4.0 l i
. = (et el 2
:d0i10.1109/TIM.2019.2941360 (2019) : 1-9 2.0 L LA
E 1.0 | B
= 00
= .10
2.0
w 3.0
E an
| BT +
0000010 ©.000100 0001000 0010000 0,100000 s =540
= 60 e -]
5 - L -7.0 H
= [ [ Y
p a Jr 1] _ afm 1 Hr, 1510 Hz, BT
24,04, 7017 1=10 a0 S ML
P :.|| - i i IRy bk L) jd-:i:'.-lu 10 ms ]:|:| L Ll
= | ¥l U T o dm 1 He, fs 10 Mz, ey B
b " - m
=2 5 n S & | bl 7E.04.2017.1=10 14.0
1 5.delay 3 ms 0000000 0000100 0001000 0010000 0100000
't 1 ¥ tntegration Time [5)
@ -2 @ fm 1 Hz. f= 20 Hz, a frm 1 Hz, 1% 10 Mz, 24.04.2017,1=10 5,delay 10 ms
= 3 IBE3 L S ¢‘--‘|-I-'£ f= 10 Mg, 28.04.2017,1=10 s,duley I m
E 1 BDoEa ;=20 Cim 1 He, I= 20 Hz, D1052017.k= llfulj |d.. I ms
[ - ! | gdeday 3 ms 0 fm 1 Hz, fs 64Hz, 22062017,t=3s, delay 300 s
E 5 1 I e s ® fm 1 Hz, s 128 Hez, 01052017,t=10 5, delay 300 ps
E -6 ] T L, for, fmE.25 Haz, fs 62.5 Hz, 24042017,1=3.2 5,delay 3 ms
o 22062017 8=3s, s fmif. 25 Hz, f5 125 Hz, 03052017 t=3 s delay 1 ms
5, delay 300 s O fmb:25 Hz, 5 125 Hz, 04052017 t=3.2 5, cpla\. 1ms
-5 T DOfrm 10 Hz, fs 100 Hz, 05052017,.t=3 5.¢
-0 - LR R I REEL fm 1 Hz, fs 128 Hz, © T 10 Hez, s 640 Hz, 23062017, 1=3 =4
0 1 ":'GE':.”-I ) 1[: . O fen 20 Hz; s 2000 Hz; 23062017 =3 5;
=} - 35 i pppe o firn 20 Mz, s 160 Hr, 0505201 7,1=3 5,deka
Integration Time (s) delay 300 s © fm 31.25 M, fs 160 Hz, 05052017 1=
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Measurements Carried out to Support the Report
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Synthesizer Established in TUBITAK UME”
CPEM 2020
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Measu‘rements Carried out to Support the Report

” U M E
SAMPLING SYSTEM BASED ON AX ADC
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1,000300 V/V 50kS/s 50 kS/s
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IMPROVING DYNAMIC GAIN&SINAD CHARACTERISATION BY USING PJVS

Box tocompute
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. i e
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IMPROVING DYNAMIC GAIN&SINAD CHARACTERISATION BY USING PJVS

Gain @50 kS/s 14.08.2018
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IMPROVING DYNAMIC GAIN&SINAD CHARACTERISATION BY USING PJVS
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IMPROVING DYNAMIC GAIN&SINAD CHARACTERISATION BY USING PJVS
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