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The International system of units (SI)

The ampere, symbol A, is the SI unit of 

electric current. It is defined by taking the 

fixed numerical value of the elementary 

charge e to be 1.602 176 634 x 10–19 when 

expressed in the unit C, which is equal to 

A s, where the second is defined in terms 

of ΔνCs.

Image from BIPM (www.bipm.org)



Traceability on electrical measurements

Traceability on electrical measurements
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Ampere

www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf 
www.bipm.org/utils/common/pdf/CC/CCEM/
ccem_guidelines_revisedSI.pdf 
www.bipm.org/en/publications/mises-en-pratique/ 

In practice, the ampere A can be realized:

a) by using Ohm’s law, the unit relation A = V/Ω, 
and using practical realizations of the SI 
derived units the volt V and the ohm Ω, based 
on the Josephson and quantum Hall effects, 
respectively, as discussed in Secs. 4 and 5 
below

b) by using a single electron transport (SET) or 
similar device, the unit relation A = C/s, the 
value of e given in the definition of the ampere 
and a practical realization of the SI base unit 
the second s

c) by using the relation I = C·dU/dt, the unit 
relation A = F·V/s, and practical realizations of 
the SI derived units the volt V and the farad F 
and of the SI base unit second s

U (Josephson 1V) = 10-10

U (QHE) = 10-9

QHE

V = RI
Josephson 

Effect

http://www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf
http://www.bipm.org/utils/common/pdf/CC/CCEM/ccem_guidelines_revisedSI.pdf
http://www.bipm.org/utils/common/pdf/CC/CCEM/ccem_guidelines_revisedSI.pdf
https://www.bipm.org/en/publications/mises-en-pratique/


Ohm

b) by comparing an unknown resistance to the 

impedance of a known capacitance using, for 

example, a quadrature bridge, where, for 

example, the capacitance has been determined 

by means of a calculable capacitor and the 

value of the electric constant is:

μ0 = 12.566 370 6169(29) × 10–7 N A–2

www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf 

The ohm Ω can be realized as follows:

a) by using the quantum Hall effect in a manner consistent 

with the CCEM Guidelines [2] and the following value of 

the von Klitzing constant RK: RK = 25 812.807 459 3045 Ω. 

This value has been calculated to 15 significant digits. This 

value follows from the assumption of the accuracy of the 

equation RK = h/e 2 , Although the quotient h/e 2 can 

obviously be calculated with any number of digits, this 

truncated recommended value is in error by less than 1 

part in 1015, which is intended to be negligible in the vast 

majority of applications. In those rare cases where this 

error may not be negligible, additional digits should be 

employed. The advantage of recommending a particular 

value of RK for practical use is that it ensures that virtually 

all realizations of the ohm based on the quantum Hall 

effect employ exactly the same value.

https://www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf


Ohm - Quantum Hall Effect

2DEG + Magnetic field + Low temperatures
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Discovered by Klaus von Klitzing 
(nobel 1985)

Klitzing, K. V., Gerhard Dorda, and Michael Pepper. 

"New method for high-accuracy determination of 

the fine-structure constant based on quantized Hall 

resistance." Physical Review Letters 45.6 (1980): 494.
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From  J. Ulrich (2017)

Ohm - Quantum Hall Effect



Ohm - Quantum Hall Effect



Ohm - Quantum Hall Effect





Standard resistor

Resistor L&N Thomas de 1 Ω

Resistor of 1 Ω L&N tipo Thomas [1]

α(25 ºC) ≈ 2,38 10-6 1/K

β(25 ºC) ≈ -5,16 10-7 1/K2

γ(1023,25 hPa) ≈ 6,00 10-9 1/kPa

BUILDING CHARACTERISTICS

▪ Wound resistor with 28 turns of bifilar manganin wire

▪ Cable composition: 83% Cu, 12% Mn, 5% Ni y Fe

▪ 4 terminals of niquel cooper: 2 for voltaje and 2 for current



Standard resistor

Resistor L&N Thomas de 1 Ω

𝑅 𝑇 = 𝑅 𝑇0 1 + 𝛼Δ𝑇 + 𝛽Δ𝑇2

If we take a simple model that only includes thermal variations

[1] James L. Thomas, “Precision Resistores and Their Measurement”, NBS, 
circ. 470, 1948.

[2]  Elmquist, R.E.; Dziuba, Ronald F., "Loading effects in resistance scaling," 
Instrumentation and Measurement, IEEE Transactions on , vol.46, no.2, 
pp.322,324, Apr 1997.

Resistor of 1 Ω L&N tipo Thomas [1]

α(25 ºC) ≈ 2,38 10-6 1/K

β(25 ºC) ≈ -5,16 10-7 1/K2

γ(1023,25 hPa) ≈ 6,00 10-9 1/kPa



Standard resistors (Thomas)

Stored in a thermostatic 

oil bath, maintained at 
20 ºC +/- 1 mK



Standard resistors

Fluke 742A-100 resistor (100 Ω)
α(23 ºC) ≈ 4,00 10-8 1/K
β(23 ºC) ≈ -2,60 10-8 1/K2

Tinsley AC/DC Resistor of 100 Ω



Ohm

b) by comparing an unknown resistance to the 

impedance of a known capacitance using, for 

example, a quadrature bridge, where, for example, 

the capacitance has been determined by means of 

a calculable capacitor and the value of the electric 

constant is: 

μ0 = 12.566 370 6169(29) × 10–7 N A–2

www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf 

The ohm Ω can be realized as follows:

a) by using the quantum Hall effect in a manner consistent 

with the CCEM Guidelines [2] and the following value of 

the von Klitzing constant RK: RK = 25 812.807 459 3045 Ω. 

This value has been calculated to 15 significant digits. 

This value follows from the assumption of the accuracy of 

the equation RK = h/e 2 , Although the quotient h/e 2 can 

obviously be calculated with any number of digits, this 

truncated recommended value is in error by less than 1 

part in 1015, which is intended to be negligible in the vast 

majority of applications. In those rare cases where this 

error may not be negligible, additional digits should be 

employed. The advantage of recommending a particular 

value of RK for practical use is that it ensures that 

virtually all realizations of the ohm based on the 

quantum Hall effect employ exactly the same value.

https://www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf


Calculable capacitor

Thompson – Lampard Theorem



Calculable capacitor



QHE

www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf 

RK =25812,8074593045 Ω

Ohm

𝑹𝒌 =
𝒉

ⅇ𝟐

Rx
Quadrature

bridge Cs

μ0 = 12.566 370 6169(29) × 10–7 N A–2

Calculable capacitor

https://www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf


Josephson
effect (JVS) 



Josephson effect

If microwaves are applied to a joint, then voltage steps appear “Shapiro steps” (1963):

𝑉𝑛 = 𝑛
ℎ

2𝑒
𝑓 = 𝑛

𝑓

𝐾J
 

→  (𝑛 = ±1, ±2, . . . )

𝐾J =
2𝑒

ℎ
= 483 597, 848 416 984 GHz/V

Array Josephson de 1 V (~2000 
junturas) Nb/Al2O3/Nb (SIS)Shapiro 

Steps



Calibrations using JVS



Volt

www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf 

The volt V can be realized using the 

Josephson effect and the following 

value of the Josephson constant KJ

KJ = 483 597, 848 416 984 GHz V-1

This value follows from the assumption 

of the accuracy of the equation KJ = 

2e/h, which is strongly supported by a 

large body of experimental and 

theoretical works, and the values of h 

and e.

VJVS 𝐾𝐽 =
2𝑒

ℎ

KJ = 483 597, 848 416 984 GHz V-1

https://www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf


JVS : Reproducibility



JVS : Reproducibilidad





Ampere

www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf 
www.bipm.org/utils/common/pdf/CC/CCEM/
ccem_guidelines_revisedSI.pdf 
www.bipm.org/en/publications/mises-en-pratique/ 

In practice, the ampere A can be realized:

a) by using Ohm’s law, the unit relation A = V/Ω, 
and using practical realizations of the SI 
derived units the volt V and the ohm Ω, based 
on the Josephson and quantum Hall effects, 
respectively, as discussed in Secs. 4 and 5 
below

b) by using a single electron transport (SET) or 
similar device, the unit relation A = C/s, the 
value of e given in the definition of the ampere 
and a practical realization of the SI base unit 
the second s

c) by using the relation I = C·dU/dt, the unit 
relation A = F·V/s, and practical realizations of 
the SI derived units the volt V and the farad F 
and of the SI base unit second s

U (Josephson 1V) = 10-10

U (QHE) = 10-9

QHE

V = RI
Josephson 

Effect

http://www.bipm.org/utils/en/pdf/si-mep/SI-App2-ampere.pdf
http://www.bipm.org/utils/common/pdf/CC/CCEM/ccem_guidelines_revisedSI.pdf
http://www.bipm.org/utils/common/pdf/CC/CCEM/ccem_guidelines_revisedSI.pdf
https://www.bipm.org/en/publications/mises-en-pratique/


Single Electron Transistor (SET)

500 nm

1 µm

𝐼 = 𝑒 × 𝑓 𝑓 = 550 𝑀𝐻𝑧

𝐼 − 𝑒 × 𝑓

𝑒 × 𝑓
= (−0.94 ± 1.94) × 10−7

https://www.ptb.de/cms/fileadmin/internet/publikationen/ptb_mitteilungen/mitt2012/Heft1/PTB-
Mitteilungen_2012_Heft_1_en.pdf#page=60



Single Electron Transistor (SET)



Electrical units
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U I P

UAC IAC PAC

AC/DC TRANSFER

Ampere Volt Ohm

Definition A V= S-3.m2.kg.A-1 Ω=s-3 m2 kg 

Disemination Zeners Standard resistors
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Sampling

Swerlein´s algorithm choose the best sampling parameters to 

minimize this error
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Sampling
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Programable josephson (PJVS)

No Noise



AC/DC transfer difference



AC/DC Transfer Difference

dc

dcac

U

UU −
= When
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dc

o

ac UU =

AC/DC transfer difference



Heater

Conections

Thermocpulpe

Heater → Ni-Cr
TC: Cu- Constantan
T= 150 K

nUikUo =

AC/DC transfer difference (Single junction)



AC/DC transfer difference (Single junction)



AC/DC transfer difference (Planar Multi junction)



AC/DC transfer difference (Planar Multi junction)



AC/DC transfer difference



AC/DC transfer difference (set up)
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Capacitance that affects the 
AC-DC transfer difference

AC/DC transfer difference (Voltage)

U

Range resistor Thermal converter

U tc
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Step-up 
process

AC/DC transfer difference (step up)

50 mA
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AC/DC transfer difference (step up)
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AC-DC 
Difference dc

dcac
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AC/DC transfer difference (Shunts)
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Traceability

QHE

PTB CCEM

JOSEPHSON EFFECT

ZENER  FLUKE 732B
1 Ω.........100M Ω 

Udc Idc R

Uac Iac

FLUKE 5700 A CALIBRATOR

CALIBRATORS and MULTIMETERS

AC–DC TRASNFER

h/2e h/e2s



Equipmenets
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Power and energy traceability



Power and energy traceability



Power and energy traceability
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Power and energy traceability



Power and energy traceability



www.sim-metrología.org

facebook.com/metrosim

youtube.com/simmetrology7958

Follow us on:

Organized by

Thanks!

Lic. Lucas Di Lillo

ldilillo@inti.gob.ar

Instituto Nacional de Tecnología Industrial (INTI)
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