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Voltage Unit: Definition

9ème CGPM, 1948:

Le volt est la différence de potentiel 

électrique qui existe entre deux points 

d’un fil conducteur transportant un 

courant constant de 1 ampère, lorsque 

la puissance dissipée entre ces points 

est égale à 1 watt.

1 V = 1 W/A = 1 m2 kg s−3 A−1
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Voltage Unit:  Realization with Hg electrometer

Clothier et al, Metrologia 26, 9 (1989). Uncertainty: 0.27 ppm
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Voltage Unit:  Realization with a Voltage Balance

T. Funck et al. , IEEE Instr. Meas. 40-2, 158, 1991.

Uncertainty: 0.31 ppm

Summary: 

The SI volt is realized with an uncertainty of  0.3 ppm
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Voltage Unit:  Representation 

- 1794: A. Volta, First electrochemical cell, current source

- 1836: Daniell, Zn-Cu cell as the first stable voltage standard

- 1883: Clark cell (Zn-Hg) as a standard to maintain the unit volt

- 1908: Weston cell (Cd-Hg), U = 1.018 V, International Unit realization

- 1948: Introduction of Absolute Units

� Weston cells became only a representation of the volt

- 1960: Introduction of the SI

- 1962: Discovery of the Josephson effect

- 1972: Single junction voltage standard (few mV)

� Weston cell became obsolete

- 1985: 1 V Josephson junction array

- 1987: 10 V Josephson junction array, uncertainty < 0.001 ppm
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Voltage Unit:  Representation 

- 1908: Weston cell (Cd-Hg), U = 1.018 V, International Unit realization

- 1948: Introduction of Absolute Units

� Weston cells became only a representation of the volt

- 1962: Discovery of the Josephson effect

- 1972: Single junction voltage standard (few mV)

� Weston cell became obsolete

- 1987: 10 V Josephson junction array, uncertainty < 0.001 ppm
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Voltage Unit:  1990 Conventional value 

Uncertainty in the SI: 0.4 ppm
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Voltage Unit:  Representation 

Weston cell Single J. Array
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Voltage Unit:  Representation 
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Superconductivity: BCS Theory (Nobel Prize 1972)

Positive  trail due to the 

electron motion

• Electrons feel an attractive potential Eg = kTc � Cooper pairs

• Correlated motion� Phase coherence over macroscopic distances

• Bose condensation in a single macroscopic quantum state

• Macroscopic wave function

electron ion
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Superconductivity: Energy Gap

• The Bose condensation opens a gap in the DOS:
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The Josephson effect

Brian D. Josephson 
1940 -Two pages � Nobel prize in 1973
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Physics Today, July 2001, p. 46-51
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The Josephson effect: Tunnel junction

I

1 - 3  nm

Josephson effect: Coherent tunneling of Cooper pairs through the junction

Josephson equations:

Critical current: Ic
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The Josephson effect:

I

V = 0

S1 S2

I

V > 0

S1 S2

DC EffectAC Effect

EM Radiation:

Hysteretic behaviour!!

T=0
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The Josephson effect: DC EffectAC Effect

T=0
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Josephson Voltage Standard: Single Junction 

Irradiation with microwave:

- Cooper pairs synchronize 

with radiation

- Voltage steps appear

V1 ~ 145 µV @ 70 GHz

Shapiro step, 1963

0.1
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Voltage(mV)
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Josephson Voltage Standard: RCSJ Model 

Non linear, second order equation (Pendulum): CHAOS 

Small angle:

Voltage Step                      Phase lock to microwave

Mc Cumber parameter:
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Josephson Voltage Standard: Single Junction

UnderdampedOverdamped

Problems:

- Voltage limited to 2.5 mV (gap Nb) 

- Impossible to make large arrays � Bias scheme

�Zero crossing steps (Levinsen 1977) 
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Josephson Voltage Standard: Step stability (R. Kautz, 80’s)

Critical current

Noise ChaosStable

Hamilton, 2000
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Josephson Voltage Standard: Power distribution

• Homogeneous distribution of microwave power to all junctions

� Stripline geometry 

ground plane

junctions

dielectric SiO2

- Strip line impedance: 2-5 Ω

- Junction capacitive impedance: 1 mΩ

�Attenuation: 1 mdB/ junction

�Stripline with 5000 junctions, uniformity � ±1.5 dB  
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Josephson Voltage Standard: Arrays

75 GHz
in

dc contact

Resistive termination

• Fabrication of large junction arrays with little variation in parameters

- 1985: first 1 V arrays, 1’400 Pb junctions, Niemeyer (PTB), Hamilton and 

Kautz (NIST)

- 1987: 10 V array, 14’484 Pb junctions, NIST

- 1991: METAS 1V array from NIST

- 1998: METAS 10V array, 20’208 Nb/Al2O3/Nb junctions, Hypres
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Josephson Voltage Standard: Arrays
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Josephson Voltage Standard: Accuracy

• How accurate is the Josephson 

relation?

• High precision comparison required!

I
1

I
2

I sV
1

V
2

Ls

L
1

L
2hf

� Extremely sensitive method
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Josephson Voltage Standard: Accuracy

- 1986: Comparison between two 1V arrays:

J. Niemeyer et al., IEEE Electron Device Lett. EDL-7, 44, (1986).

∆Vstep /Vstep (30µA) < 7 ⋅10
−13

- 1983: Comparison between two single junctions: 

J.S Tsai, A.K. Jain, J.E. Lukens, Phys. Rev. Lett. 51, 316, (1983).

∆V /V < 2 ⋅10
−16

- 1987: Comparison between two 1V arrays:

R.L. Kautz, F.L. Lloyd, Appl. Phys. Lett. 51, 2043, (1987).

∆V /V < 2 ⋅10
−17

� “it shows that gauge invariance is exact!” P.W. Anderson (87)

- 1987: Comparison between two single junctions:

A.K. Jain, J.E. Lukens, J.S. Tsai, Phys. Rev. Lett. 58, 1165, (1987).

∆V /V < 3 ⋅10
−19

- 2001: Comparison between two 0.6V  SINIS arrays:

I.Y. Krasnopolin et al., Supercond. Sci. Technol. 15, 1034, (2001).

17

/ 1.2 10V V
−

∆ < ⋅
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Josephson Voltage Standard: The system
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Josephson Voltage Standard: The system

JVS 10 V systems commercially
available:
• Hypres (USA): NIST array 

technology

• SupraCon (Germany): PTB 
array technology
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Josephson Voltage Standard: Uncertainty budget

1) Reference frequency offset and noise

2) Leakage currents in the measurement loop

3) Detector gain error

4) Detector bias current

5) DVM offset, input impedance, non linearity and noise

6) Uncorrected thermal voltages

7) Rectification of the reference frequency current

8) Electromagnetic interference

9) Sloped steps (bias dependent voltage)

List of the uncertainty components: 

� evaluation by measurement of a short circuit

C.A. Hamilton, Y.H.Tang, Metrologia 36, pp. 53-58, (1999).

Do not 
depend on 
voltage
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Josephson Voltage Standard: Uncertainty budget 

5.21σCombined

5.0A, 1σ
Repeatability 
HP3458

0.6B, 1σDMM gain error

1.0B, 1σLeakage current

0.7B, 1σFrequency

Unc. 
(nV)

TypeComponent

At a level of 10 V: 5.2 ×××× 10-10

With nDVM < 10-10
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BIPM key comparison
Direct comparison of 10 V JAVS 

against BIPM transportable standard

Agreement to a few parts in 1010

Josephson Voltage Standard: BIPM Comparison 

5 x 10-10
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Voltage Scale: Zener voltage reference

p-n junction: Zener effect (1934)

Forward

Voltage

Diode
current

Vz = 5-7 V

Regulation

- 1 mA

- Iz (max)

Voltage reference:
• Regulation electronics
• Temperature control
• Output: 10V, 1.018V
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Voltage Scale: Zener voltage reference

5 x 10-7

5 x 10-8
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Voltage Scale: Zener voltage reference

2 x 10-7

1 x 10-7
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Voltage Scale: Zener BIPM Comparison

2 x 10-7



© metas 06.10.07 Les Houches / Jt

metas
Voltage Scale: DVM Linearity

5 x 10-8



© metas 06.10.07 Les Houches / Jt

metasReplacement of the kilogram: Watt balance

U = v    Bdl∫

Speed measurementForce measurement

I   Bdl = mg∫

UI = mgv



© metas 06.10.07 Les Houches / Jt

metasMetrological triangle

N. Feltin, Next Thursday

• Modified version: charging a capacitor

• Primary capacitance standard

M. Keller, Next Wednesday
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• The Josephson effect is used world wide as the representation of the voltage 

unit.

� Large SIS array produces voltage up to 10 V with unprecedented uncertainty:

� SI Volt realization: 3 x 10-7

� Josephson junctions: 3 x 10-19 @ mV, 

2 x 10-17 @ 1V

� Josephson Voltage Standard: 1 x 10-10  @ 10V 

� New development for AC voltage metrology � S. Benz NIST

Conclusions


