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1. INTRODUCTION 

Electrical current meters are widely used in fundamental and 
applied metrology, in the semiconductor industry, and in 
healthcare (dosimeters) [1], as well as in the energy market. With 
the widespread popularity of smart energy meters, a large amount 
of electricity data is collected, such as energy consumption, 
voltage, and current data [2]. The calibration of these meters 
requires calibration standards traceable to the ampere SI unit. 

For the calibration of current meters, the International Bureau 
of Weights and Measures (BIPM) established in 2019 three ways 
to do the practical realization of the ampere: (a) by using Ohm's 
law, the unit relation A = V/Ω, from practical realizations of 
voltage and resistance; (b) by using a single electron transport 
(SET), the unit relation A = C/s; and (c) by using the ratio I = C 
dV/dt, the unit relation A = F·V/s, which corresponds to the 
current flowing in a capacitor of capacitance C submitted to a 

voltage ramp over time. Worth mentioning that at the 26th 
General Conference on Weights and Measures (CGPM), held in 
2018, there was a redefinition of the SI in which, among other 
decisions, it was established that a unit can be realized by any 
convenient equation of physics that links the defining constants 
to the quantity intended to be measured [3]. 

Brazil still lacks an electric current primary standard. In this 
article, we present the preliminary results of an electric current 
primary standard based on Ohm's law, which integrates the 
primary standards of voltage and electrical resistance (obtained 
from the Josephson and the quantum Hall effects, respectively).  

In Section 2, we explain the concepts of the Josephson and 
the quantum Hall effects, as well as the PJVS (Programmable 
Josephson Voltage Standard) and the quantum Hall systems that 
implement these effects. In Section 3, we present the proposed 
system. In Section 4, we make a brief uncertainty analysis. In 
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Section 5, we present some experimental results, analysis, and the 
validity of this proposal. In Section 6, there are the conclusions 
of the work done so far in this research. 

2. THE JOSEPHSON EFFECT, THE QUANTUM HALL EFFECT, 
AND THE SYSTEMS THAT IMPLEMENT THEM 

The Josephson effect, discovered in 1962 by the physicist 
Brian David Josephson, consists of the observation of the 
following phenomenon: a junction, composed of two 
superconductors separated by a thin insulating material, named 

Josephson Junction (JJ), will have a current 𝐼(𝑡) flowing between 
the two superconductors through the insulator, as shown in 
Figure 1 (the insulator layer is out of scale) [4]. 

This happens even when there is no application of an electric 

potential (𝑉J =  0) between the superconductors; therefore, this 

current is not related to Ohm’s law. In this case, Cooper pairs 
(via the quantum tunnelling effect) compose what is called the 
“critical current”, which exists in both directions [5]. This 
observation is called the Josephson DC effect, and the critical 
current for zero JJ voltage is shown in Figure 2, where, for 

𝑉J =  0, it is observed that the current 𝐼, presented on the 

ordinate axis, reaches the same value in both sides (200 A). 
Additionally, if (in the same structure shown in Figure 1) a 

voltage 𝑉𝐽 is applied between the superconductors, a current 
with a well-defined frequency is observed, which depends on the 

potential difference 𝑉𝐽 applied. This effect, called the AC 
Josephson effect, occurs due to the same phenomena as 
described in the Josephson DC effect (Cooper pairs and 
quantum tunnelling) [6]. 

Thus, due to the AC Josephson effect, one can establish a 
direct relationship between the voltage at the leads of a JJ and the 
frequency of the current flowing through the JJ's insulator, as 
defined by equations (1) and (2). Therefore, when crossing a JJ 

with a current of frequency 𝑓, a voltage 𝑉𝐽 that is obtained, in 

this context, depends only on the frequency of the current 
applied to the JJ and its associated uncertainty [6], [7]. 

 

𝑉J =
ℎ

2. 𝑒
𝑓 =

𝑓

𝐾J

 (1) 

𝐾J  =  
2 ∙ 𝑒

ℎ
=  483 597 848 .416 984  GHz/V , (2) 

where 𝑓 is the frequency of the current flowing through the 

junction; 𝐾J is the Josephson constant [3]; 𝑒 is the elementary 

charge, given by 1.602 176 634 × 10–19 C [3]; ℎ is Planck's 

constant, given by 6.626 070 15 × 10–34 J s [3]; 𝑉J is the voltage 

applied across the terminals of the Josephson junction; all 
quantities are in SI units, unless stated differently. 

The Josephson effect is used in primary voltage standard 
systems (the details of which are beyond the scope of this paper), 
such as the Programmable Josephson Voltage Standard (PJVS) 
[6], [7]. Basically, this system receives a frequency signal, around 
75 GHz (Physikalisch-Technische Bundesanstalt – PTB-design) 
or 20 GHz (National Institute of Standards and Technology – 
NIST-design), which reaches a group of JJs, called a subarray, 

which (in its turn) will induce the current 𝐼, that will flow through 
the JJ. As previously described in relation to the AC Josephson 
effect, because of this current through the junction, step voltage 

values 𝑉J will be established between the leads of a group of JJs, 

in certain regions, which remain constant for small variations in 

polarization current (𝐼), as shown in Figure 3 (in green). 
It is possible to apply a bias current to a group of JJs, allowing 

the activation of either the negative step or the positive one, for 
this group of JJs. Therefore, it is possible to control and 
mathematically determine, through equations (1) and (2), the 

Josephson voltage value 𝑉J [6]. The Josephson voltage value 𝑉J, 

 

Figure 1. Josephson Junction representation. 

 

Figure 2. The current 𝐼 that flows through a conventional Josephson Junction 
as a function of 𝑉J. Oscilloscope adjusted to 50 mv/div. horizontal and 

100 A/div. vertical. 

 

Figure 3. Voltage steps between the subarray leads, due to microwave 
frequency around 20 GHz (NIST design). They are activated by bias current 
(𝐼). 

 
Figure 4. Magnetic force 𝐹⃗𝑚  acting on a charge -q with velocity 𝑣. 
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resulting from the association of one or more JJ groups, allows 
calibrating an external voltage standard through a null detector. 

The Hall effect is observed in a conducting plate, subjected to 

a current 𝐼 and a magnetic field 𝐵⃗⃗ perpendicular to this current. 

This will provide an induced magnetic force, 𝐹⃗𝑚, due to the 

interaction between the charge velocity −𝑞 and the magnetic 

field 𝐵⃗⃗, given by equation (3). One can see a representation of 
this phenomenon in Figure 4: 

𝐹⃗𝑚  = 𝑞 ∙ 𝑣⃗ × 𝐵⃗⃗ , (3) 

where  𝐹⃗𝑚 is the magnetic force, in N; 𝑞 is the charge value, in C; 

𝑣⃗ is the speed of the charge, in m/s; 𝐵⃗⃗ is the magnetic flux 
density, in T. 

Due to the magnetic force, the charges will concentrate on 

one side of the plate. This concentration creates a voltage 𝑉H and 

an electric field 𝐸⃗⃗ between each side of the plate (parallel to the 

velocity 𝑣). The interaction of the electric field 𝐸⃗⃗ with the charge 

creates an electric force 𝐹⃗𝑒𝑙 that acts on the charge, until it 

balances with the magnetic force 𝐹⃗𝑚. Figure 5 shows the 

phenomenon described, called the Hall effect. 
According to Ohm's law, the relationship between the 

longitudinal electrical voltage (𝑉L) that generates the current 𝐼 
and this same current defines the longitudinal resistance, 
presented in equation (4), and the relationship between the 

electrical voltage originating from the electric field 𝐸 (𝑉H) and 

the current 𝐼 defines the Hall resistance 𝑅H, presented in 
equation (5) [8]: 

𝑅L =  
𝑉L

𝐼
 (4) 

𝑅H =  
𝑉H

𝐼
 . (5) 

The quantum Hall effect occurs at temperatures below 0.3 K, 
where quantum phenomena are observed; the curve of these 

resistances, as a function of the magnetic field 𝐵⃗⃗, is shown in 
Figure 6 (b). 

In 1980, K. Von Klitzing subjected the SI-MOSFET material 
to magnetic fields above 19.8 T and temperatures below 4.2 K. 

Thus, he determined the fundamental von Klitzing constant, 𝑅K 

[9]. This constant depends on the elementary charge 𝑒 and 

Planck's constant ℎ, according to equation (6) [10]: 

𝑅K =  
ℎ

𝑒2
=  25 812.807 459 3045 Ω , (6) 

where the value of the von Klitzing constant 𝑅K is given 

inequation [11]; ℎ is given by 6.626 070 15 × 10–34 J s [3], and 𝑒 
is given by 1.602 176 634 × 10–19 C [3]. 

The resistance 𝑅H can be expressed as a function of the 

constant 𝑅K according to equation (7) [9]: 

𝑅H =  
𝑅K

𝑖
 , (7) 

where 𝑖 is an integer number, and therefore 𝑅H takes only values 

that are multiples of 𝑅K. The 𝑖 value represents the plateau of the 
magnetic field in the curve shown in Figure 6 (b). 

In this way, the resistance standard is obtained by subjecting 
a semiconductor material (generally the GaAs and AlGaAs 
junction) to an intense magnetic field at temperatures below 4 K, 
as shown in Figure 6 (a).  

Thus, when varying the magnetic field, the resistance value 

𝑅H (function of 𝑉H) and resistance 𝑅L (function of 𝑉XX) are as 
shown in Figure 6 (b). The standard resistance value is then 
obtained from the identification of the plateau of the curve 

shown in Figure 6 (b) (𝑖 value) and dividing the 𝑅Kconstant by 

the identified 𝑖 [9]. 

According to Figure 7, typical 100 Ω standard 𝑅S resistors are 

calibrated by comparing them with the calculated value of 𝑅H, 
given by equation (7). The primary resistance standard system 

 

Figure 5. Magnetic force 𝐹⃗𝑚  acting on a charge −𝑞 with velocity 𝑣. 

 

Figure 6. Representation of the electrical resistance curves as a function of the magnetic field: a) working principle of the resistance standard, b) resistances 
as functions of the magnetic field. 
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(the details of which are beyond the scope of this paper), known 
as the quantum Hall system (QHS), is responsible for carrying 
out this comparison. Its working principle consists of submitting 
each of the two resistors to a known current, and increasing the 

value of the current 𝐼Hthat circulates in 𝑅H until the difference in 

the voltage drop between the two resistors 𝑅H and 𝑅S equals 
zero, measured from a null detector. There is also a fine-tuning 

of 𝐼H, which is done by a QHS subsystem, called 
superconducting quantum interference device (SQUID). Its 
operating principle consists of, at temperatures below 4.2 K, 

increasing 𝐼H , if there is any difference between the magnetic 

fields generated by 𝐼H and 𝐼S when they flow through coils with 

𝑁H and 𝑁S windings (16 and 2065 turns, respectively). These 
windings are distinct and electrically isolated (although coupled 
by a magnetic circuit).  

When balance is achieved, one can calculate 𝑅S as follows [7]: 

𝑅S

𝑅H

 =
 𝑁S

 𝑁H

(1 −
 𝐼B

 𝐼S

 𝑁B

 𝑁S

) , (8) 

where 𝑁S is the number of turns of winding of the coil in series 

with 𝑅S; 𝑁H is the number of turns of winding of the coil in series 

with 𝑅H; 𝐼B is the current which flows through the coil with 𝑁B 

windings; 𝐼S is the current which flows through resistor 𝑅S.  

3.  THE ELECTRIC CURRENT PRIMARY STANDARD BASED ON 
OHM'S LAW, THE JOSEPHSON EFFECT, AND THE 
QUANTUM HALL EFFECT 

Consider the electric circuit proposed in Figure 8, where the 

current source is the device under test (DUT), 𝑅STD is a resistor 

that was previously calibrated by the QHS, and 𝑉STD is the 

potential difference across 𝑅STD, measured directly by the PJVS 
system. 

One can calculate 𝐼STD as follows: 

𝐼STD =
𝑉STD

𝑅STD

 

=
 𝑉STD

𝑅0 × [1 +   𝛼 × (𝑇 − 𝑇0) + 𝛽 × (𝑇 − 𝑇0)2]
 , 

(9) 

where 𝐼STD is the current flowing through 𝑅STD (the standard 

resistor); 𝑉STD is the voltage measured by the PJVS system; 𝑇 is 

the temperature measured by the thermometer; 𝑅0, 𝛼, 𝑇0 , and 𝛽 
are standard resistor construction parameters. 

The 𝐼PJVS value is virtually zero, due to the DVM differential 

connection. Hence, 𝐼 =  𝐼STD. The PJVS system estimates 𝑉STD 

value from 𝑉PJVS and 𝑉DVM voltages.  

Thus, the calibration of the current source 𝐼 is carried out by 
comparing the value presented by this current source and the 

calculated value 𝐼STD. The latter is obtained by applying equation 

(9), which uses 𝑉STD values (measured by the PJVS system) and 

𝑅STD values (informed by the user and with traceability to the 
QHS system). 

To implement this proposal, we used a high-performance 
Fluke 5730A multifunction calibrator as a device under test 
(DUT). We also developed a control software in Python, which 
commands the DUT (through a GPIB interface) to supply the 
currents to be measured. The user provides the standard resistor 

value information (𝑅STD) to the software, which gets the 𝑉STD 
value by reading the spreadsheet, where the voltage measurement 
was recorded by the PJVS system. Therefore, this program 

estimates the value of the current that flows through 𝑅STD, based 
on the model presented in equation (9), and its associated 
uncertainty. 

The user can register the available standard resistors, as well 
as the calibrators (the DUT), to be used by the system in the 
developed software. This allows the software to inform the user 
of the measurement ranges that can be obtained in the DUT 
calibration for a selected standard resistor. After the user selects 
the resistor, the software automatically distributes 5 current 
measurement points in each range, and if the last range cannot 
be calibrated at its maximum value, the software automatically 
distributes 5 points to the maximum possible current for the last 
range. Additionally, to maintain the integrity of the standard 
resistor that will be used, the software does not supply the 
standard resistor with a current greater than the maximum 
recommended by the resistor manufacturer. It also warns the 
user of this condition, preventing it from occurring. 

4. UNCERTAINTY ANALYSIS 

The proposed system mathematical model - equation (9) - 
allows us to get the standard uncertainty components (for the 
measurements) presented in Table 1. 

 

Figure 7. QHS CCC representation. 

 

Figure 8. Circuit used to calibrate the current source 𝐼 from Ohm's law. 

Table 1. Summary of standard uncertainty components. 

Standard uncertainty 
component 

Source of uncertainty 

𝑢CSU PJVS system 

𝑢Temp Thermometer calibration certificate 

𝑢resol Thermometer resolution 

𝑢R Resistor calibration certificate 

𝑢A Dispersion of the measurements 
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𝑢CSU is the PJVS system uncertainty regarding the 

measurement of the voltage in the standard resistor. 𝑢Temp is the 

uncertainty given by the calibration certificate of the 

thermometer used to measure the air bath temperature, 𝑢resol is 

the uncertainty related to its resolution, and 𝑢R is the uncertainty 
of the standard resistor (given by the QHS). Such uncertainties 

are the Type B evaluation of standard uncertainty. 𝑢A is the Type 
A evaluation of standard uncertainty, related to the dispersion of 
the measurements. 

5. RESULTS AND DISCUSSION 

In Figure 9, one can see the setup of the electric current 
primary standard based on the PJVS and the QHS systems. The 
standard resistors, previously calibrated with the QHS (the latter 
not shown), are inside the air bath for temperature control (A). 
A Fluke 5730A calibrator was used as a current source under 
calibration (the DUT) (B). On the right, there is a rack with the 
PJVS and the liquid helium cylinder (C). Above the air bath, there 
is a thermometer, the sensor of which is close to the resistors 
being calibrated (D). The software described in section 3 is 
running in the notebook (E). GPIB interfaces are used for 
communication between the instruments. 

The F5730A was calibrated in DC current from 50 μA to 
10 mA. Hence, the ranges calibrated were 200 μA, 2.2 mA, and 
22 mA. Considering that the PJVS system is limited to 10 V DC 
measurements, we decided to use standard resistors of 10 Ω, 100 
Ω, and 10 kΩ.  

In Table 2, one can see the lowest and highest relative 

expanded uncertainties (𝑘 =  1.960 [13]) and relative errors by 
DUT range. Comparing these preliminary results to the updated 
best DC current meter CMC (Table 3), it is possible to see that 
the uncertainties are compatible or even better (Table 2) than the 
other ones from Table 3. For instance, the proposed system 

could measure 100 A with 1.0 A/A, while in Table 3, such 

values are between 1.3 A/A and 3 A/A.  

6. CONCLUSIONS 

We proposed an electric current primary standard based on 
Ohm’s law, which is one of the BIPM recommendations to 
realize the ampere. Preliminary results were presented in the 
range between nanoampere and milliampere, using two quantum 
standards: a QHS and a PJVS.  

Considering the complexity and costs of using the PJVS and 
the QHS systems, it is worth using the proposed system, so far, 
in the range from 50 μA to 10 mA. In this range, the uncertainties 
are between 0.5 μA/A and 4.6 μA/A, comparable to the best ones 
in the Calibration and Measurement Capabilities (CMC) 
acknowledged by the International Bureau of Weights and 
Measures (BIPM) [11]. This is an ongoing research, and the next 
goal is to increase the calibration range of the proposed electric 
current primary standard based on Ohm's law, the Josephson and 
the quantum Hall effects. 
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Figure 9. Setup of the electric current primary standard based on the PJVS 
and the QHS systems. 

Table 2. Lowest and highest relative uncertainties and relative errors by DUT 
range, for the proposed electric current primary standard based on the PJVS 
and the QHS systems. 

DUT range 
Resis-

tor 

Lowest 
relative 
uncert. 
µA/A 

Highest 
relative 
uncert. 
µA/A 

Lowest 
relative 

error 
µA/A 

Highest 
relative 

error 
µA/A 

220 μA  
(10 μA; 50 μA; 100 μA; 

150 μA; 200 μA) 

PT20  

(10 kΩ) 
0.5 1.0 17 18 

2.2 mA 
(0.3 mA; 0.8 mA; 1.2 
mA; 1.6 mA; 2.0 mA) 

PR06  

(100 Ω) 
0.7 7.2 100 174 

22 mA  
(2.2 mA; 2.5 mA; 2.6 
mA; 2.8 mA; 3.0 mA) 

PR06  

(100 Ω) 
1.5 5.4 137 151 

22 mA  
(3 mA; 4 mA; 6 mA; 8 

mA; 10 mA) 

PT17  

(10 Ω) 
2.2 4.6 12 25 

Table 3. Some National Metrology Institutes (NMI) best CMC for DC current 
meter. Expanded uncertainties (k = 2.0) [12].  

Country (NMI) DC current range Uncertainty range 

Brazil (Inmetro) 
10 μA to 100 μA (7.8 to 11) μA/A 

100 μA to 20.0 A (7.6 to 16) μA/A 

EUA (NIST) 10 mA 10 A/A 

France (LNE) 
1.0 μA to 100.0 μA 1.3 μA/A 

100 μA to 20.0 A (1.3 to 8) μA/A 

Germany (PTB) 
1.0 nA to 100 A (3 to 60) A/A 

100 A to 10.0 A 3 A/A 
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