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Abstract

Increasing requirements for the accuracy of measurements have led to the need to revise the existing International
System of Units (SI). The important element of the SI-2019 reform is “the establishment of the SI base units through
seven defining constants, the numerical values of which are fixed”.

The approach to the establishment of the measurement units has fundamentally changed. If earlier a definition was
given of how the unit is realized, now only the exact numerical values of the fundamental constants are fixed, and their
values are expressed in the corresponding SI units. Measurement units are determined on the basis of known physical laws,

which include certain fundamental constants.

The article analyzes the changes in SI-2019 related to electrical measurements, and also discusses the prospects for the

development of accurate electrical measurements.
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1. Introduction

Increasing requirements for the accuracy of
measurements have led to the need to revise the existing
International System of Units (SI). The important
element of the SI-2019 reform is “the establishment
of the SI base units through seven defining constants,
the numerical values of which are fixed” [1-3].

The approach to the establishment of the
measurement units has fundamentally changed. If
earlier a definition was given of how the unit is
realized, now only the exact numerical values of the
fundamental constants are fixed, and their values are
expressed in the corresponding SI units. Measurement
units are determined on the basis of known physical
laws, which include certain fundamental constants.

At the same time, in the new SI1-2019 the division
of measurement units into base units and derived ones
remained.

The article analyzes the changes in SI-2019
related to electrical measurements, and also discusses
the prospects for the development of accurate electrical
measurements.

2. Statement of the main material

The SI base unit of electric current — ampere —
is set through a fixed value of the elementary charge,
equal to e = 1.602176634x10" C (coulomb).
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Since 1990, the reproduction of voltage and
resistance units has been based on quantum standards
using the Josephson effect and the quantum Hall effect,
as well as the conventional value of the Josephson
constant K, and the von Klitzing constant R, ,
[3]. This made it possible to increase the accuracy of
reproduction of electrical units by approximately two
orders of magnitude (at direct current), but contributed
to the emergence of an independent, “practical”
system of units, which does not coincide with the SI
and in which the “practical” kilogram differs from the
standard by 1077, and the “practical” magnetic constant
U, is not a fixed number.

The simultaneous redefinition of kilogram and
ampere, adopted in SI-2019, made it possible to
abandon the agreed values and make sure that the
methods used for the practical realization of electrical
units fully comply with the definition of SI units.

In the revised SI, the ampere remains the
base electrical unit, but it is no longer necessary to
set the values of the constants K, and R,, since in
SI-2019 the Josephson constant K, and the von Klitzing
constant R, are calculated using fixed numerical values
of the exact numerical values e and 4 using the ratio
K, =2e/h and R, = h/e’, which appear in the
equations describing the corresponding physical pheno-
mena.
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Also note that the electric and magnetic constants,
g, and u,, will have approximately the same values after
redefinition but now with relative uncertainties the
same as that of the fine structure constant, ~2.3x1071°,

Although SI-2019 does not regulate specific
methods for the realization of units, practical
recommendations (Mise en Pratique) [4] in SI-2019
provide methods that can be used in practice for the
realization of SI ampere, volt, ohm and other of SI
derived electrical units with the indicated names and
symbols, and also indicate the quantum effects of
Josephson, Hall, nuclear magnetic resonance and their
varieties, as the best primary methods at the moment.
They also give the values to the Josephson constant
and the von Klitzing constant, which are calculated
from the fixed numerical values of the Planck constant
h and the elementary charge e:

K, = 483597.848416984 GHz V',
R, = 25812.8074593045 Q,
and differ from K , and R, ,. As a consequence, in
the revised SI, the values associated with electrical
voltage decreased by 1.067x107. The values
associated with electrical resistance are increased by
1.779%10% [5].

The need to take into account the magnitude
of changes (8) depends on the relative expanded
uncertainty U of specific measurements. In [5] it is
proposed not to introduce a correction if 2.58 < U or
0 <04 U

Another approach is possible, in which the
uncertainty component can be neglected if its
contribution to the total uncertainty does not exceed
5%. This condition leads to the relation & < 0.313 U.

Thus, the correction can be omitted if:

+ voltage-related quantities are measured with a
relative expanded uncertainty of more than 2.5x107
according to [5] or 3.34x107 according to the second
approach;

* the quantities related to resistance and
impedance are measured with a relative expanded
uncertainty of more than 5X10® according to [5] or
5.57%x10"% according to the second approach.

The values K, and R, are given with 15 significant
digits. It should be noted that this number of significant
digits is the maximum allowable for the widespread
Microsoft Excel spreadsheet. However, if you ever
need additional precision, you just need to go back
to the definitions of K| and R, and substitute in them
the exact numerical values of e and A. The obtained
values, of course, depend on the assumption about
the accuracy of the equations obtained in physics
K, = 2e/h and R, = h/e’.

Josephson voltage standards reproduce voltage
according to U= hnf/2e, where n is the number of
Josephson junctions used in the measurement and f is
the microwave frequency applied to the system.

In quantum Hall resistance standards the resistance
R is determined in terms of R =/h/ke?, where k is an
integer number related to the quantization.

Existing standards provide high accuracy of the
realisation of the volt and the ohm, which is proven
by comparisons of standards of different countries. For
example, the Josephson voltage standard can produce
a 10V voltage within an uncertainty below 1x107°,
and the international comparison of the quantum Hall
resistance standards is within a few parts in 10°.

With quantum voltage and resistance standards,
a quantum current and hence the ampere can be
obtained by Ohm’s law, i.e. I=U/R=nkfe/2.

In new SI one ampere can be defined as a number
of 1 C/e =6 241 509 074 460 762 607.776 elementary
charges going through a given point in one second.

The counting device, so-called single-electron
transistor (SET), allows a single elementary charge e,
or multiple charges, Ne, to go through a potential gate
and trigger a counting signal in a fast and controlled
speed. By measuring the frequency of the transfer of
a fixed number N of elementary charges per event, f,
the ampere can be directly realized by counting e as
I = N ef. Unfortunately, the currents obtained in this
case are small, of the order of 100 pA.

According to recommendation Mise en Pratique
practical realization of the ampere, A: a) The ampere
can be realized by using Ohm’s law, the unit relation
A = V/Q, or b) by using a single electron transport
(SET) or similar device, the unit relation A = C/s; or
¢) by using the relation / = CdU/dt, the unit relation
A = FV/s, where F is the farad.

The three quantum effects: the Josephson ef-
fect, the quantum Hall effect, and the single electron
transistor, give a closed triangle of the volt, ohm and
ampere realizations (Fig 1).

The practical usefulness of quantum effects and
the expansion of their scope after the SI reform has

Josephson Effect

Fig. 1. lllustration of the metrological triangle [6]
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become an incentive for the further development and
improvement of quantum methods and technologies
for their implementation. So, in a relatively short time
after the adoption of the CIPM recommendations on
the use of quantum effects, tremendous progress was
made in this direction: methods for measuring electri-
cal quantities in alternating current using the Josephson
effect were developed.

As is well known, in the transition to an alternating
current the measurement uncertainty of electrical
quantities sharply increases, therefore, an important
task is to create an AC voltage standard with using
the Josephson effect. Intensive work is underway in
this direction [7, 8]. The industry is producing the
AC-DC Quantum Voltmeter, which contains the AC-
DC Josephson voltage standard. The frequency range
of such voltmeter is up to 2 kHz. Typical calibration
accuracy AV/V = 2x107%,

When measuring the AC circuit parameters are
characterized by impedance, which can be regarded
as a combination of the simplest elements: resistor,
capacitor and inductor. The characteristics of the last
two elements can only be measured on alternating
current.

The capacitance can be calibrated by multiple
paths: 1) Conventional calculable capacitor, 2) DC
quantum Hall resistance, then AC/DC difference mea-
surement, and finally R — C quadrature bridge, and
3) quantum capacitor. A significant advantage, com-
pared to the original calibration through the calculable
capacitor and capacitance bridge, is that the new paths
2) and 3) allow a wider and more flexible calibration
range for the capacitor, thereby, shorten the length of
the traceability chain. For example, path 2) is typically
designed for nF capacitance calibration and uF can
be reached if a 100 Q standard resistor is employed.
This may lead to significant applications in power and
energy measurement areas.

In the case of path 2), it is possible to increase
the accuracy in the case of using the AC quantum
Hall standard.

Another factor in increasing the influence of
quantum technologies was the stimulation of research
towards their greater availability in practical metrology.
Helium-free (so-called “dry”) methods of obtaining
a cryogenic medium, high-temperature superconducti-
vity technologies (at the temperature of liquid nitro-
gen), and graphene quantum structures were deve-
loped. This made it possible to create a number of
new generation of measuring quantum devices.

So, the Hall resistance in graphene is quantized
with an uncertainty of up to 1X107° in relatively
weak magnetic fields (with induction up to 3.5 T)
at temperatures up to 10 K and at currents up to
0.5 mA, while the samples on GaAs usually operate
at currents of tens of microamperes at temperatures
up to 2 K and magnetic induction of about (6—8) T.
This indicates the enormous potential of graphene for
the development of convenient and universal quantum
standards, allowing their wider use in industry and
science [9, 10].

Finally, quantum methods and effects, their
active development have made it possible to solve a
number of metrological problems in other types of
measurements, for example, the creation of a natural
standard of the kilogram based on the Planck constant
and quantum electrical measurements (the so-called
electric kilogram).

3. Conclusion

The new SI definitions, which came into effect
on May 20% 2019, have the electrical base unit ampere
and the derived units volt and ohm, now fixed by
declared universal constants and therefore inherently
stable. The electrical units themselves have now
assumed new importance in that they will be used in
at least one method to derive the first non artefact
kilogram in 130 years.

The BIPM took a deliberate decision to minimize
the effects of the redefinitions and for the most part
they will succeed. There may be an impact on high
end calibration equipment manufacturers.

SI-2019 i nepcnekTHBH MiABHINEHHS TOYHOCTI
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AHoTamis

3pocTaHHs BUMOT J0 TOYHOCTI Ta JOCTOBIPHOCTi BUMipIOBaHb MPU3BEJIO 10 HEOOXiMHOCTI MEPemIsIHYTU icHytouy Mix-
HaponHy cuctemy onuuuilb (SI). BaxmuBum enementom pedopmu SI-2019 € “BcraHOBIEHHST OCHOBHMX onuHUIL SI uepe3
CciM BU3HAYaJIbHUX KOHCTAHT, YMCJIOBI 3HAUEGHHS SIKUX (DiKCOBaHi”.

Ilinxin 10 BCTaHOBJIEHHSI OAWHUIIb BEJIMYMH AOKOPiHHO 3MiHMBCA. Y SI-2019 ogumHMII BU3HAYAIOThCS B HESBHOMY
BUIJISIAI LUISIXOM (bikcallii TOYHUX YMCIOBUX 3HAY€Hb OCHOBHUX KOHCTAHT. OAMHMII BEJWYMH DPeali3ylOThCS Ha OCHOBI
(i3MYHUX 3aKOHIB, SIKi BKJIIOYAIOTh OO ceOe 11i OCHOBHI KOHCTaHTH.

V ranysi eseKTpUYHUX BUMIPIOBAaHb 3HAYHOTO 30UIbIIIEHHS TOYHOCTI BiITBOPEHHS €JEKTPUYHOI HAMPYTU Ta €JeKTPUY-
HOT'O OMNOPY BIAJIOCS OOCATHYTH TTic/s BinkKpuTTs y XX cTopiudi KBaHTOBUX e(ekTiB /Ixko3edcoHa ta Xosa, ajie pu LIbOMY
BiIOYBCSI pO3pUB MiXX MeTOAMKAMU peajizallii eJleKTPUYHUX OAUHUIIb i TEOPETUYHUM BU3HAYEHHSIM OCHOBHOI €JIeKTPUYHOT
oguuHuui SI — amnepa yepe3 MeXaHiuHi BEJIUYUHU.

Hapasi B noBiit cucremi SI-2019 1eit po3puB JNiKBimOBaHO — BCi €JIEKTPUYIHI ONUHUIII BU3HAYAIOTHCS 4depe3 (yH-
naMmeHTasbHi craji. [lokazaHo, 10 peajizallisi amrnepa B MPUHLIMITI MOXJIMBA i3 3aCTOCYBaHHSIM KBaHTOBOTO €(heKTy Ofi-
HOEGJICKTPOHHOTO TYHEJIIOBAaHHS, ajie MOKM He HaOyJia IIMMPOKOTO BIIPOBAIKEHHS 4Yepe3 Malli 3HaueHHST BiITBOPIOBAHOTO
€JIEKTPUYHOTO CTPYMY.

VY crarti aHamisytorbes 3MiHM B SI-2019, moB’s3aHi 3 e1eKTPUYHMMU BMMIipIOBaHHSIMU, a TaKOX OOTOBOPIOIOTHCS
MEepPCINeKTUBU PO3BUTKY TOYHUX €JIEKTPUYHUX BUMipIOBaHb.

3HayHi 3ycwulsl B HAYKOBiil cepi JOKIagaloThesl MUIST JIOKa3iB CYMICHOCTI OAMHMIIL BOJIbTa, OMa Ta amIiepa, sKi
peasti3yloThCsi KBAHTOBUMM €TaJIOHAMU, IIIISIXOM TIEPeBipKU 3aMUKAHHSI TaK 3BAHOTO METPOJIOTIYHOTO TPUKYTHHKA.

HaykoBuii Ta TeXHOJIOTIYHUI Mporpec y peanizailii KBAHTOBUX €(EKTiB J03BOJISIE PO3MOBCIOIUTU TIepeBaru KBAaHTOBUX
eTaJloHiB Ha cgepy BUMIpIOBaHb Ha 3MiHHOMY CTpyMi. TakoX CIOCTepira€Tbcsl 3HaAYHUI TPOrpec y MiIBUILIEHHI poOOUMX
temnepatyp Buile 10—70 K npu peanizanii KBaHTOBUX e€(heKTiB 3aBIAsIKM 3aCTOCYBaHHIO HOBMX MarepialliB, TaKuX SIK Tpa-
deH To1o.

KmouoBi ciioBa: BUMiploBaHHSI, ONWHMII BeJIWYMH; MixHapomHa cuctema; edekr JxkozedcoHa; KBaHTOBUI edeKT
Xonna; OIHOENEeKTPOHHMIT TPaH3UCTOP.
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AHHOTAIMSA

Bospacratoiniue TpedboBaHUsI K TOYHOCTU M3MEPEHUI MPUBEIU K HEOOXOAMMOCTM IEpecMOoTpa CYIIeCTBYylolein Mex-
nmyHapomHoit cuctembl enuHUIl (SI). BaxkabiM a1emMeHTOM pedopmbl SI-2019 gBisieTcst “ycTaHOBIIEHWE OCHOBHBIX €IMHUIL
SI mocpeacTBoM cemMu OINpeAeIsiIoNMX KOHCTAHT, YMCJIOBbIe 3HAYEHUsI KOTOPBIX SIBJISIIOTCS (DUKCUPOBAHHBIMM .

KopeHHBIM 006pa3oM M3MEHWJICS IMOAXOA K YCTAHOBJICHMIO eIMHUI BeJWYWH. Eciau paHblle OBLIO JaHO OIpe-
JleJIeHUe TOro, Kak peaju30BaHa €IMHUIIA U3MEPEHUs, TO Ternepb (UKCUPYIOTCS TOJbKO TOYHbIE YMCIOBbIE 3HAYEHUS
(dyHIaMeHTaTbHBIX KOHCTAHT, a UX 3HAYeHUs BBIPAXKAIOTCSI B COOTBETCTBYIOIIMX eauHMIaX SI. EnWHUIIBI BeIMUMH ompe-
NEJISIIOTCSl HA OCHOBE M3BECTHBIX (DU3MUECKUX 3aKOHOB, KOTOPBIE BKJIIOYAIOT B ceOsl ompenesieHHble (GyHIaMeHTaIbHbIC
KOHCTAHTHI.

B crarbe ananusupytorcst usmeHeHust B SI-2019, cBg3aHHbIE ¢ 2JEKTPUYSCKUMU U3MEPEHUSIMU, a TaKXKe 00CYKIaloTCsI
MEePCIEeKTUBbl Pa3BUTHUSI TOYHBIX JEKTPUUECKUX U3MEPEHUI.

KioueBble cioBa: M3MepeHue; €IUMHUIL BeauuuH; MexayHaponHas cuctema; addekt xko3edcoHa; KBAHTOBbIM
addexr Xonna; 0OqHOSIEKTPOHHBIN TPaH3UCTOP.
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