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Abstract. Quantum measurement standards are essential for implementing the International
System of Units (SI) and ensuring global metrological traceability. Managed by the International
Bureau of Weights and Measures (BIPM), these standards utilize fundamental quantum phenom-
ena to achieve unmatched accuracy, consistency, and reproducibility [1,2]. The International
Committee for Weights and Measures (CIPM) promotes their global acceptance through the Mu-
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tual Recognition Arrangement (MRA), facilitating precise calibration and comparison with na-
tional standards [3]. The BIPM oversees quantum standards for voltage (volt) and resistance
(ohm), critical for uniform electrical measurements [4]. Select National Metrology Institutes
(NMIs) maintain standards based on the Josephson and quantum Hall effects, participating in
BIPM key comparisons, achieving absolute uncertainties as low as 0.2 nV for Josephson standards
and relative uncertainties of 3.8 %107 to 4.6 x107° for Hall standards [4].

Xiilasa. Kvant ol¢mo standartlar: Beynolxalq Vahidlar Sistemi (SI)-nin tatbiqgi va global
metrologiya izlenebilirliyinin tamin olunmas: ziciin miihiim shamiyyat das:y:r. Beynalxalq Olg¢ii va
Caki Biirosu (BIPM) tarafindan idara olunan bu standartlar fundamental kvant hadisalarindan isti-
fada edarak misilsiz daqiglik, sabitlik va tokrarlanma gabiliyyati tamin edir [1,2]. Beynalxalq Ol¢ii
va Caki Komitasi (CIPM) bu standartlarin diinya miqyas:nda tan:nmas:n: Qars:l:ql: Tanznma
Sazisi (MRA) vasitasila tagviq edir ki, bu da milli standartlarla dagiq kalibrloma va mégayisani
asanlagd:rir [3]. BIPM garginlik (volt) vo migavimat (om) zzra kvant standartlar:n: nazaratda
saxlay:r; bunlar elektrik olgmalarinin vahidliyini tamin etmok iigiin asas gostaricilardir [4].
Secilmis Milli Metrologiya Institutlar: (NMI) Josephson va kvant Hall effektlarina asaslanan
standartlar: saxlay:r, BIPM-in asas miigayisalorinda istirak edir va Josephson standartlar: sigzin
0.2 nV gador miitlaq geyri-miayyanliklora, Hall standartlar: digiin isa 3.8x10° — 4.6x10°°
araliginda nisbi geyri-miiayyanliklara nail olurlar [4].

Almomauuﬂ. Keanmoewie smanomvl Ll3M€p€Hu1/7 ucparom Kiodesyrn pojb 6 peaiusayuu
Meoswcoynapoonoti cucmemvt eounuy (CH) u obecneuenuu enobanvHol Mempoiocuyeckol npocie-
arcusaemocmu. Ynpaesnsemvie Medxxcoynapoouwvim diopo mep u gecog (BIPM), smu smanonwt uc-
noL3YIOM (PYHOAMEHMANbHbIE KBAHMOBbLE SBNIEHUS 0151 OOCTUNCEHUS HeNPeB30UOEHHOU MOYHO-
cmu, co2nacoeanHocmu u eocnpoussooumocmu [1, 2]. Meacoynapoousiii komumem mep u 6ecos
(CIPM) cnocobcmeyem ux muposomy npusnanuio uepes CoznauieHue 0 83aUMHOM NPUSHAHUU
(MRA), umo obecneuusaem mounyto KaiubposKy u cOonoCmasuMoCcmsd ¢ HAYUOHAIbHIMU IMA0-
namu [3]. BIPM xommpoaupyem keanmosvie smanionvt 011 HanpsiceHus (6016m) u conpomueie-
HUsl (om), Komopbwle A8II0MCs Kouesblmu 0Jisi 0becneyenusi eOUHO0OPA3HbIX INEKMPULECKUX U3-
mepenuti [4]. Omoenvusvie Hayuonanvnvie memponocuveckue uncmumymst (NMI) nooodepoicu-
8alOM 3MANOHBL, OCHOBAHHbBlE HA I pexmax [xcozedhcona u keanmosozo Xonna, yuacmseyom 6
kmouesvix cpasuenusx BIPM u oocmuearom abcomomnvix neonpeoenénnocmeti oo 0.2 nB ons
amanonos [coseghcona u omnocumenvhvix Heonpeoenénnocmeii 3.8x107° — 4.6 x10~° ona amano-
Hog Xona [4].
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Introduction. International measurement standards are reference tools that define precise
values of physical quantities, serving as benchmarks for calibrating other instruments. Recognized
through global agreements, these standards are defined in the International VVocabulary of Metrol-
ogy (VIM) [1] and maintained by organizations like the BIPM. In the current SI system, quantum
measurement standards are crucial for realizing units and ensuring traceability [2]. These standards
leverage quantum effects, providing exceptional stability, universality, and reproducibility world-
wide.

The advantages of quantum standards include:

« Precision: Derived from fundamental constants.
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« Consistency: Reproducible across different systems.
« Modernization: Replacing traditional analog standards.
« Decentralized accuracy: No reliance on a single reference.

Their primary purpose is to establish a global framework for metrological traceability by
comparing national standards and conducting precise calibrations [3]. This process is supported by
the CIPM MRA, which ensures mutual recognition of national standards and calibration certificates
[3]. As of mid-2025, around 260 NM s, Designated Institutes, and four international organizations
participate in the CIPM MRA [3].

Core Quantum Standards for Electrical Units. The most accurate standards for electrical
units are based on the Josephson effect for voltage and the quantum Hall effect for resistance [12].
These standards derive units from the elementary charge (e = 1.602176634x10"° C) and the Planck
constant, fixed in the 2018 Sl revision [2].

Josephson Standard. The Josephson standard produces voltage according to:

[V =\frac{nhf}{2e}]
where V is the voltage, n is an integer (step number), h is the Planck constant, f is the applied signal
frequency, and e is the elementary charge [7].

This standard uses a superconducting Josephson junction, where two superconductors are
separated by a thin insulator. At low temperatures (a few kelvins) and with microwave radiation
(e.g., 70 GHz), quantized voltage steps are generated with an accuracy of one part per billion [7].
Large laboratories employ arrays of thousands of junctions to produce stable voltages up to 10 V
[8]. Programmable Josephson standards, such as those at PTB (Germany), enable calibration of DC
and AC voltages with uncertainties as low as 107'° [9]. PTB’s system supports comparisons up to
10 V with an absolute uncertainty of 1 nV [4].

Quantum Hall Standard. The quantum Hall standard defines resistance using:

[ R_H =\frac{h}{i e"2} ]

where R_H is the Hall resistance, h is the Planck constant, e is the elementary charge, and i is an
integer (quantization index, typically 1, 2, 3, ...) [10]. For i =1, R_H =~ 25812.807 Ohm, used as a
metrological resistance reference [10].

This standard involves a two-dimensional electron gas (e.g., GaAs/AlGaAs) cooled to below 1.5
K under a strong magnetic field (~10 T). In this state, longitudinal resistance vanishes, and trans-
verse (Hall) resistance takes discrete values determined by fundamental constants [10]. Research
addresses challenges like temperature fluctuations and small Hall signals, achieving relative uncer-
tainties as low as 2.4x107® using potentiometric and cryogenic current comparator methods [11].

Utilization of BIPM Quantum Standards. The BIPM uses Josephson and Hall standards
as references for its electromagnetic calibration services, underpinning its Calibration and Meas-
urement Capabilities (CMCs) [4]. These services support the CIPM MRA by enabling NMls to
compare their standards with BIPM’s, ensuring SI traceability [5]. Smaller NMls rely on these
services, while larger ones validate their primary standards’ equivalence [5].

The BIPM employs portable quantum standards for on-site comparisons at NMls, supported
by BIPM experts for accuracy and knowledge transfer [6]. Calibration of reference resistors and
voltage standards (e.g., Zener diodes) is advised every two years, with a limit of three standards
per nominal value [4].

BIPM.EM-K10 Comparisons (Josephson Standards). Since 1991, BIPM has conducted
BIPM.EM-K10 comparisons for nominal voltages of 1.018 V and 10 V [4]. Results include:

« 1.018 V: 25 NMIs participated, with NIM (China) achieving the lowest uncertainty (0.2 nV),

followed by BNM-LCIE (France) and NMIA (Australia) at 0.3 nV each [4].

e 10 V: 29 NMls participated, with LNE (France) at 0.2 nV, PTB at 1.0 nV, and CENAM

(Mexico) at 1.3 nV [4].
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These comparisons link to regional metrology organizations (e.g., EURAMET, SIM,
COOMET) [6]. The NSC “Institute of Metrology” (Kharkiv) calibrated its Josephson standard at
BIPM but has not completed inter-regional CMC review as of mid-2025 [4].

BIPM.EM-K12 Comparisons (Hall Standards). Since 1993, BIPM has conducted
BIPM.EM-K12 comparisons for a nominal resistance of 100 Ohm and ratios of 10 kOhm/100 Ohm
and 100 Ohm/1 Ohm [4]. Results include:

e 100 Ohm: 11 NMIs participated, with NIST (USA) at 4.0x10~° and PTB at 4.4x10° relative

uncertainty [4].

e 10 kOhm/100 Ohm: NIM (China) and KRISS (South Korea) at 4.6x10°° [4].
e 100 Ohm/1 Ohm: PTB and METAS (Switzerland) at 3.8x107°, NRC (Canada) at 4.2x10°

[4].

The NSC “Institute of Metrology” calibrated its Hall standard at BIPM for 1 Ohm, 100 Ohm, and
10 kOhm, but inter-regional CMC review is pending as of mid-2025 [4].

Visual Representation of Comparison Results. The following figures vividly depict the
BIPM.EM-K10 and BIPM.EM-K12 comparison outcomes, showcasing uncertainty data derived
from detailed analyses [4].

o Figure 1: BIPM.EM-K10 results for 1.018 V, displaying uncertainties for NMls including
NIM (0.2 nV), BNM-LCIE (0.3 nV), and NMIA (0.3 nV). (Insert Figure 1 here: Bar chart
showing 1.018 V uncertainties for NMlIs like NIM, BNM-LCIE, and NMIA, with values such
as 0.2nV,0.3nV,and 0.3nV.)

o Figure 2: BIPM.EM-K10 results for 10 V, highlighting uncertainties for LNE (0.2 nV), PTB
(2.0 nV), and CENAM (1.3 nV). (Insert Figure 2 here: Bar chart showing 10 V uncertainties
for NMls like LNE, PTB, and CENAM, with values such as 0.2 nV, 1.0 nV, and 1.3 nV.)

e Figure 3: BIPM.EM-K12 results for 100 Ohm, with NIST (4.0x10°) and PTB (4.4x107°)
leading in precision. (Insert Figure 3 here: Bar chart showing 100 Ohm uncertainties for
NMIs like NIST and PTB, with values such as 4.0x107° and 4.4%x107°.)[13]

o Figure 4: BIPM.EM-K12 results for the 10 kOhm/100 Ohm ratio, showing NIM and KRISS
at 4.6x107°. (Insert Figure 4 here: Bar chart showing 10 kOhm/100 Ohm ratio uncertainties
for NMIs like NIM and KRISS, with a value of 4.6 x107°.)

Figure 5: BIPM.EM-K12 results for the 100 Ohm/1 Ohm ratio, with PTB and METAS at
3.8x107°. (Insert Figure 5 here: Bar chart showing 100 Ohm/1 Ohm ratio uncertainties for
NMIs like PTB and METAS, with a value of 3.8%107?,)
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Figure 1. BIPM.EM-K10 for 1.018 V Figure 2. BIPM.EM-K10 for 10 V
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Figure 5. BIPM.EM-K12 for 100 Ohm/1 Ohm Ratio

Conclusion. The BIPM’s quantum standards for voltage and resistance are vital for imple-
menting Sl electrical units and ensuring global traceability [2, 3]. Based on the Josephson and Hall
effects, these standards enable precise comparisons under the CIPM MRA [3, 6]. Only select NMIs
maintain these standards, participating in BIPM’s key comparisons [4]. Josephson standards
achieve uncertainties as low as 0.2 nV for 1.018 V and 10 V, while Hall standards reach relative
uncertainties of 3.8x107° to 4.6x10° for resistance measurements [4]. These advancements ensure
the reliability of global electrical metrology.
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