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A B S T R A C T

Current comparator bridges are employed for the realization of the resistance scale from the quantum Hall
effect in several National Metrology Institutes and calibration centers. Quantum resistance standards under
development, based on novel materials and tabletop dry cryostats, make the more achievable DC current
comparator bridges (DCCs) a viable alternative to the more accurate but more expensive cryogenic current
comparator bridges (CCCs). A DCC ratios’ calibration against a reference CCC is a straightforward way to
improve the DCC’s performances and the resistance scale overall accuracy.

The paper reports the calibration results of two DCCs on the ratios employed in a 1Ω to 10 kΩ resistance
scale traceable to a 12.906 kΩ quantized Hall resistance, showing a good reproducibility and stability of the
DCC readings over the measurement period and supporting the possibility of a DCC errors’ correction and of
a realization of the primary resistance scale at the 10−8 level.
. Introduction

The basis of primary dc resistance metrology is the realization of the
I unit of resistance with the quantum Hall effect, and the calibration
f a resistance scale maintained by artifact resistance standards. Both
asks are performed with dc resistance ratio bridges. In the midrange
esistance scale (from 1Ω to 10 kΩ) modern metrology laboratories
ypically rely on dc current comparator resistance bridges.

In a current comparator [1] the currents 𝐼1 and 𝐼2 flow through
indings having 𝑁1 and 𝑁2 turns, and generate two magnetomotive

orces 𝑁1𝐼1 and 𝑁2𝐼2 in opposite directions. A null flux condition is
chieved when 𝑁1𝐼1 = 𝑁2𝐼2.

In a current comparator resistance bridge such null flux condition
s maintained by a control loop. The currents flow through the two
esistors 𝑅1 and 𝑅2 to be compared, and the turns ratio 𝑁1∕𝑁2 is
elected to be close to the ratio 𝑅1∕𝑅2, so that voltages 𝑉1 = 𝑅1𝐼1
nd 𝑉2 = 𝑅2𝐼2 have similar magnitude. The small voltage residual
𝑉 = 𝑉1 −𝑉2 gives the bridge reading; the bridge can either operate by
direct reading of 𝛥𝑉 , or by reducing its magnitude with an additional

ontrol loop.
Two major classes of current comparator bridges are available:

CC bridges, DC current comparator resistance bridges. In these in-
struments the magnetic flux generated by the windings follows
a path determined by a high-permeability ferromagnetic core

∗ Corresponding author.
E-mail address: m.marzano@inrim.it (M. Marzano).

1 Regarding the liquid helium consumption a charge of 100 L of helium allows for 2–3 weeks of operation of a CCC, but only 3–5 days of operation of a 10 T
HE cryomagnet.

and shields. The magnetic balance condition is sensed with a
fluxgate technique [2].

DCC bridges can be operated at room temperature. Fully-
automated commercial versions are available; typically, avail-
able bridge ratios do not extend much beyond the 0.1 to 10
range. The specified accuracy is of parts in 107 to 108.

CCC bridges, Cryogenic current comparator resistance bridges [3].
The flux path is determined by the Meissner effect in supercon-
ducting shields; the magnetic balance is sensed by a supercon-
ducting quantum-interference device (SQUID) magnetometer.

CCC bridges are typically semi-automated; commercial versions
are available. Available ratios can cover the 10−3 to 103 range.
They are more expensive than DCCs and the operating costs
are boosted by the need of liquid helium supply to achieve the
cryogenic temperatures, and well-trained operators. The base
accuracy is of a few parts in 109.

The established implementation for the realization of the resistance
unit with the quantized Hall resistance (QHR) is with GaAs/AlGaAs
heterostructure devices in low temperatures (1.5K or lower) with a
strong magnetic field (around 10 T, typically). It is therefore typically
limited to national metrology institutes, where the cryogenic laboratory
facilities and professional skills required are shared by both the QHR
vailable online 17 October 2023
263-2241/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a

ttps://doi.org/10.1016/j.measurement.2023.113664
eceived 25 July 2023; Received in revised form 18 September 2023; Accepted 2 O
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ctober 2023

https://www.elsevier.com/locate/measurement
http://www.elsevier.com/locate/measurement
mailto:m.marzano@inrim.it
https://doi.org/10.1016/j.measurement.2023.113664
https://doi.org/10.1016/j.measurement.2023.113664
http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2023.113664&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Measurement 223 (2023) 113664M. Marzano et al.

g
m
c
q
a
s
e
a
c
a
o
a

b
a
i

m
b
t
a
t
a

c
s
e
c
w
e

m

c
r

4

r
t
a
r

4

i
p

M

C

C

𝛥

F

and the CCC operation. The resources absorbed by the CCC operation
are therefore a minor fraction of those of the whole implementation.1

In the last few years, however, QHE metrology research focused on
raphene devices, which can operate at higher temperatures and lower
agnetic fields [4]; high-accuracy QHE experiments in tabletop dry

ryostats have been performed [5]. Very recently, measurements of the
uantum anomalous Hall effect [6] in topological insulators show that
n accurate quantum resistance standard can be achieved [7] with a
mall permanent magnet. Such developments forecast future low-cost,
asy-to-operate quantum resistance standards in compact dry cryostats,
ffordable also by smaller national metrology institutes, calibration
enters and industry. In this new framework, the operating costs of
CCC might become a major bottleneck for a widespread realization

f a resistance unit and scale. DCCs represent thus the most viable
lternative.

DCCs are less performant in terms of accuracy than CCCs. A cali-
ration of the DCC bridge ratio readings using the more accurate CCC
s a reference ratio standard can be the most straightforward way to
mprove the DCC performances.

This paper reports a calibration exercise of two models of a com-
ercial DCC bridge, performed by comparison with a reference CCC

ridge. The calibration method proceeds by measuring the value of
he resistance ratio between two thermostated resistors with the DCC
nd with the CCC, with the same measurement currents and in short
emporal sequence. The method has been considered in literature [5,8]
nd is here analyzed in detail.

The calibration determines the DCC bridge ratio error with an un-
ertainty in the order of 1×10−8. The known error values, if sufficiently
table versus time, can be employed to correct the DCC readings when
mployed for the realization of the resistance scale or for calibration for
ustomers, thus improving the measurement reliability and uncertainty
ith respect to the case when the sole DCC bridge specifications are
mployed.

The results here reported focus on the specific ratio 12.906 kΩ:1 kΩ
and on 10:1 ratios over the range 1Ω to 10 kΩ. Since 12.906 kΩ is
approximately the value of the quantized Hall resistance in GaAs or
graphene devices, the ratios allow the realization of a maintained
decadal resistance scale from 1Ω to 10 kΩ.

2. Instruments and standards

2.1. CCC bridge

The CCC bridge employed is manufactured by Magnicon GmbH
on design of the Physikalisch-Technische Bundesanstalt (PTB). The
windings turn numbers are selected by manually composing them, by
connecting in series (or anti-series) individual winding sections having
turn numbers in an (approximate) binary sequence; up to about 4646
turns can be achieved. Fractional turn numbers are simulated by a com-
pensation network. After this initial manual setup, the measurement
process is automated. The base ratio accuracy is in the 10−9 range.

2.2. DCC bridge

Two DCC bridges, a Measurement International MI6010B purchased
in 2006 and MI6010D purchased in 2021, have been employed in
the calibration exercise. These models are widespread in calibration
laboratories.2 The specified measurement range of the MI6010B is 1mΩ
to 13 kΩ; that of MI6010D is 1mΩ to 100 kΩ.

2 A higher-accuracy model, MI6020Q, is available from the same
anufacturer
2

2.3. Resistance standards

The standard resistors employed are:

• STR1, a tailored resistor with a nominal value of 12.906 kΩ,
constructed from an Electro Scientific Industries (now IET Labs)
model ESI SP5120. The resistor is enclosed in a thermostatic air
bath with a nominal temperature of 27 ◦C with a stability within
a few mK.

• STD VH01, a custom-made resistor with a nominal value of 1 kΩ,
made from the parallel of 10 Vishay VHA 512T 10 kΩ components
(tolerance ±0.005%) thermostated at about 27 ◦C.

• Tinsley mod. 5685 Wilkins-type [9] standard resistors of 1Ω, 10Ω,
100Ω, 1 kΩ, 10 kΩ nominal value. They are electrically shielded
and kept in a temperature-stabilized chamber at the nominal
temperature of 23 ◦C with 5mK short-term stability.

3. Experimental

The calibration is performed by measuring in short temporal se-
quence the resistance ratio with the DCCs and with the CCC, which acts
as reference ratio standard. The calibration value 𝛿c is the deviation

𝛿c =
𝑄DCC −𝑄CCC

𝑄nom
(1)

of 𝑄DCC, the ratio reading from the DCC bridge, from 𝑄CCC, the
orresponding reading from the CCC bridge, relative to the nominal
atio 𝑄nom.

. Uncertainty

The contributions to the calibration uncertainty are the uncertainty
eference ratio measurement provided by the CCC, the statistical uncer-
ainty of the readings of the DCC in the course of the calibration event,
nd the uncertainty associated to the stability and definability of the
esistors employed as transfer standards.

.1. CCC uncertainty

The expression of uncertainty of a CCC measurement is considered
n several papers [10–14]. A full discussion is beyond the scope of this
aper, we briefly summarize here the main uncertainty contributions:

ain current ratio. The comparator current ratio in the main wind-
ings when at equilibrium is identified with the (inverse) turns
ratio; a small uncertainty, related to possible flux leakages [3],
is assigned.

ompensation turn ratio. A similar effect can occur in the compensa-
tion winding, employed to increase the current ratio resolution,
see below.

ompensation network. The CCC includes an active network to
achieve an equivalent fractional turns ratio. The gain error of
the network [11,12] is a source of uncertainty.

𝑉 detector. The CCC reading is the voltage deviation from equilib-
rium 𝛥𝑉 , given by a nanovoltmeter, which gain accuracy is
considered.

lux detector. The SQUID is an intrinsically nonlinear device. The
automated control loops of the SQUID electronics linearize its
response. The residual nonlinearity can rectify a fraction of
the flux noise, which can give an offset to the perfect zero
flux condition [13]. This effect is conservatively quantified in
a maximum deviation of 20 μΦ0, which enters the uncertainty
budget as an apparent deviation of 𝛥𝑉 . The sensitivity coeffi-
cient is dependent on the flux linkage sensitivity of the SQUID
(about 11 μA∕Φ0), and the CCC measuring currents and turn
numbers [15].
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Current source. 𝛥𝑉 is normalized to one of the current source set-
tings, which have a finite setting accuracy.

4.2. DCC type a uncertainty

The time series of the DCC readings show a significant degree of
autocorrelation, so the standard deviation of the mean is not a reliable
estimator of the Type A uncertainty of the DCC. The approach proposed
in [16] has been followed. More details are given in [17].

4.3. Resistance standards

The short-term stability of the resistors during the comparison is a
source of measurement uncertainty. For simplicity, to each calibration
point a fixed duration of 𝛥𝑡 = 6 h is assigned.

The following influence quantities and effects are considered:

Temperature. The effect is evaluated by considering a maximum tem-
perature deviation in the thermostating bath ±𝛥𝑇 with respect
to a reference temperature 𝑇ref , and evaluating for each of the
resistors the maximum relative resistance deviation

𝛥𝑅T = max ||
|

𝛼
(

𝑇 ± 𝑇ref
)

+ 𝛽
(

𝑇 ± 𝑇ref
)2|
|

|

, (2)

where 𝛼 and 𝛽 are the linear and quadratic temperature coeffi-
cients of each resistor.
The uncertainty contribution related to the temperature sta-
bility of each resistor is the standard deviation of a uniform
distribution with semiamplitude 𝛥𝑅T.

ressure. The effect is evaluated by considering a maximum pressure
deviation 𝛥𝑝 = 4 hPa in the course of the duration 𝛥𝑡 of the
comparison. The pressure coefficients 𝑐p of the specific resistors
employed are unknown. A maximum 𝑐p of ±1 × 10−9 hPa−1 has
been guessed on the basis of literature values.3

The uncertainty contribution related to the pressure stability of
each resistor is the standard deviation of a uniform distribution
with semiamplitude 𝛥𝑅p = 𝑐p𝛥𝑝.

solation. The isolation of the connecting cables, of the resistors, and
of the measuring instruments themselves with respect to the
environment can cause current leakages. A full evaluation of the
effect of the various isolation resistances is beyond the scope
of this paper. The uncertainty contribution is evaluated as the
effect of an unknown isolation resistance, minimum value 10 TΩ,
on the higher-value resistor involved in the measurement.

ower. The power dissipated in a resistor influence its value by raising
the local temperature with respect to the environment. The
time constant of the phenomenon can be comparable with the
measurement time. Although DCC and CCC measurements are
performed at the same power levels, the exchange of the two
instruments require some time, and thus power is cycled, and
thus the measurement might be performed with the resistors in
a slightly different temperature rise condition. With the currents
selected for the measurements, the effect is of significance only
for resistors at or below 1 kΩ nominal value. The uncertainty
contribution to the measurement is evaluated as the effect of
a power coefficient of unknown sign and maximum magnitude
|𝑐P| = 1 × 10−6 W−1 on the resistor having lower value (the one
dissipating the larger power).

3 The pressure coefficients of several 100Ω Tinsley 5685 A resistors are
eported in [18], the largest one being of −1.8 × 10−10 hPa−1. The pressure

effects on a 10 kΩ Tinsley 5685B resistor are provided by [19]; a nonlinear
dependence is observed, a maximum coefficient of 5 × 10−10 hPa−1 around
ambient pressure can be inferred. The pressure coefficient of three ESI/TEGAM

−10 −1
3

10 kΩ resistors, the largest being of −6 × 10 hPa , are given in [20].
Fig. 1. Time series of the readings given by the CCC, when performing a 12.906 kΩ:1 kΩ
easurement at 50 μA (on the highest resistor under test).

ime drift. This is evaluated as the maximum drift in the course of
the duration 𝛥𝑡 of the comparison, as a fraction of the yearly
relative drift 𝑐t . For the resistors in the 1Ω to 10 kΩ range the
manufacturer specifications (𝑐t = 2×10−6 yr−1 = 2.3×10−10 h−1) is
considered. For the STR1 standard, long-term behavior (> 10 yr
of observation) shows that the drift over 𝛥𝑡 is negligible. The
uncertainty contribution related to the time stability of each
resistor is the standard deviation of a uniform distribution with
semiamplitude 𝛥𝑅t = 𝑐t𝛥𝑡.

For simplicity, no correlation between the effects on the two resistors
employed in the comparison have been considered.

The linear and quadratic temperature coefficients and the yearly
relative drift of the employed resistors are provided as a Supplementary
File.

5. Results

5.1. Individual measurements

Figs. 1 and 2 gives an example of the time series of measurements
performed with the three instruments involved in the comparison,
for the 12.906 kΩ ∶ 1 kΩ comparison. As anticipated in Section 4.2,
DCC time series show a significant internal correlation, which has
been taken into account in the expression of the type A measurement
uncertainty.

5.2. Calibration results

Fig. 3 gives the outcome of the calibration exercise for the two
bridges, that is the deviation 𝛿c of the DCC measurement from the CCC
ones, together with the combined uncertainty, measured for different
ratios and over different periods of time. In the 12.906 kΩ ∶ 1 kΩ
comparison, the STR1 and STD VH01 resistors were involved. In the
other comparisons, the Tinsley mod. 5685 Wilkins-type [9] standard
resistors of 1Ω, 10Ω, 100Ω, 1 kΩ, 10 kΩ nominal value were involved.
The same data in numerical form are provided as a Supplementary File.

Table 1 gives two examples of uncertainty budgets, expressed as
stated in Section 4 for the calibrated ratio error 𝛿c. The uncertainty for
all ratios is smaller than 2 × 10−8; for high resistance values the most
relevant uncertainty contribution is that of the DCC readings, whereas
for low resistance values the main contribution is related to the power
coefficient of the lower-value resistor being measured.

The calibration results show a high short-term (days) reproducibil-
ity; the deviations over the observation period of seven months is
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Fig. 2. Time series of the readings given by the three instruments involved in the
calibration exercise, when performing a 12.906 kΩ:1 kΩ measurement at 50 μA. Fig. 2(a)
ives the same data of Fig. 1, the vertical scale being adjusted to be the same of
igs. 2(b) and 2(c) for ease of comparison.
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Table 1
Uncertainty budget of the calibration value 𝛿c for the bridge MI6010D bridges when
measuring the ratios 12.906 kΩ:1 kΩ and 100Ω:10Ω, on dates of 12 and 7 Jun 2023
respectively. See Section 4 for the description of the uncertainty components. Standard
uncertainty is considered (coverage factor 𝑘 = 1).

Contribution 12.906:1 kΩ 100:10Ω Type
𝑢𝑘(𝛿c)∕10−9 𝑢𝑘(𝛿c)∕10−9

CCC bridge
Reading 0.4 0.1 A
Main current ratio <0.1 <0.1 B
Comp. turn ratio <0.1 <0.1 B
Comp. network <0.1 <0.1 B
𝛥𝑉 detector <0.1 <0.1 B
Flux detector 1.2 0.2 B
Current source <0.1 <0.1 B

DCC bridge
Reading time series 14.0 1.7 A

Resistance standards
Temperature 0.5 0.4 B
Pressure 1.6 1.6 B
Isolation 0.6 <0.1 B
Power 0.2 5.2 B
Time drift 1.1 1.1 B

𝒖(𝜹𝐜) 15.0 6.0 comb.

limited (below two times the standard uncertainty); future observation
will tell whether these deviations are related to a drift over time or are
random effects.

6. Discussion and conclusions

The calibration exercise shows that it is possible to calibrate the
ratio error of commercial DCC bridges by comparison with a CCC.
The measured errors have a good reproducibility over a measurement
period (a few days) and show a reasonable stability between two mea-
surement periods separated by about 7 months of time. Such stability is
a good basis to perform in-use corrections to the DCC readings on the
basis of the calibrated values. A longer-term observation of the DCC
items will confirm this possibility. If the DCC is employed to generate
a resistance scale, the DCC calibration can improve the uncertainty of
the calibrated resistance values. The proper assignment of an in-use
uncertainty of resistance measurements performed with a calibrated
DCC goes beyond the scope of this paper.

The calibration exercise covers the ratios required to realize a
primary resistance scale between 1Ω and 10 kΩ with traceability to the
quantum Hall effect, with an uncertainty of one or few parts in 108.
uch uncertainty level is in line with the Calibration and Measurement
apabilities claims of National Metrology Institutes as declared in the
ey Comparison DataBase (KCDB) [21] and the Degrees of Equivalence
f the international comparison BIPM.EM-K13 [22].

DCC bridges, together with AC transformer ratio bridges [23] [24,
ec. 4], are widely employed in primary temperature metrology. They
re employed to measure the ratio between the resistance of standard
latinum resistance thermometers (SPRTs) and a reference resistor,
nd play a critical role in the realization of the ITS-90 temperature
cale. The calibration method proposed can be applied to thermometry
ridges as complementary to the more common Resistance Bridge
alibrator [25,26] method. The ratios of interest are not limited to
ecadic values, hence non-decadic resistance standards would be re-
uired. If ac transformer ratio bridges are to be calibrated, the ac–dc
ependence of the resistors, and the different power dissipation must
lso be considered.
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