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Abstract
A precise high resistance comparison was performed between the traveling dual source bridge
developed by the National Metrology Institute of Japan (NMIJ) and the adapted Wheatstone
bridge of the National Institute of Standards and Technology (NIST) from 10 MΩ to 100 TΩ
at NIST. The NMIJ traveling bridge was shipped to NIST Gaithersburg and was installed right
next to the NIST bridge and these bridges alternately measured the resistance ratio of the high
resistance standards, without moving the location of the resistors inside the temperature
controlled air-bath. Having the bridges and resistance standards in the same location for the
comparison decreased the transportation and temperature coefficient effects on the resistance
standards, contributing to the excellent agreement of the measured values. The NMIJ traveling
bridge used an 8.5-digit digital multimeter and a relay switch box to determine a resistance
ratio by measuring the ratio of the voltages applied to the resistors. The comparison was started
from 10 MΩ based on the same 1 MΩ standard resistor calibrated using a NIST two-terminal
cryogenic current comparator bridge, and standard resistors from 10 MΩ to 100 TΩ
were calibrated by repeating 10 :1 scaling measurements with both systems. Excellent
agreement was obtained within the uncertainty of all resistance ranges and the difference
between both systems was less than 1 μΩ Ω−1 up to 1 TΩ and the degrees of equivalence for
10 TΩ and 100 TΩ were less than 6 μΩ Ω−1.

Keywords: high resistance measurement, small current measurement, DC resistance
standards, international comparison, adaptive Wheatstone bridge, traveling dual source bridge

(Some figures may appear in colour only in the online journal)

1. Introduction

High resistance standards have an important role in small
current measurements in development of insulation materials,
low-dose-rate radiation dosimetry, single electron transport,

∗ Authors to whom any correspondence should be addressed.

and purity of materials. Precise high voltage measurement
and generation of stable electrical power also require a high
resistance standard as a key element. To compare the high
resistance measurement capabilities, the National Metrology
Institute of Japan (NMIJ) and the National Institute of Stan-
dards and Technology (NIST) have performed high resistance
measurement comparisons for several years, which yielded
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excellent agreement within the expanded uncertainties (k = 2)
for 10 TΩ and 100 TΩ [1]. International comparison is usu-
ally performed using traveling resistors and the stability of
these resistors is crucial to evaluate the equivalence of the
measurements [2–4]. In this comparison, the NMIJ traveling
dual source bridge (DSB) was sent to NIST as a traveling
standard instrument to decrease the influence of the instability
of the resistors due to transport, minimize resistor impact
on the comparison results and perform high resistance mea-
surement comparisons more precisely. Minimizing resistor
drift and environmental effects provides an ideal condition
to evaluate the equivalence of the two systems of the NIST
and NMIJ.

Recent digital multimeters have good voltage measurement
linearity better than 10−7 or less [5–8]. The NMIJ traveling
DSB measures the voltage ratio applied to standard resistors
using a 8.5-digit digital multimeter, as shown in figure 1, to
derive the resistance ratio. It is expected that the linearity of
a multimeter is more stable than the resistance value of the
traveling resistors and the calibrated output voltage value of
voltage sources, so this bridge circuit configuration could be
suitable as a traveling standard.

The NMIJ traveling DSB was installed next to the third
generation of the NIST adapted Wheatstone bridge (AWB) and
resistance standards from 10 MΩ to 100 TΩ [9] were alter-
nately measured without moving the resistors, located inside a
temperature controlled air bath [10]. The NIST AWB uses well
characterized voltage sources to apply voltage corrections to
derive the correct resistance ratio. Both bridges are based on
the method of the automated high resistance bridge proposed
by Henderson [11] but use entirely different hardware. The
bridges are configured with programmable voltage sources in
the main ratio arms. To clearly distinguish the AIST and NIST
bridges in this manuscript, we refer to the AIST bridge as a
DSB and the NIST bridge as an AWB.

The high resistance comparison was performed starting
with a stable 1 MΩ standard resistor calibrated precisely
using the two-terminal cryogenic current comparator bridge
at NIST [12, 13]. Many of the resistors used in this com-
parison were fabricated at NIST [9] for improved stability,
low voltage dependence, and low temperature dependence.
The other resistors were commercially available, using similar
fabrication techniques. All resistors were adequately main-
tained in the NIST as reference standards. The comparison
was performed with the applied voltage of 100 V up to 1 TΩ,
and 200 V was used for 10 TΩ and 100 TΩ. This relatively
low applied voltage was due to the acceptable voltage of the
homemade switch box of the NMIJ traveling bridge but we
obtained good comparison results even with such a low applied
voltage. This regularly calibrated and well-characterized
1 MΩ resistor was used in both high resistance measurement
systems as the initial reference. The comparison built up to
100 TΩ by repeating 10:1 ratio measurements, and these
calibrated values, by both systems, agreed well to within their
uncertainties at each nominal resistance value from 10 MΩ to
100 TΩ [14].

In this article, the details of both bridges and their mea-
surement algorithms are described and the comparison results

Figure 1. Circuit diagram of the NMIJ traveling DSB. The
resistance ratio, Rx/Rs, is determined from the measured voltages of
Vx and Vs using the digital multimeter V . The NIST AWB circuit
diagram is the same except that it does not have a multimeter V .

from 10 MΩ to 100 TΩ are shown between the NMIJ traveling
DSB and the NIST AWB. A comparison between the NMIJ
traveling DSB and the NMIJ modified Wheatstone bridge,
which is regularly used for calibrations for clients in Japan [15]
will be performed in the future.

2. Measurement system

2.1. NMIJ traveling DSB

The circuit diagram of the NMIJ traveling DSB is shown in
figure 1. The system is composed of two 6.5-digit voltage
sources (ADCMT 6166)3, a current detector (Femto DDPCA-
300 and Keithley DMM7510), a digital multimeter (Hewlett
Packard 3458A) to measure the source voltages, and a home-
made switch box with latching relays. The latching relays
are controlled by a universal serial bus (USB) input/output
device with LabVIEW software. All equipment is operated by
a laptop personal computer connected through a USB isolator
to prevent ground loop and noise problems.

The error current flowing through the current detector was
converted to voltage using a transimpedance amplifier (Femto
DDPCA-300) [16, 17] and the output voltage was measured
using a 7.5 digit digital multimeter (Keithley DMM7510) in
the entire resistance range of 10 MΩ to 100 TΩ instead of
using a voltmeter as a detector [18]. The low terminal of the
DMM7510 and the chassis of all equipment were connected
to a common ground. An active guarding circuit was imple-
mented by applying Vx and Vs to the cable shields and the split
guard of the resistance boxes as shown in figure 1 to shorten
the settling time [19, 20].

The measurement sequence of the NMIJ traveling DSB is
shown below and the typical output voltage of the detector D

3 Certain commercial equipment, instruments, or materials are identified in
this paper to foster understanding. Such identification does not imply rec-
ommendation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment identified are
necessarily the best available for the purpose.
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Figure 2. Output voltage of the current detector D (1011 V A−1) as a
function of time during 10 GΩ/1 GΩ measurement of the NMIJ
traveling DSB.

as a function of time is shown in figure 2. At the beginning
part of the measurement, the bridge software determined Vs0+

and Vs0− by getting bridge balance roughly by adjusting Vs

to achieve zero readings on the detector D for positive and
negative Vx, respectively as shown in figure 2.

(a) Apply nominal ratio voltages (e.g. Vx/Vs = +100 V/−
10 V) and the voltage Vs is adjusted so that the current
detector D shows zero and determine the bridge balance
voltage (Vs0+).

(b) Repeat the same process for reversed polarity (−100 V/
+ 10 V) and determine Vs0−. Then the main measurement
sequence as below is repeated for the specified number of
times.

(c) Apply the voltages of Vx/Vs = +100 V/(Vs0+ + Voff),
where the Voff is a specified voltage offset, and measure
the current through the detector D. The voltage ratio
of Vx/Vs was measured using the digital multimeter V
(3458A) before and after the current measurement. The
typical value of the Voff is from 0.01 mV (1 μV V−1 of
10 V) to 1 mV (100 μV V−1 of 10 V).

(d) (c) is repeated with the applied voltages of
Vx/Vs = −100 V/(Vs0− + Voff), +100 V/(Vs0+ − Voff),
and −100 V/(Vs0− − Voff) as shown in figure 2.

(e) (c) and (d) are repeated for specified number of loops,
typically 12.

The output voltage of Vx was evaluated in advance and
the set value was determined for both polarities so that the
absolute value was exactly 100 V. For the measurement of the
voltages Vx and Vs, the same voltage range of the 3458A was
used to achieve an accurate voltage ratio. The 3458A input is
connected to the ground during the current measurement and it
is connected to Vx or Vs only during the voltage measurement.
The voltage ratio measurement was performed before and after
the current measurement to cancel the effect of the drift of the
actual applied voltage.

Since the system measures the voltage ratio of the applied
voltages and the current flowing through the current detec-
tor after getting the balance for each polarity, the measure-
ment time is longer than the NIST AWB system which only
measures the current.

2.2. NIST AWB

The NIST AWB uses two Fluke 57X0A calibrators as the sta-
ble voltage sources, and a Keithley 6430A as a current detector
[21–24]. The output voltages of the 57X0As are calibrated
in advance using a measurements International 8000A/8001A
automated Cutkosky binary voltage divider [25, 26]. The volt-
age corrections are applied during the measurement to Vx

and Vs. Two versions of the control software were available
(LabVIEW and Visual Basic) which showed the same results
within the uncertainty in the preliminary test for some partic-
ular range from 10 MΩ to 10 GΩ. The LabVIEW program
adopts the ‘true zero’ algorithm [21] to suppress the influence
of the residual offset current and to enable the measurement of
the resistors with delta-wye configuration [27, 28], and need
a longer measurement time than the Visual Basic program,
which was used for the comparison. The detailed measurement
algorithm is shown below:

(a) The applied voltage to get the bridge balance (Vs0+ and
Vs0−) is calculated from the predicted value of the Rs

and Rx using the historical data. If historical data is not
available, nominal voltages are initially applied.

(b) Vx/Vs = +100 V/(Vs0+ + Voff) is applied and the detec-
tor current is measured using the 6430A. Here, the Voff

is the specified voltage offset and it is typical value is
5000 μV V−1.

(c) (b) is repeated for Vx/Vs = −100 V/(Vs0− + Voff),
+100 V/(Vs0+ − Voff), and −100 V/(Vs0− − Voff).

(d) (b) and (c) are repeated for the specified number of loops.

The measurement program of the NMIJ traveling DSB was
modified to adapt the same algorithm as that of the NIST
Visual Basic program, so both systems use similar algorithms
but were independently written. The NIST AWB and the NMIJ
DSB initially apply approximate voltages calculated from the
historical data of the resistance value of the Rs and Rx, then pre-
cisely adjust the applied voltage (Vs0+ and Vs0−) to minimize
the current flowing through the detector.

3. Uncertainty estimation

3.1. Uncertainty of the NMIJ traveling DSB

The NMIJ traveling DSB determines the resistance ratio Rx/Rs

by measuring the voltage ratio Vx/Vs using the 3458A digital
multimeter and the uncertainty of this voltage measurement
is the main component of the measurement uncertainty in
the lower range of high resistance. In the range of 1 TΩ
and above, the resolution of the current detector becomes the
major uncertainty component. Table 1 summarizes the mea-
surement uncertainty of the NMIJ bridge in the comparison.
In the following subsections, some uncertainty components are
discussed.

3.1.1. Voltage ratio measurement. The uncertainty of the
measured voltage ratio of ±100 V/∓ 10 V using the same
100 V range can be calculated as 2.1 μV V−1 (k = 2) using
the manufacturer’s specification values [29]. To assume the
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Table 1. Measurement uncertainty of the NMIJ traveling DSB from 10 MΩ to 100 TΩ in this comparison.

Rx nominal 10 MΩ 100 MΩ 1 GΩ 10 GΩ 100 GΩ 1 TΩ 10 TΩ 100 TΩ

Rs uncertainty (μΩΩ−1) 0.10 0.44 0.62 0.76 0.88 1.03 3.11 23.4
Measured voltage ratio error (μΩΩ−1) 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37
Detector resolution (μΩΩ−1) 0.035 0.035 0.040 0.07 0.29 2.9 23.1 231
Source instability (μΩΩ−1) 0.17 0.16 0.16 0.16 0.16 0.16 0.16 0.16
Rs voltage coefficient (μΩΩ−1) 0.1 0.2 0.2 0.2 0.2 0.3 1.7 2.9
Wiring resistance (μΩΩ−1) 0.12 0.01 0.001 — — — — —
Type A (μΩΩ−1) 0.01 0.01 0.04 0.06 0.11 0.11 0.28 29
Combined uncertainty (μΩΩ−1) 0.44 0.62 0.76 0.88 1.0 3.1 23.4 234
Expanded uncertainty (k = 2) (μΩΩ−1) 0.87 1.2 1.5 1.8 2.0 6.2 47 468

Figure 3. Circuit configuration for the calibration of the 3458A
digital multimeter using a 10 : 1 reference voltage divider.

real uncertainty of the measured voltage ratio, we mea-
sured the calibrated voltages from Fluke 57X0A calibra-
tor using the 3458A multimeter. The output voltages from
the 57X0A calibrator were calibrated using a commercial
binary voltage divider and the measured voltage ratio using
3458A agreed to the calibrated voltage ratio value within
0.2 μV V−1.

To confirm the result, another calibration was performed
using a Fluke 752A reference voltage divider. Figure 3 shows
the circuit diagram of the calibration of the measured voltage
ratio by the 3458A using a reference voltage divider. The ratio
of the divider was adjusted in advance and the output of the
voltage source V2 was adjusted so that the digital multimeter
DMM2 showed the lowest voltage and this measured resid-
ual voltage was also used for the calculation. Then the digi-
tal multimeter DMM1 measured the two voltage values and
compared them to the earlier results, which agreed to within
0.6 μV V−1.

Figure 4 shows the measured Allan deviation [30] of the
measured 10 V using the 100 V range of the 3458A. The red
dashed line in the graph shows the eye guide of 1/

√
τ where τ

is the measurement time. In this comparison, since the NMIJ
system measured ±100 V and ∓10 V with 60 points, each
with ten power line cycles setting for each polarity, the voltage
resolution was better than 0.2 μV V−1.

We combined these values as the uncertainty of the voltage
ratio measurement and it was 0.37 μV V−1.

Figure 4. Allan deviation of the measured 10 V using the 100 V
range of the 3458A.

Figure 5. Allan deviation of the current detector, DDPCA-300, for
the NMIJ traveling DSB.

3.1.2. Relay box. A home-made relay box, as shown in
figure 3 composed of a set of latching relays was used to switch
the voltages, Vx and Vs, at the input of the 3458A multimeter.
The measured resistance of the relay box with wires and
connectors was less than 1Ω, and is negligible compared to the
input resistance of the 3458A. The fluctuation of the thermal
electromotive force (EMF) also affects the measured voltage
ratio. It was measured using the 3458A by connecting the inner
pin to the shield box at its input. The measured thermal EMFs
were a few microvolts and they were stable within 0.15 μV. As
a result of calculating the effect on the actual measurement, it
was less than 0.01 μΩ Ω−1.
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Table 2. Measurement uncertainty of the NIST AWB from 10 MΩ to 100 TΩ in this comparison.

Rx nominal 10 MΩ 100 MΩ 1 GΩ 10 GΩ 100 GΩ 1 TΩ 10 TΩ 100 TΩ

Rs uncertainty (μΩΩ−1) 0.10 0.21 0.30 0.38 0.45 0.56 0.83 3.23
Detector resolution (μΩΩ−1) 0.05 0.05 0.06 0.12 0.12 0.46 1.15 17.3
Voltage correction (μΩΩ−1) 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Rs voltage coefficient (μΩΩ−1) 0.06 0.17 0.17 0.17 0.17 0.29 1.7 2.9
Wiring resistance (μΩΩ−1) 0.12 0.01 0.001 — — — — —
Type A (μΩΩ−1) 0.02 0.02 0.08 0.07 0.23 0.25 2.3 47.0
Combined uncertainty (μΩΩ−1) 0.21 0.30 0.38 0.45 0.56 0.83 3.23 50.2
Expanded uncertainty (k = 2) (μΩΩ−1) 0.42 0.60 0.76 0.90 1.1 1.7 6.5 101

3.1.3. Current detector. Figure 5 shows the Allan deviation
of the current detector, DDPCA-300, for the NMIJ traveling
DSB. The plus-sign marker show the measured Allan deviation
of the detector without any connection at the 1012 V A−1

range. The red dotted line shows 1/
√
τ as an eye guide, where

τ is the measurement time. According to the datasheet of a
DDPCA-300 [16, 17], the spectral input noise current density
is 1.3 fA

√
Hz−1 for the 1010 and 1011 V A−1 range and 0.2

fA
√

Hz−1 for the 1012 and 1013 V A−1 range, respectively,
and similar results were obtained as shown in the figure.
Two blue plots show the measured Allan deviation of the
detector with the DSB and resistors with 100 GΩ/10 GΩ
and 1 TΩ/100 GΩ. During this measurement, the voltage
sources, Vx and Vs, output 0 V. Due to the noise from the
cables, high resistance standards, and voltage sources, the
current resolution of the detector strongly deteriorated in this
situation.

The NMIJ DSB measures the current flowing through the
detector after getting the balance for approximately 30 s for
each polarity, then the current resolution for the 100 GΩ/10 GΩ
and 1 TΩ/100 GΩ measurements can be assumed about 0.5
fA from the graph. During the 1 TΩ/100 GΩ measurement,
100 V was applied to the 1 TΩ resistor and the current flowing
through the resistor was 100 pA. The 0.5 fA is 5 μΩ Ω−1

of the 100 pA, leading to 5/
√

3 � 2.9 μΩ Ω−1 as the stan-
dard uncertainty due to the detector resolution for this resis-
tance range with this applied voltage. The NMIJ DSB used
the 1010 V A−1 range for 10 MΩ and 100 MΩ measurements,
the 1011 V A−1 range for 1 GΩ and 10 GΩ measurements, the
1012 V A−1 range for 100 GΩ and 1 TΩ measurements, and
the 1013 V A−1 range for 10 TΩ and 100 TΩ measurements,
respectively. The uncertainty due to the current resolution for
all resistance ranges was evaluated in a similar way.

3.1.4. Voltage sources. The internal resistance and the drift
of the output voltage of the two voltage sources can cause an
error. The internal resistance of the 6166 voltage sources are
less than 100 mΩ according to the manufacturer’s specifica-
tions. The smallest resistance connected to the right arm of
the bridge is 1 MΩ and the internal resistance of 100 mΩ is
0.1 μΩΩ−1 of it. In order to confirm the influence of the inter-
nal resistance of the voltage sources, the voltage ratios were
measured with and without Rx/Rs = 10 MΩ/1 MΩ resistors

after getting the bridge balance with the resistors. The mea-
sured voltage ratios with and without resistors agreed within
0.1 μV V−1 and 100 mΩ is used as the internal resistance of
the sources to calculate the uncertainty.

The drift of the output voltages also affects the measured
result. Since the voltage and current measurements after bal-
ance in the main measurement took about a minute for each
polarity, we briefly evaluated the stability of the output voltage
of the voltage sources for a minute and as a consequence, we
estimate that it was stable within 0.2 μV V−1.

The uncertainty due to the instability of the voltage sources
was considered about 0.16 μV V−1 since there were two volt-
age sources and the uncertainties due to the internal resistance
of the sources were also taken into account according to the Rx

and Rs.

3.1.5. Other uncertainty sources. Wiring resistances between
the resistors and the voltage sources affect the balancing volt-
ages and these were approximately 200 mΩ. It is one of the
main uncertainty components for 10 MΩ measurement but it
can be negligible over 100 MΩ.

Voltage coefficient of Rs was evaluated based on the mea-
surement results with different applied voltages and the uncer-
tainty of the corrected Rs value was considered. The measured
voltage dependence of the resistors will be shown in figure 7
and will be reported in section 4.

Type A uncertainties were calculated from the actual mea-
surement data to be shown later.

3.2. Uncertainty of the NIST adaptive Wheatstone bridge

In the same manner as the NMIJ traveling DSB, the measure-
ment uncertainty of the NIST AWB was calculated as shown
in table 2. The NIST system uses two voltage sources cali-
brated in advance using a commercial Cutkosky divider with a
Zener voltage standard and the output voltages were corrected
during the measurement. The uncertainties of these voltage
corrections were considered and are shown in table 2. The
NIST AWB uses a Keithley 6430 as the current detector. The
same procedure as used for the AIST bridge was applied to the
NIST bridge to evaluate the detector resolution as described
in section 3.1.3. The detector resolution was evaluated for the
lowest range, 1 pA, and auto range, which sets the range to
100 pA for the lowest measured currents. The Allan deviation
analysis showed a factor of two increase in the uncertainty of
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Figure 6. Settling time dependence of the resistors from 10 MΩ to 100 TΩ measured using the NMIJ traveling DSB and the NIST AWB.
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Figure 7. Voltage dependence of the resistors from 10 MΩ to 100 TΩ measured using the NMIJ traveling DSB and the NIST AWB.

the current resolution when auto range was used for resistance
ranges of 1 TΩ and above. Resistance measurements in these
ranges were made by selecting 1 pA rather than the auto range
function to reduce the noise to get better current resolution.

4. Measurement results

At the beginning of the comparison, the settling time depen-
dence was evaluated in both NMIJ and NIST systems. Figure 6

7
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Figure 8. High resistance comparison results from 10 MΩ to 100 TΩ between the NMIJ traveling DSB and the NIST AWB.

shows the settling time dependence results from 10 MΩ to
100 TΩ. At the beginning of this evaluation, many measure-
ments were performed with various settling times, but resulted
in really long time to finish all measurements and was difficult
to get repeatable results due to the drift of the resistance value
over many weeks. Some results in figure 6 were taken this
way but finally, the settling time dependence was calculated

from some long measurement results and all NIST results in
the figure were taken this way. Although some results show
some differences in the resistance value between the NIST
and the NMIJ due to the different measurement dates, the
difference was independent of the settling time for all standard
resistors. The settling time is defined as the time from when the
test voltages Vx and Vs were applied to the standard resistors

8
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Table 3. High resistance comparison results from 10 MΩ to 100 TΩ between the NMIJ traveling DSB and the NIST AWB.

Rx

NMIJ
traveling DSB

Rx ± U/μΩ Ω−1

NIST
AWB

Rx ± U/μΩ Ω−1

Rx difference
(NMIJ–NIST)/

μΩ Ω−1

Rx/Rs difference
(NMIJ–NIST)/

μΩ Ω−1

DoE(NMIJ)
dNMIJ ± U(dNMIJ)/

μΩ Ω−1

DoE(NIST)
dNIST ± U(dNIST)/

μΩ Ω−1

10 MΩ 17.4 ± 0.9 17.5 ± 0.4 −0.11 −0.11 −0.1 ± 0.8 0.0 ± 0.2
100 MΩ 23.2 ± 1.2 23.3 ± 0.6 −0.11 0.00 −0.1 ± 1.1 0.0 ± 0.3
1 GΩ −580.8 ± 1.5 −580.5 ± 0.8 −0.69 −0.58 −0.6 ± 1.4 0.1 ± 0.3
10 GΩ 4249.0 ± 1.8 4249.6 ± 0.9 −0.61 0.09 −0.5 ± 1.6 0.1 ± 0.4
100 GΩ 2673.5 ± 2.0 2674.3 ± 1.1 −0.82 −0.22 −0.6 ± 1.8 0.2 ± 0.5
1 TΩ −7639.0 ± 6.2 −7638.9 ± 1.7 −0.12 0.7 −0.1 ± 6.0 0.0 ± 0.4
10 TΩ 40 346 ± 47 40 341 ± 6.5 5.4 5.5 5.3 ± 46 −1.0 ± 0.9
100 TΩ 6646 ± 468 6651 ± 101 −5.6 −11.0 −5.4 ± 458 0.2 ± 21

to when the current measurements are used to determine Rx.
As shown in figure 6, both institutes results showed similar
behavior with respect to the waiting time, implying that we can
make comparisons at any common waiting time, but we made
the comparisons with the waiting time long enough to settle
the results. For example, over 400 s waiting time is adequate
for the 1 TΩ and we chose the waiting time of 3600 s for the
100 TΩ comparison.

The voltage dependence of all resistances was evaluated
with both systems as shown in figure 7. The NMIJ travel-
ing DSB can make measurements with the voltages up to
200 V due to the allowable voltage of the latching relays
for the voltage ratio measurement. High resistance elements
usually do not show a clear correlation between the voltage
dependence and the temperature coefficient as in low and
intermediate resistance range, and it is difficult to say which
is adequate, linear, or polynomial as the approximation curve.
In this figure, an approximate expression that more closely
matches the experimental results was adopted. In the 100 TΩ
result, about 200 μΩ Ω−1 difference was observed between
NMIJ and NIST due to the resistance change, but we obtained
similar voltage dependence results in all resistance ranges.
From the results, the correction value against the applied volt-
age was determined in all resistance ranges for both systems
individually, and different correction value was applied for the
Rs value for each system to perform the comparison as correct
as possible.

Figure 8 shows the measured results from 10 MΩ to
100 TΩ by the NMIJ traveling DSB and the NIST AWB.
The horizontal axis shows the elapsed days from the mea-
surement start date. All of the resistors were stable within
the type A uncertainty of measurements during the whole
measurement day and the measurement results by both NMIs
were in good agreement within the dispersion. Table 3 sum-
marises the measurement results and the degrees of equiva-
lence (DoE) for each system. The second and third columns
show the measurement result and the expanded uncertainty
(k = 2), and fourth and fifth columns show the difference of Rx

value and the measured resistance ratio, Rx/Rs, respectively.
The same 1 MΩ value was used as the reference standard
for the 10 MΩ measurement for both systems, and for the
higher resistance measurements, each system used its own
calibrated value for the reference resistor (Rs) for each step.
Therefore the third column shows the accumulated difference

Figure 9. DoE for the measurements from 10 MΩ to 100 TΩ
between NIST and NMIJ.

of the measured Rx value based on the same 1 MΩ value,
and the fourth column shows the ratio difference at each
resistance range. The measured values in table 3 were derived
by taking the average of the measured values plotted with
filled points in figure 8. 1 TΩ to 100 TΩ resistors showed
bigger and clear voltage dependence as shown in figures 7
and 8(f)–(h), therefore the difference between NMIJ and NIST
was calculated using the values measured using same applied
voltage.

The right two columns of table 3 show the DoE with the
reference value calculated from the weighted mean of both
results [31] and the expanded uncertainties for each system.
Figure 9 plots the DoE values, the deviation from the reference
value, and the values were low enough in all resistance range
and less than 6 μΩ Ω−1 even at 10 TΩ and 100 TΩ.

5. Conclusion

A high resistance comparison between the NMIJ traveling
DSB and the NIST AWB from 10 MΩ to 100 TΩ was
performed at NIST. Generally, this comparison is performed
using traveling standard resistors but the quality of the com-
parison result is completely limited by the stability of the
traveling resistors. Therefore, in this comparison, the NMIJ
traveling DSB system was shipped to the NIST Gaithersburg
campus and was installed next to the NIST AWB system.
Both systems adopt DSB configuration, but the NMIJ trav-
eling system has an additional digital multimeter to measure
the voltage ratio of the applied voltages during the measure-
ment. Since the NMIJ measures the voltage ratio after get-
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ting the bridge balance with some offsets for each polarity
and for every measurement points, the measurement time
is longer than the usual DSB configuration but the output
voltage of the voltage sources do not need to be calibrated
in advance. Moreover, it is expected that the linearity of the
digital multimeter may be relatively more stable than the ratio
of the two calibrated output voltages before and after the
air transportation since the latter is the ratio of the output
voltages of two independent instruments. Therefore a DSB
with this configuration might be suitable as the traveling
bridge.

To eliminate the influence of instabilities of the resistors
including temperature coefficient and mechanical shock, the
comparison was performed by measuring the resistors stored
in the same temperature-controlled air bath, and we tried to
not change the position of the resistors inside the air bath.
The cables are also an important component for the precise
measurement and we used dedicated cables for each system,
however, this required opening the air bath to switch between
the two measurement systems and a slight temperature change
around the resistors might have occurred since the airflow
inside the air bath might change by the position of the cables.
Humidity coefficient was not considered since the humidity of
the experimental room was well controlled and stable enough
within the measurements time.

The comparison was performed by repeating 10 : 1 mea-
surements from 10 MΩ to 100 TΩ based on the same
1 MΩ value calibrated by the NIST two-terminal CCC sys-
tem to eliminate other deviation components and to com-
pare the measurement capabilities of both systems. The cal-
ibrated resistance values up to 1 TΩ were determined from
scaling by each system and agreed to within 1 μΩ Ω−1,
and the DoE values were less than 6 μΩ Ω−1 in all resis-
tance ranges for each system. These results show improved
uncertainties over traveling resistor comparisons in the high
resistance range, and in the future, the similar comparison
between the NMIJ’s voltage injection type Wheatstone bridge
system that is used in Japan for the customer calibration and
the traveling DSB system evaluated in this paper will be
performed.
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