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The Electrical DC Resistance Scale from 10Dtk
1T at IEN

Flavio Galliana and Giorgio Boella

Abstract—At IEN, the scale of resistance in the field 100 & Il. FEATURES OF THEDECADE STANDARD RESISTORS

to 1 T2 has been revised through the characterization of a series . . . .
of new standard resistors. The preliminary study, realization and The decade resistors forming the resistance scale in the range

characterization of four measurement methods are also described 100 K} to 100 M} are wire-wound elements while the ones
in this paper. The complete description of a new automatic method forming the resistance scale in the range @ @ 1 T2 are
for the calibration of high-value standard resistors, particularly  thick-film standards.

in the range 10 MQ2—1 T2, and their measurement at different :
voltage levels are also reported. It makes use of a programmable The 100 K2 to 1 G2 standard resistors are kept permanently

high-stability dc voltage calibrator which supplies a voltageV,,, N @n air temperature-controlled enclosure with a long-term sta-
to the series of an unknown resistorR,, and of a standard resistor  bility of temperature of (23t 0.02f C while higher value resis-
R.. A high-precision programmable multimeter (DMM) isusedto  tors up to 1 T2 can be placed alternatively in an air tempera-

measureVs,,; and the voltageV’; across the standard resistor, from - tyre-controlled enclosure with a mid-term stability of tempera-
which the value of the current I is determined. The value ofR,, is ture of (23 0.01FC.

g'\/Ter?ebgeg”mjag&é‘r;e_m‘gs%aIt')i“ties of IEN using these four mea- Temperature coefficients of the standard resistors were deter-

surement methods span from 0.7 10~° for the calibration of the ~Mined by placing the resistors in this last air temperature-con-
100 k2 standard resistor at the measurement voltage of 10 V, to 7.1 trolled enclosure, whose temperature can be varied frofitC16
x 10~ for the calibration of 1 T 2 standard resistor at the mea- to 35°C, and they were measured at the temperatures €19
surement voltage of 500 V. 21°C, 23°C, 25°C, and to 27°C with a measurement voltage
Index Terms—Best measurement capabilities, digital multi- 0f 10 V for the 100 K2 to 10 M2 standard resistors, of 100 V
meter, DMM-based method, high-value resistor, measurement for the 100 M2 standard resistor, and of 1000 V for the G
uncertainty. to 1 T2 standard resistors.
Voltage coefficients were evaluated by placing the standard
|. INTRODUCTION resistors in this enclosure at the temperature gfQand mea-
) suring them at four voltage values. The measurements to eval-
T HE need of making more and more accurate measuremeiége hoth temperature and voltage coefficients have been made
inthe field of high dc resistance, in particular due to the rgyy means of the DMM-based method described in the next para-
guests of the secondary and industrial laboratories, besides h.
participation of IEN to a Comité Consultatif d'Electricité (CCE)  a|l these coefficients were evaluated by fitting, with the least
international comparison on high-resistance measurements, W@sares method, the measurement results at different tempera-
the reason of a revision of the metrological chain for the resigres (for the determination of the temperature coefficient) and
tance scale in the field 100 kto 1 T2 at IEN. This project has at different voltages (for the determination of the voltage coef-
also implied the acquisition of higher quality standard resistofigient).
and high-performance digital measurement instruments such agor these fits, we assumed linear behaviors plus quadratic
dc voltage calibrators and digital DMMs, the realization of theeomponents, except in the case of the determination of the tem-
mostatic enclosures with active regulation of temperature for tperature coefficient of the 10 Nito 1 T€) standard resistors and
standard resistors, the study, characterization, and compatibilitthe case of the determination of the voltage coefficient of the
verifications of four measurement methods for the entire consitlT(2 standard resistor for which we assumed a simple linear be-
ered resistance range. havior. In Table I, the coefficients, only considering their linear
One of these is a new automatic measurement method whisgthavior and their uncertainties at thel2vel, due to the fit of
allows the measurement of standard resistors, in particulartive measurement results, are reported.
the range 10 k-1 T2 (but it also can be used for lower re-
sistance values with lower accuracy). In particular, it allows the
determination of the variation of the measurement value of a
high-value resistor under calibration when different voltages areThis section describes the four measurement methods that
applied across its terminals. are in use at IEN for calibration of resistors in the range
100 k-1 T$2, with particular regard to the new DMM-based
method. All these methods start from the same high-precision

[ll. M EASUREMENT METHODS
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TABLE |
MEASURED TEMPERATURE, POWER AND VOLTAGE COEFFICIENTS WITH THEIR
UNCERTAINTIES FOR THESTANDARD RESISTORS OFSCALE 100 K} TO 1
T2 OPERATING AT IEN

Standard | Temperature Relative Power/Voltage Relative Trz;)nosfer
X
Resistor coefficient uncertainty Coefficient uncertainty 10x 10k
at23 °C % %
-6/0 - <2.10%W N.A. (Given
100 kQ 1.7.10%°C =25 by the
1 MQ -1.9.10°/°C =27 <20-10°%W manfacturer) Hamon Transfer
box 10 < 200 k2
- 10 x 1 MQ X
10 MQ -1.8.107/°C =25 -26107/V =58 i
100 MQ 5.0.10%°C =209 1107V =60 Hggl)?n
10 x 10 MQ
1GQ 1.810°%°C =4.1 -4.2.10%v =0.4
10 GQ 3.9.10°/°C =75 -1.1.107v =89
100GQ | 1.6.10%°C =26 13107V 266
1 TQ 3.7.10%°C =2.6 -6.210°/V =21 _ N _ o
-1 Fig. 1. Traceability chain and scaling diagram of the Hamon transfer boxes
method.
resistor is calibrated in terms of the IEN{1 primary group -
of standard resistors which, in their turn, are referred to tl Hi
recommended value R, of the von Klitzing constant by Lo
means of the quantum Hall effect [1]. Hi
. De voltage
A. Hamon Transfer Boxes and Current Comparator Bridge | calibrator | Vouw Voltmeter
Methods Lo
The Hamon transfer boxes method makes use of four Harr .
resistance boxes which contain at least ten resistors having Hi
same nominal values of 13X 100 K2, 1 M2, and 10 M2, re- Lo
spectively, and can be configured to measure the resistors ir

vidually, in parallel orin series. Fig. 1 shows the scaling diagra _
for this method, up to 100 M.

The current comparator method makes use of an automdig 2. Scheme of the DMM based measurement method.
commercial current comparator bridge, with a current generator
for the 10 K2 to 100 K2 comparison and a voltage generator fogrence standard. A programmable voltage source supplies the
the further comparisons in 1:10 ratio, up to G seriesRk, + R, and a digital DMM, on its voltage function, is

The experimental procedures adopted by the two methodsed to measure the volta§ie across the standard resistor and
their field of application, features of standards and devices uthe voltagel,,... applied to the series. The polarity B, is re-
lized, sources and budget of uncertainties for calibration of stajersed in order to minimize the effects of thermal voltages and
dard resistors are fully described in [2]. of the input offset current of the DMM [4].

. ) . The auxiliary resistive dividerz4 and Eg, provides a suit-

B. Wheatstone Bridge Using Programmable DC Calibrators ;e guard voltage which minimises the effect of the leakage
Method currents, due to the finite insulation resistances betwggn

In this method two programmable dc voltage sources actasd its shield Ry, and Ry,. To provide this guard voltage a
two branches of a Wheatstone bridge. This technique first deelvin-Varley voltage divider can also be involved. The system
veloped at National Physical Laboratory (U.K.) [3] was alsg controlled by a personal computer.
implemented in order to check the measurement results of thea suitable measurement process is adopted which reduces the
new DMM based measurement method developed at IEN in tbffects, typical of high-voltage measurements, of dielectric ab-
range 1 &-1 T sorption and of power dissipation in the attenuation circuit at

the input of the DMM. For each measurement voltage the DMM

C. DMM-Based Method first measures the low-voltagé for both polarities, then mea-

A scheme of the measurement system is shown in Fi§,.2. suresV,.:, also for both polarities. After completing one mea-
is the high-value resistor under calibration, aRiglis the ref- surement cycle and after application of the voltage for a new
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TABLE I TABLE I
FEATURES OF THEUSED DMMS BEST MEASUREMENT CAPABILITIES THAT CAN BE REACHED BY THE
FOUR METHODS OPERATING AT IEN IN THE FIELD 100 K2 TO 1 T2

Foatures DMM Values AT DIFFERENTMEASUREMENT VOLTAGES
Resistor {Measurement| DMM based Hamon transfer | Current Wheatstone
Range Voltage method Boxes method | comparator| bridge method
bridge
Accuracy : 100 mV 4310%+0.1 uv method
Type B | Type A |Type B| Type A 10 Type B [Type A
; -6
+[ part of reading + scale |1V 2.7-10°+ 0.4 pv %) 109 | ¢10% | (109 | ¢10% 10% | (10
dependent constant voltage 10 V 23.10%+2 v 100 kQ 10 6.0 10 | 24 | 04 0.7
1 MQ 10 6.8 1.6 3.6 0.8 1.5
100V 4310+ 40 pv 50 7.6 1.1 1.0
1000 V 10 MQ 10 6.4 14 4.8 1.0
4.3:10° + 400 pv 50 7.2 L5
100 7.2 1.5 3.2
Input bias current 100 mV <2pA 100 MQ 10 13 33 6.0 1.0
100 14 2.1
1V <2pA 250 7.5 1.9 84
500 7.5 2.5
10v <7pA 1GQ 100 13 13
250 83 1.6 64
100V <6pA 500 8.0 1.5 33
700 79 15 25
1000 V <6pA 1000 7.7 14 7.5 1.3
10 GQ 250 16 31
Input impedance 100 mV 10" Q101020 500 12 29
750 12 28
v >102 Q 1000 11 26 15 | 32
10V >107Q 100 GQ 500 130 66
750 130 60
100V =100 1000 120 55 101 74
=10'Q 1TQ 500 230 670
1000 v = 1000 260 | 700 500 | 560

cycle, a waiting time is left before starting the measurement of 2) accuracy of the DMM in the 10V range, effect of its input
V,. This waiting time allows for minimizing the above-men- resistance and instability of input bias current and thermal
tioned effects at the input of the DMM and all transients due voltagesu(Vs); 26.5.V,

to shunt capacitance and to dielectric absorption in the insulator3) accuracy of the DMM in the 100 V rangeyVu:);

of the high-resistance standard and its connecting cables. Forre- 220 uV.

sistors of 10 & or higher, waiting times of more thal h may From these values, applying (2) we obtain for the 10 M

be needed, depending on the insulator materials. standardu(R,) = 72 which is equivalent to a relative type
With V; being the voltage acrogs, and/.. being the current B standard uncertainty, (R,) of 7.2 x 1076,
flowing through the series, the value &f, is given by In Fig. 2, asRy, is in parallel withR 4, a residual voltage

acrossRiy, is present; this led to consider an additional uncer-
tainty component in the measurement that is usually negligible.

ConS|der|ngRS, ‘/out and‘/s as |ndependent quantlueS, from As a matter Of faCt, |et’S COHSIdeI’ a typ'cal S'tuat'on in WhICh

Rac :Vac/-[ac :Rsvac/‘/s :(‘/out_‘/s)Rs/‘/s (1)

(1) applying [5], we obtain for the type B varianed(R,,) Ry =1TQ, Ry = IMQ, R = Ry, 21TQ, Ry = 100MQ,
Rp =100, andV,,,; = 1000 V, the parallel betweetk 4 and
Vou 2 R? R;, gives a resistanc&p =2 9.999 x 107 ; the voltage drop
u?(Ry) = < Vst - 1) u®(R,) + V2 u? (Vout) acrossRy,;, is approximately 100 nV. So the current flowing in
RV2, ’ Ry, is approximately 0.1 aA while the current flowing R
t v (V). (2) is approximately 1 nA. In this case, in the uncertainties budget

must be added a relative component afl0'°, that is obviously
For instance, main type B uncertainty components, at the pegligible.
level, for the calibration of the 10 Mresistor relative to amea- In Table Il, we have reported the 90-day accuracy specifi-
surement voltag&,; of 50 V are given by the following com- cations of the used DMMs given by the manufacturer that we
ponents: have considered for the determination of type B uncertainties
1) calibration uncertainty of the 1 ¥ standard and its sta- of our measurements. In the same table the measured character-
bility, u(Rs); 2.5€; istics of two used Wavetek-Datron DMMs, such as input bias
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Wheatstone  bridee  method
Current  comparator  bridee method
DMM based method

Hamon ftranster boxes method

Standard resistor
100 kQ 1MQ 10MQ 1000MQ  1GQ 10 GQ 100GQ 1TO

ol

0.1

b

>

Uncertainty (10°%)

100

1000

Fig. 3. Best measurement capabilities for the calibration of standard resistors in the fielf 100LKTS2 and ranges of the operation of each measurement
method.

current and input impedance, are also reported. These chageviously described. Finally, Fig. 3 reports the best measure-
teristics had been determined in a laboratory with a temperatunent capabilities at thes2level that can be assured by IEN in
of (23 + 1)°C and a relative humidity of 30—45%. the calibration of standard resistors in the field 10Dtk 1 T¢2
Input impedance was determined by measuring with thegether with the range of application of the four methods in-
DMMs, after nulling the effect of the input bias current, therolved.
difference between the voltage supplied by a calibrator before
and after the insertion of a known high-value resistor in the
electrical circuit. For each dc voltage scale of the DMMs, this
test was repeated with two different resistors, showing for In this paper we have presented the metrological organization
each case a good degree of compatibility between the obtaigédéhe high-resistance scale in the field 100 to 1 T2 at IEN.
measurement results. The compatibility tests performed with the four measurement
The input bias current of the DMMs was determined binethods described showed a good agreement among them; fur-
making a zero check of the DMMs by inserting a short-circuther information will be given to us by the results of the CCE
across their voltage inputs and successively inserting a knolernational comparison.
resistor and measuring, for each scale, the voltage drop acrog¥loreover, aims of future work in this sector are a better char-
this resistor. The bias current was measured also usingiGierization of the DMM based and Wheatstone bridge methods
pico-ammeter. A good degree of compatibility between tH¢p to 100 T2, the acquisition or realisation and characterization

V. CONCLUSIONS

measurement results was obtained with each method. of a new 1 T2 standard resistor, since the measured character-
istics of the present one are unsatisfactory.
IV. BEST MEASUREMENT CAPABILITIES Future plans include also the characterization of an automatic

_measurement device based on the DMM-based method with a
Table Il reports the type B and type A evaluated uncertaiRyjitching system for the resistors under calibration and for the

ties of each method at the voltage levels in which they can oRference standard resistors placed inside the device itself.
erate; type B uncertainties were estimated by considering the

input bias current and input impedance characteristics of the
best DMM between the two tested ones, while type A uncertain-
ties were estimated by evaluating the repeatability of the mea-The authors wish to thank P. P. Capra for his collaboration in
surements performed on our standard resistors kept in thetht realisation of the software programs and E. Gasparotto for
temperature-controlled enclosures whose characteristics wiicollaboration in making the measurements.
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