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AB~TI(;\Cr. The paper pn::scnls a technique of mainlaining .mtl t:;.lIihraling similar 

and non-similar Slanuard resistors hascd on uouhk ratio sci ll'.ing one reference 

standard only. This Il:chniqul: is further applied in matrix method ~)r c.:alihraling II 

group of slmilar resistors to yield heller pn:cision in values and IlHiintain the unit of 

resistance at KFUPM lh:sc;lrch Institute. A group or standard rc~istors of vailies I 

Ohm . I k Ohms and 10 k Ohms We're calihrated and the results compo' red wilh the 

determinations made through dircf..:1 suhstitution method lIsing douhk.. ratio scI whidl 
requires IWo resistance :-;t;'lndanb with one a:-; the rL,rerem:e . Perform,lI1ce of 

calihration is also checked on the ha:-;is of clo.~cnc:-;s between L:alihrated value!>. of a 

standard resistor, oht4lincd through use of similar typl..' of stand;Jrd~ as reference. The 

st"hilily rC4uircmcni of less than I ppm/year i ~ achieved . 

Recent years have brought challenges to the scientific and technological 
communities that were barely discernible a few decades ago. Advances made in 
meeting these have been possible only through the more precise and accurate 
measurement of physical quantities. The word precision when applied to resistors 
in the field of measurements, means a resistor adjusted within 0.001 'Yo of its 
nominal value, and of such quality and stability as to maintain this value over long 
periods of time. Precision resistors such as Rosa Type, Thomas Type, etc., are 
used as reference standards for calibrating other resistors or resistive devices in 
laboratories requiring measuremeilts of extremely high precision. Some standards 
find their use in industrial and educational precision electrical measuring 
laboratories for purpose of resistor comparison and, for comparison in low 
resistance measurements, etc. 
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In carrying out the task of maintaining reference and working standards at 
metrology laboratories , such techniques as could provide and maintain traceability 
to the world's highest level laboratories and result in increasing the span of 
periodic external calibration of traceability check must be employed . Direct 
current comparator potentiometer bridges , Wheatstone or Kelvin Bridges 
(including the Wenner Bridge), etc., are commonly used ~o compare the reference 
standard to other resistors under test (Wells and Gard 1971, Baker and Dziuba 
1983) . In resistance measurements temperature controlled environment is a 
necessity which is achieved through the use of Oil Baths. Three different methods 
of calibrating and maintaining a standard resistor , employing two reference 
standards and or one reference standard at a time , will be discussed here. The 
standard resistors were calibrated first at a National Laboratory Level and then 
recalibrated every month in the Measurement Standards Laboratory (MSL) , 
KFUPM, to check stability while retaining traceability to the world 's highest level 
laboratories and also maintaining the unit of resistance at MSL. The standard 
resistors at MSL are sent to a National Laboratory for calibration every two years. 
The location of KFUPM makes frequent access to National Laboratories difficult. 
It often takes more than two years to have the resistors calibrated because of paper 
work and red tape relative to shipment, customs documentation and clearance, 
etc. Also the time spent in shipping the resistors to and from the National 
Laboratory usually takes more than six months . It was therefore felt necessary to 
carry out more in-house intercomparisons of resistors to maintain unit and 
traceability than to depend totally on outside calibration . The unit of resi stance at 
MSL is maintained with a group of stable one-ohm Thomas type standard resistors 
traceable to National Institute of Standards and Technology (NIST, formerly 
National Bureau of Standards or NBS). Some of the noble contributions in the 
field of standard resistors metrology still referred by N 1ST are from NBS (1968) to 
Thomas (1968) , and Wenner (1961) . At NIST the unit of resistance is maintained 
with a group of stable one-ohm standard resistors; and is found not to differ by 
more than one part per million (ppm) with the units maintained at other National 
Standardizing Laboratories. 

System of Measurement 

The measurement system consists of a Guildeline model 9975 direct current 
comparator (DCC) resistance bridge , and a Guildline model 9734 variable 
temperature bath. The standard resistors of Leeds and Northrup Company, 
selected for calibration are three model 4210 , Thomas type one-ohm standards 
(stability: less than 1 ppm/year); three model 4035-B, U.S. Bureau of Standards 
type 1k Ohm standards; and three model 4214; 10k Ohm standards (stability: less 
than 2 ppm/year approximately). 
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The model 9975 DDC resistance bridge determines resistance by measuring 
the ratio of the unknown resistor (Rx) to a known resistance standard (R,), with 
accuracy to 0.2 ppm of reading. Four terminal resistance measurements were 
performed. Prior to measurements all resistors were submerged in well-stirred Oil 
Bath at a constant temperature of 25"C , while ambient conditions in the 
Laboratory were maintained at 23 ± I"C and relative humidity of 45 ± 5% , for 
maximum accuracy in determining the actual value and repeated verification of 
the value. 

Methods of Calibration 

The method of calibrating a standard resistor using double ratio set with one 
reference standard, and its use in matrix method of calibrating similar resistors, 
provides a new means of precision calibration. The method based on direct 
substitution using double ratio set with two resistance standards of which one 
serves as reference, is also discussed. 

(I) Direct Substitution Method Using Double Ratio Set 

This method requires two resistance standards , of which one serves as 
working standard R, and the other a dummy standard RD' The value of the 
standard R, must be known within the accuracy and precision desired , whereas the 
value of dummy standard Ro need not to be known. The calibration steps are as 
follows: (i) Connect the dummy standard Ro and the reference standard R, to the 
R, and Rx terminals of the bridge respectively. Obtain a null balance reading for 
the standard as Reading I . (ii) Disconnect the standard from Rx terminals and 
replace it with the resistor under test R x. Obtain a null balance reading for the 
resistor under test as Reading 2. (iii) The deviation DxN in the ppm of the 
resistance under test Rx from its nominal value is calculated. 

DXN Reading 2' - Reading l' + DSN 

where DSN deviation in ppm of Rs from its nominal value 

Reading I' deviation in ppm of the 
nominal resistance ratio 

ratio Rs/ Ro from the 

Reading 2' deviation in ppm of the 
nominal resistance ratio 

ratio Rx/ Ro from the 

(2) interchanging Method Using Double Ratio Set 

This method requires only one resistance s tandard. The steps of calibration 
are as follows: 
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(i) 	Connect the standard resistor R, and the resistor under test Rx to R, and 
R, terminals of the bridge respectively. Obtain a null balance reading for 
the resistor under test as Reading Ix. 

(ii) 	 Interchange the connections of the resistors to the bridge, that is, 
connect resistors R, and Rx to terminals Rx and R, of the bridge 
respectively. Obtain a null balance reading for the standard resistor as 
Reading Is . 

(iii) 	Calculate a factor (OFI) with sign, which is the difference of two reading 
divided by 2. 

OFI = (reading Ix - Reading Is)/2 

(iv) 	Calculate another factor (OF2), which is defined as 

OF2 = (OFI 2 + 1)lI2 

(v) Finally calculate the value of the resistor under test: 

Rx 	 = (certified value of R,) x (OF I + OF2) 

Note: The value of unknown resistor can also be calculated by 

Rx = R, (I + Readi.ng IX) 

. I + Reading Is 


The results obtained through the above formula are same as those obtained in step 
(v). 

(3) 	 Matrix Method Using Double Ratio Set 

In this method of calibration each resistor is compared with the similar type of 
other resistors and the data entered in the matrix form . Consider a set of standard 
resistors SI, S2, S~, ... . , SN ' Compare each resistor against other and note down 
the null balance reading (Rx/R,) as shown in table M I (N x N matrix). The 
different steps of calibration are as follows: 

(A) 	Consider standard resistor S I as reference standard 

(i) 	 Using the technique of method 2, compute the values of resistors S2, S~, 
SN with resistor SI as reference standard, and complete column I of Table M2 
(if method I technique is used then the value of each resistor will be an 
average of N-2 values) . The values of first column Y 2 J, Y~I"'" Y N1 will now 
be used as reference values of resistors S2, S~, . ... SN, respectively, in order to 
complete the entries of columns 2,3, .. .. , N of table M2 using method 2 
technique . Complete all entries of table M2. 

http:Readi.ng


Maintenance of the Unit of Resistance ... 	 29 

(ii) 	 In Table M2, calculate the sum of each row as HI, H2, H 3 , .... , H N, and sum 
of each column as VI, V2 , V3 , .... , VN· Let 0 1, O2, 0 3 , .... , ON, be the 
deviations from the mean value for resistors, S" S2, S3, .... , SN, respectively, 
then 

N 

The 	sum I: OJ should be equal to zero. 
i= I 

Note: The denominator is multiplied by a constant of 2 in order to improve 
precision in calibrated values. 

(iii) 	Since resistor S I is considered as reference standard, it is used to get the 
values of other resistors. then the mean group value = SI - 0 1 = MI ' 
Therefore the calibrated values of other resistors are 

(B) 	Consider st;mdard resistor S2 as reference standard 

(i) 	With the value of resistor S2 as reference value, complete the column 2 of 
table M2 for resistors S I. S3 . ..... SN using the data of table M 1 based on the 
technique of method 2. Let the computed values of column 2 be ZI2,Z.12 .... 
ZN2 for resistors SI, S3, ... SN respectively. Using these Z values as reference 
values and data of table MI. compute the values of resistors in order to 
complete the entries of columns 1,3•... N of table M2. Let the new table of 
computed values with resistor S2 as reference standard be M2. 

(ii) 	 In table M2, calculate the sum of each row as HI. Hi, Ht .. . . H~; and sum 
of each column as V I. V t V~ ..... V ~; then the deviation of each resistor 
from mean value is given by 

HI-Vii Hi-vi Hj-Vj H~ 	- V~01 ---:2:-:-N-:---' °i --==2=N-=---' 01 	 o~2N 2N 

N 

The 	sum I: of should be equal to zero. (See note in A(ii». 
i=i 

http:ZI2,Z.12
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Table Ml: The ratio R./R, data when unknown is compared wi.th the similar type of other resistors as 
standard 

Standard 

R.---> Standard Standard Standard 


Resistor Resistor Resistor 

Unknown S. S2 S, 


R. ~ 

Standard Resistor S, R'2 R JJ 

Standard Resistor S2 R2, 	 R2J 

Standard Resistor S) R" Rn 

1-----------+-----+--------t<'C------'''''k----
~ .............. .,... 
, 	 ...... ' 
I 	 _.... I , ' " ' ..... 

Standard 
Resistor 

SN 

R' N 

R, N 

RJN 

: . 
,-S_t_an_d_3_r_d_R_es_is_t_o_r_S_N_---1__R_N_'_-'__R_N_2_-'__R_NJ__r~~ ~ =~ _e><l

L 

(iii) 	Since resistor S2 is considered as reference standard, it is used to get the 
values of other resistors, then the mean group value = S2 - 01 = M2. 
Therefore the calibrated values of other resistors are Sj = M2 + oi, i = 1,3,4, 
.... , N. 

Similarly by considering each of the remaining standard resistors (S~, S4 , .. .. , SN) 
as a reference standard at a time, complete first the entries of the column against 
the reference standard considered using table M I data with method 2 Technique . 
These column values wi.ll now be referred as reference values for completing the 
other entries of table M2 which will be used to calculate the deviation of each 
resistor from mean value and then the mean group value for calculating calibrated 
value of each resistor with respect to the reference standard considered. Thus the 
mean of N-1 values will be the final calibrated value of each resistor. 

Results 

The calibration of resistors of values one Ohm (resistors 1.1.-3), I k Ohms 
(resistors 2 .1-3) and 10 k Ohms (resistors 3.1-3) was performed first using the 
methods 1 and 2 in order to make a comparison in between them . The reported 
value of each resistor group in terms of deviation from nominal in ppm as given in 
tables 1,2 and 3 for a period of twelve months, is the average of two values each 
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Table M2: Computed values of R, ohtained using data of Tahle M I with the techni4ue of method 2 

Standard Standard Standard 
R,---> Standard Resistor Resistor 


Resistor S2 S-, 

Unknown 
 S, Y2' Y3I 

R, t 
I-------------""+--::---------::n-------j----+ 

Standard Resistor S, 

Standard Resistor S2 Y21 

-

Standard Rcsistor S, Y" 
f-----------+----+-------¥=-------~- - - - 

Standard 
Resistor 

SN 
Y N1 

-

-

-

......... .-/, 

'.-:::. 1 

'--S_t_an_d_,_lr_d_R_es_is_t_or_s_N__'--_y_N_'_----'-____----'____-----'--t : ~ ~ ~~-rx 
obtained using other resistor of the same family as standard. The value of 
reference standard used in calculating the value of unknown resistor for each 
month is based on the value obtained in the immediately preceding month. The 
average absolute difference (and uncertainty) between resistance values obtained 
through methods I and 2 over twelve months period for resistors I. I, 1.2 and 1.3 is 
O.OS (±0.02), 0.07 (±O.OS) and O.OS (±0.03) ppm respectively; for resistors 2.1, 
2.2 and 2.3 is 0.03 (±O.OI), 0.06 (±O.02) and 0.06 (±0.03) ppm respectively; and 
for resistors 3. I , 3.2 and 3.3 is of the order of 0.02 (±O.O I), 0.03 (±0.01) and 0.03 
(±O.OI) ppm respectively. The uncertainty (±) is calculated based on eleven 
degrees of freedom and 9S% confidence level. In some months the difference 
between the calibrated values of methods I and 2 is higher than 0.1 ppm, but as a 
decision the values obtained through method 2 are considered favourable because 
they show closeness with the values which are obtained through reverse check on 
reference standard using the general way of calibration in which unknown resistor 
is calibrated by multiplying the dial ratio R)R, with the certified value of the 
standard. 

The absolute difference with respect to nominal in ppm between two 
resistance values of a resistor, each obtained using other two resistors of same type 
as reference standards according to the techniques of methods 1 and 2, is tabulated 
in tables 4,S and 6 for 1Q, Ik Q and 10k Q resistor groups respectively. In case of 
I Q resistors (table 4) the maximum difference obtained between two calibrated 
values through method I for resistors, 1.1, 1.2 and 1.3 is approximately 0.3, O.S 
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and 0.5 ppm respectively; whereas through method 2 it is of the order of 0.06, 0.2 
and 0.2 ppm, respectively, lesser than method I. Also for I kQ and 10kQ resistors 
(tables 5 and 6 respectively) the method 2 technique yields comparatively better 
closeness in two values of a resistor, each obtained using separate reference 
standard of same type. The method 2 technique can be considered a favourable 
way of precise calibration of similar and non-similar resistors . 

The method 2 technique is used in the matrix method of calibrating a group of 
similar type of resistors. The calibrated values of one ohm resistors (1.1.-3) 
obtained through method 3 are tabulated in table 7. Through method 3 technique 
the absolute difference in ppm between two values of a resistor measured with 
separate standards, has reduced showing a good closeness in two values. The 
results obtained through method 3 were found in close agreement with National 
Lab certified values. The method 3 provides a new means of maintaining similar 
type of standard resistors with traceability to world's highest level laboratories. 
The unit of resistance at MSL is maintained using the method 3 technique with a 
group of stable one-ohm Thomas type standard resistors . 

An approximate value of the absolute change and the slope of the best fit line 
based on least square method over one year period data for all standard resistors, 
as shown in table 8, is calculated from the calibrated values obtained through the 
three methods and the General Method. In General Method, the resistors were 
calibrated by multiplying the ratios (Rx/R,) with corresponding reference 
standard's value and then averaged. The results through method 3 (i.e. slope, drift 
rate etc.) were found to be in more agreement with the national level calibration 
reports than the results of methods I and 2. In table 8, the Thomas type one ohm 
standard resistors are stable within 0.02 ppm over the period through method 3 
measurements. The values of all resistor groups in terms of deviation from 
nominal in ppm, obtained through method 3 are plotted in figures I, 2 and 3. 

Conclusion 

The interchanging technique of method 2 using double ratio set provides good 
means of calibrating similar and non similar resistors . The method 2 technique 
provides better closeness in values when an unknown resistor is calibrated using 
more than one similar type of reference standards. In calibrating a group of similar 
type of standard resistors it is recommended to use method 3 technique, which also 
involves method 2 technique,in order to achieve better precision in values and also 
to keep traceability to the world's highest level laboratories . The General Method 
way of calibration should not be used alone or in method 3 as it does not provide 
precision in values. 



M~intenance of the Unit of Resist~nee .. 

Note: 	Effective January 1, 1990 the international practical realization of 
resistance will change. The new quantum-Hall-effect standard will increase 
the value of the U.S. Ohm representation by 1.69 ppm (Taylor 1989). At 
MSL the values of standards will be adjusted by - 1.69 ppm from January 
1990 in terms of new unit of Ohm. 
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Fig. I. Monthly c~lhrated values of Ik-Ohm standard resistors in terms of deviation from Nominal in 
ppm as ohtaincd through method 3. 



Fig. 2. Mo nthly ealhrated values of I k-Ohm standard resistors in terms of deviation from Nominal in 
ppm us ohtained through method 3 . 
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Fig. 3. Monthly ealbrated values of 10k-Ohm stundard resis tors in te rms of deviation from Nominal in 
ppm us ohtained through method 3 . 



Tahle I. Deviation from nominal in ppm of the calihrateu value for each I-Ohm resistor 

Month 

I 

2 

3 

4 

) 

6 

7 

H 

<) 

10 

II 

12 

Deviation from nominal in ppm of the calihrated value which is 
of the two values through two standards 

for Resistor I. I 

Calihrated Using 

Method I 

+(l.OH 

+0.1<) 

+(l.O<) 

+0.11 

+0.07 

+0.10 

+0,(1<) 

+0.10 

+0,(1<) 

+0.07 

+(l.OH 

+0.11 

Method 2 

+(l.OH 

+0.07 

+(l.O) 

+(l.O6 

+0.02 

+0.06 

+(l.04 

+0.05 

+0.0) 

+(l.O) 

+0.02 

+0.06 

Difference 

= [Method I 

- Method 2J 

0.00 

0.12 

0.04 

0.0) 

(l.O) 

(l.O4 

(l.O5 

0.05 

(l.(14 

(l.(J2 

0.06 

0.0) 

for Resistor I.2 

Calihrated Using 

Method I 

+ 1.55 

+ 1.22 

+ 1.3<) 

+ 1.32 

+ 1.3H 

+I.:n 

+ 1.37 

+ 1.35 

+ 1.3) 

+ 1.37 

+ 1.3<) 

+ 1.36 

Method 2 

+ 1.25 

+ 1.31 

+ 1.32 

+ 1.2<) 

+ 1.34 

+ 1.2H 

+ 1.33 

+ 1.32 

+ 1.31 

+ 1.33 

+ 1.34 

+ 1.32 

Difference 

= [Method I 
- Method 2J 

(UO 

(l.(l<) 

0.07 

0.03 

0.04 

(l.O5 

(l.O4 

0.03 

0,(14 

O'(J4 

0.05 

0.04 

hased on the average 

for Resistor 1.3 

Calihrated Using 

Method I 

+1.47 

+ 1.70 

+ 1.63 

+ 1.6H 

+ 1.66 

+1.6H 

+1.65 

+ 1.66 

+ 1.6H 

+1.6<) 

+ 1.67 

+ 1.6H 

Method 2 

+1.65 

+1.00 

+ 1.61 

+ 1.63 

+ 1.63 

+ 1.6) 

+ 1.62 

+ 1.63 

+1.64 

+1.63 

+1.65 

+ 1.63 

Difference 

= [Method I s: 
- Method 2J j :::J 

;:; 
:::J 

O.IH :::J 
() 
(") 

0.10 

:::r 
0.02 (") 

C 
:::J 

O.O.~ 

0.03 
;0 
() 

0.03 ~. 
0: 
:::J 

0.03 Ii 

0.03 

(U)4 

(l.O6 

0.02 

(l.O5 

-

'-' 
'.Jl 
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Table 2. Deviation from nominal in ppm of the calibrated value for each lk Ohm resistor 

Deviation from nominal in ppm of the calibrated value which is based on the average 
of the two values through two standards 

Month 

I 

2 

3 

4 

5 

6 

7 

8 

9 

IU 

II 

12 

for Resistor 2.1 

Calibrated Using Difference 

Method I 

+7 .00 

+6.97 

+6.89 

+7.08 

+6 .98 

+6.84 

+7.08 

+7.02 

+7 .05 

+7.06 

+7 .25 

+7.13 

-

= [Mtthod I 
- Method 2]Method 2 

+7.00 0 .00 

+6.93 0.04 

0.01+6.88 

+7 .03 0.05 

+6.94 0 .04 

+6.87 0.03 

0 .03 +7.11 

+7.05 0.03 

+7.02 0.03 

+7.09 0 .03 

0.05+7.20 

+7.08 0.05 

'-----

for Resistor 2.2 

Calibrated Using 

Method I Method 2 

-15.44 -15.35 

-15.27 -15.37 

-15.45 -15.35 

-15 .34 -15.37 

-15 .43 -15.36 

-15.28 -15.33 

-15.30 -15.29 

- 15.30 -15 .34 

-15.23 -15.21 

-15.30 -15.33 

-15.41 -15.28 

-15.13 -15.23 

'---

Difference 

= [Method I 
- Method 2] 

0 .09 

0.10 

0 . 10 

0.03 

0.07 

0.05 

0 .01 

0 .04 

0 .02 

0.03 

0.13 

0.10 

for Resistor 2.3 

Calibrated Using 

Method I 

+ 1.99 

+1 .84 

+2.10 

+1.81 

+2.00 

+ 1.99 

+ 1.77 

+1.83 

+ 1.73 

+ 1.79 

+1.71 

+ 1.55 

Method 2 

+ 1.89 

+ 1.98 

+2.01 

+1 .89 

+ 1.97 

+2.01 

+ 1.73 

+1 .84 

+1.74 

+ 1.79 

+ 1.63 

+1.70 

Difference 
= [Mtthod I 
- Mtthod 2] 

0.10 

;>:l0.14 ., 
". 
0: 

0 .09 
:t 

0.08 "0>'" 
I 5' 

0.03 

0.02 

0 .04 

0.01 

0.01 

0.00 

0.08 

0.15 



Table 3. Dcviation rrom nominal in ppm or thc calihratcd value ror each 10k Ohm resistor 

Month 

I 

2 

3 

4 

5 

0 

7 

X 

l) 

10 

II 

12 

Deviation from nominal in ppm of the calibrated value which is 

fur Resistor 3.1 

Calibrated Using 

Method I 

+(UlO 

+0.77 

+O.7X 

+O.X2 

+O.XO 

+0.00 

+O.X3 

+0.05 

+0.72 

+0.00 

+0.72 

+0.06 

Method 2 

+O.XO 

+(J.75 

+0.77 

+o.xo 

+O.XI 

+0.64 

+(J.7X 

+0 .02 

+0.74 

+0.01 

+O.6X 

+0.03 

Difference 
= (Method I 
- Method 2) 

(UN) 

0.02 

0.01 

0.02 

(Ull 

0.02 

0.05 

o.m 

0.02 

(Ull 

0.04 

0.03 

of the two values through twu standards 

for Resistor 3.2 

Calihrated Using 

Method 1 

+3 .52 

+3 .54 

+3.51 

+3.55 

+3 .00 

+3.09 

+3 .07 

+3 .79 

+3 .13 

+3.X9 

+3.92 

+3.92 

Method 2 

+3.4H 

+3.53 

+3.55 

+3.56 

+3.01 

+3.05 

+3 .70 

+3.75 

+3.70 

+3.90 

+3.X9 

+3.91 

Difference 
= (Method I 
- Method 2) 

0.04 

0.01 

0.()4 

0.01 

(Ull 

(J.04 

0 .03 

0.04 

0.03 

(Ull 

0.03 

(Ull 

based on the average 

for Resistor 3.3 

Calihrated Using 

Method 1 

+2.56 

+2.57 

+2.60 

+2.52 

+2.4<) 

+2.54 

+2.39 

+2.45 

+2.44 

+2.40 

+2.25 

+2.32 

Method 2 

+2 .5H 

+2.5<) 

+2 .56 

+2.53 

+2.46 

+2.5X 

+2.39 

+2.49 

+2.42 

+2.35 

+2.29 

+2.32 

Difference 

= (Method I 3:: 
- Method 2) ::. 

:::> 
o 
:::> 

0.02 	 '" :::> 
(") 
n 

0.02 	 C 
~ 

:::r0.04 	 n 

C 
(Ull 	 :::> 

c 
~o.m 
;;0 

O.()4 
n 

'"c;.' 
0: 
:::>0.00 	 n 
n 

O.()4 

0.02 

0.05 

0.04 

0.00 

<..> 
-...l 
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Table 4. Absolute difference in ppm between two resistance values of a resistor, each obtained using separate standard for each I ohm resistor 

Absolute difference in ppm between two resistance values each obtained 
using separate standards 

Month for Resistor I. I for Resistor 1.2 for Resistor 1.3 

Calibrated Using Difference Calibrated Using Difference Calibrated Using Difference 
= [Method I = [Method I = [Method I 

Method I - Method 2] - Method 2]Method 2 Method I Method 2 Method I Method 2 - Method 2] 

-0.0050.000 0.005 0.457 0.228 +0.229 0.457 0.223 +0.234I 

2 0.337 0.055 +0.282 0.115 0.042 +0.073 0.326 0.065 +0.261 

3 0.175 0.008 +0.167 0.042 0.009 +0.033 0.167 0.025 +0.142 

4 0.076 0.041 +0.035 0.028 0.002 +0.026 0.072 0.027 +0.045 

-0.0155 0.071 0.024 +0.047 0.029 0.019 +0.010 0.052 0.067 

0.044 -0.002 -0.0340.058 +0.014 0.011 0.013 0.039 0.0736 

-(l.0170.044 0.051 -0.007 0.011 0.007 0.029 0.0467 +0.004 

-0.0130.008 0.021 0.020 0.008 +0.012 0.030 0.009 +0.0218 

-0.0010.014 0.015 0.019 0.005 +0.014 0.009 0.012 -0.0039 

0.031 0.008 +0.023 0.043 0.019 +0.024 0.004 0.023 -0.01910 

0.030 0.007 +0.023 0.015 0.031 -0.016 0.005 O.02/l -0.023II 

-0.05012 0.011 0.005 +0.006 0.003 0.053 0.060 0.032 +O.02/l 

;0 

;:r '" 
'" 
l: 
'J> "0; 

o· 



Table 5. Absolute difference in ppm between two resistance values of a resistor, each obtained using separate standard for each I k ohm resistor 

Absolute difference in ppm between two resistance values each obtained 

Month 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

for Resistor 2.1 

Calibrated Using 

Method I 

0.003 

0.025 

0.362 

0.450 

0.235 

0.191 

0.224 

0.302 

0.132 

0.208 

0.230 

0.079 

Method 2 

0.000 

0.016 

0.033 

0.030 

0.016 

0.047 

0.167 

0 .025 

0.274 

0.049 

0.251 

0.097 

Difference 
= [Method I 
- Method 21 

+0.003 

+0.009 

+0.329 

+0.420 

+0.219 

+0.144 

+0.057 

+0.277 

-0.142 

+0.159 

-0.021 

-0.QI8 

using separate standards 

for Resistor 2.2 

Calibrated Using 

Method I 

0.277 

0.268 

0.150 

0.130 

0.146 

0.163 

0.209 

0.181 

0.334 

0.093 

0.392 

0.233 

Method 2 

0.139 

0.201 

0.086 

0.270 

0.132 

0.Q31 

0 .389 

0 .245 

0 .073 

0.054 

0.074 

0.229 

Difference 
= [Method I 
- Method 21 

+0.138 

+0.067 

+0.064 

-0.140 

+0.014 

+0.132 

-0.11\0 

-0.064 

+0.261 

+0.039 

+0.318 

+0.004 

for Resistor 2.3 

Calibrated Using 

Method I 

0.21\0 

0.323 

0.006 

0.240 

0.061 

0.116 

0.261 

0.303 

0.272 

0.075 

0.016 

0.476 

Method 2 

0.140 

0.065 

0.009 

0.020 

0.041 

0 .104 

0.01\4 

0.124 

0.022 

0.11\4 

0.142 

0.011 

Difference 
= IMethod I 	 ~ 

~.- Method 21 	 :l 
(; 
:l 

'" +0.140 	 :l 
g 
g,+0.251\ 
;. 

-0.003 	 " c: 
+0.220 	 ~ . 

g, 
+0.020 

;;0 

+0.012 '" "(;;. 
0; 
:l 

+0.177 g 

+0.179 

+0.250 

-0.109 

-0.126 

+0.465 

'CJ '" 
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Table 6. Ahsolutc diffcrcncc in ppm hctwccn two rcsistancc valucs of a rcsistor, cach ohtaincd using scparatc standard for cach 10k ohm rcsistor 

Absolute difference in ppm between two resistance values each obtained 

using separate standards 

for Resistor 3.2Month for Resistor 3.1 for Resistor 3.3 

Calibrated Using Difference Calibrated Using Difference Calibrated Using Difference 
= [Method I = [Method I = [Method I 

Method 1 - Method 2JMethod 2 Method 1 Method 2 Method 1 Method 2- Method 2J - Method 2J 

-0.0020.002 0.004 0 .005 0 .001 +(1.004 0 .007 o .omI +0.004 

(1.045 0.()71 O'()44-0.0142 O.OJI 0 .014 (1.055 -0.041 +0.027 

-0.0070.017 0 .045 -0.005 (1.0553 O.OlO 0.050 0.013 +0.042 

O.O<)H 0.01')4 +(J.06H -0.0010.066 0.035 +o.ml o .mo O . OI~ 

-O.lO30.005 O.IOH 0.060 0 .0')7 +0.0')65 0 .027 0.001+O .m3 

(U)42 0.060 -O.OIH 0.13') -0.0066 O.l:l5 O. IH7 -0.052 0.145 

+(U),)40.1,)4 -0.171o.on 0.0')3 -O.OJ57 O.2HI O. IH7 O.05H 

0.047 0.0:17 +0 .010 -0.002 0.1,)5H O. 161l 0 . 170 0.143 +0.052 

<) +(U)57 (U)H70.107 0.00') -0.1440.050 O. 13H +0.051 0.153 

0.1')210 O.OHI 0.202 -0. 121 0 .004 -0.0660 .070 0.243 +0.051 

+(U)60 O.()'i~II 0 . 105 0 .045 +0.12') -O.OI'i0 .204 0 .075 0.043 

12 0 .073 0 .010 +(l.O63 -0.001 0.06') +(J.03~0 .060 0 .061 oml 

2" g
:t 
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Table 7. 	Deviation from nominal in ppm of the calibrated value (and the absolute difference in ppm 
between two resistance values) for each 1 ohm resistor obtained using technique of method 3 

Deviation from nominal in ppm of the calibrated value which is based on 
the average of two values through two standards (and absolute difference 

Month in ppm between two resistance values of whose mean is the calibrated value) 

for Resistor I. I for Resistor 1.2 for Resistor 1.3 

I +0.08 (0.000) +0.68 (0. 114) +0.85 (0. 114) 

2 +0.08 (0.015) +0.69 (0.012) +0.85 (0.000) 

3 +0.07 (0.019) +0.71 (0007) +0.84 (0.014) 

4 +0.07 (0.032) +0.68 (0.016) +0.86 (0.022) 

5 +0.05 (0.030) +0.71 (0.013) +0.85 (0.032) 

6 +0.07 (0.032) +0.68 (0 .006) +0.86 (0.032) 

7 +0.06 (0.021) +0.70 (0.002) +0.85 (0.023) 

8 +0.06 (0.001) +0.70 (0.003) +0.85 (0.006) 

9 +0.06 (0.012) +0.69 (0.001 ) +0.86 (0.009) 

10 +0.06 (0.020) +0.70 (0.002) +0 .85 (0.001) 

II +0.05 (0.002) +0.71 (0.017) +0.86 (0.013) 

12 +0.07 (0.002) +0.70 (0.013) +0.85 (0.025) 
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Table 8. Approximate absolute change in ppm and slope o f the best fit line in twelve months calibrated valucs for all resistors 

Absolute change in ppm over a year based 

on calibration data of 


Standard 
 Slope of best fit line in twelve months calibrated values 
Resistor Method I Method 2 Method 3 General in case of 

Method 

Method I Method 2 Method 3** *** * ** * * ** 
-0.0029x 10-"1.1 0.03 0.04 0.02 0.01 0.02 0.170.04 O.OS -0.0029x 10 " 

0.Q71.2 0.19 0.01 0.05 0.02 0.100.02 O.oJ -0.0023 x 10 " +0.0042x 10 " 

0.21 0.02 0.021.3 0.09 0.00 0.D1 0.12 0.13 +0.OOS4x 10 " +O.OOlOx 10 " 

+0.0IS7xlO· ) 2.1 0.04 +0.0IS5x 10 30.13 0.21 O.OS O.IS 0.09 1.101.00 

+0.0142x 10 3 +O.OlllxIO 32.2 0.31 0.12 0.11 0.07 1.200.09 0.11 1.20 

-0.0325 x 10-) -0.0287 x 10 J0.44 0.292.3 0.19 0.27 0.14 0.15 I. SO 1.65 

-0.1409x 10- ) -0.152I X IO -) 3.1 0.14 0.10 0.17 0.12 0.08 0.06 1.18 1.04 

+0.4174 x 10 ) +0.4052x 10- 33.2 0.430.40 0.39 0.40 0.21 0.20 1.62 1.51 

-0.2662 x 10 )0.24 -0.2708x 10 -'3.3 0.28 0.26 0.28 0.13 0.14 0.98 0.84 

* Calculated by dividing the difference between first and last reading with the nominal
* * Calculated by dividing the difference between means of initial two and last two readings with the 

-0.0018x 10 h 

+0.0012xlO " 

+0 .OOO6 x 10 " 

+0.0091 x 10 ) 

+0.0068x 10 3 

-0.0158 x 10 J 

-0.07]4x 10 -' 

+0.2052 x 10 ) 

-0. 1320 x 10 3 

nominal 

Gen. Method 

+0.OO4]x 10 ' 

+0.OIJ7x 10 " 

+0.0130x 10 " ;0 

::T '" 
'" 
:c 
:;: 

-0.1032x 10 3 '"5' 

-0.1140 X 10 -' 

-0.1612x 10 -' 

+ 1.0074 x 10 -' 

+ 1.5286 x 10 -' 

+0.8591 x 10 ' ) 
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