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This article examines noise characteristics of a high precision digital multimeter HP3457A or
HP3458A by presenting a conceptual but useful model for the generation of zero voltage error under
short-circuited input terminals. Two setting states, auto-zer¢gAatON) and off (AZ-OFF) are

tested and one important conclusion derived is that the state of AZ-OFF has a more extensive
potential of performing to the full specifications for measuremenis\bfevel dc voltage than that

of AZ-ON. © 1999 American Institute of Physid$S0034-67489)04212-4

I. INTRODUCTION measurements using several units of DMMs. Almost the
same was also experienced in the HP3458A. This type is of

Tog?g‘ld'ggal mﬁll:tlsr’r:letg;\i[:]MMs)b, partlcp(jlalr ly ”_‘IF’O"Z: the same as 3457A in its fundamental measurement scheme
types S7A or 58A, have been widely utilize Shut we suspect that its additional artificial signal processing

highly qualified for accurate and precise measurements iBrocedures make its situation more complicated
various fields.In practice, we have become convinced that We directed our attention to the characteristi;:s of DMM

performances of a faint-leak, current senSof,a core noise

measurement systeénand of a highly stable thermostt. in every DMM. Under conditions such that the variations of

However, when we began to make repetition measuremen%!I external |nflggnces are negl_|g|bly gmall, V\.Ih'Ch we call the
reference condition, we investigated in detail relatively long,

of a dc voltage ofuV order or less, using HP3457Aand i tial ob i btained of it at
subsequently, 3458A®on the minimum range&).03 or 0.3 IMe sequential observations obtained of a zero vollage state
the input terminals are short circuited, which we call zero

V), we encountered instability in each reading, a nonrepeat(
ability. The transitions cannot be regarded as any thermallyf®/t2g€ erroron the lowest or the next lowest measurement

generated offset voltage as pointed out in the manual for thEAN9€, using four 3457A and two 3458A DMMs, with both
HP3457A (at p.3—6 or 3458A (at p.D-4 but irregularly AZ_-_ON and OFF. In the process of examining the nonrepeat-
takes a different value at every measurement, even if ambie@Pility, we gradually became aware of two faots: behav-
conditions including room temperature are kept constant in°rs of the zero voltage error were in a statistical sense al-
as calm a state as possible. Two settings, auto-zerfé\an most the same as what we had experienced when we had
ON) and off (AZ-OFF), were tested. The reading distribution tried to evaluate the performances of the sensor and of the
at AZ-ON spreads over severaV, while at AZ-OFF the core noise measurement system developed by ugigritie
distribution takes a large excursion, as if a large drift com-statistically averaged value, in spite of increasing the mea-
ponent appears, often Stretching Overll‘w_ We first con- sured values, fell into Stagnation without approaching Zero,
sidered that DMM must be disturbed by external noises anf0 matter what NPLC was chosen. In relation to this, we
accordingly tried to reduce the effects to as low a level adried to examine whether or not the same thing occurs on
possible. But the state of affairs was not improved at allother measurement ranges. The result was common to every
Another troublesome problem which weighed heavily on ourmeasurement range. The zero voltage error at AZ-ON fluc-
mind was of the choice of number of power line cyclestuates at least over the last one or two digits, while at AZ-
(NPLC). Certainly, the larger the number chosen, the highefOFF over the last two or three irrespective of NPLC chosen
the precision appeared to be, but the situation was not seven for NPLCG=1.

simple. We therefore found that high precision measure- The purpose of this article is to investigate the properties
ments ofuV order values were difficult, for a way of taking of the zero voltage state obtained in time sequential form, as
the statistical average of a lot of measured values obtained ipeing intrinsic to these DMMs. We first tried to directly treat

a time sequential form was not so effective, and much imthe sequential observations as obtained under conditions in
provement in practice was not expected even with parallelvhich they are a well-known stochastic time series, but sev-
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eral important doubts arose on such a treatment. Such a situ- A%
ation compelled us to take a nonparametric treatment. The @
principal reason was(i) A prolonged time interval is re- ‘

quired for a data acquisition. Therefore, whether or not each ‘{lgr“,;mals Swl P

element included in one measurement set is affected by all O IVAAC SPC

external influences has to be checked, that is, to test the \

randomness(ii) How to represent a model of these DMMs Ve ‘ Vi W

for dealing with the zero voltage generation is not known, Sw3\ 8 v

and(iii) whether the way of zero error correction for AZ-ON Vi ‘ Vi @

is appropriate or not, were also questions of interest.
Conventional measurement theories for precision, error, P’

and accuracy reflect experiences from older electronics, but Part B sw2  Part A

the development of high precision type DMMs seems to sug-

gest that, in addition to this experience, some properties in- Vs'=Vs+ Vg + Ve

herent in each DMM still have to be characterized before V= Vi +V

utilizing it fully. This article represents an extension to the st

subject matter. Our result leads to a proposal of a measure- Voy=Va

ment procedure that extends the abilities of these DMMs,

even when the experimental environment is not satisfactory

(i.e., a sufficiently shielded area is not obtainabf@ur ex- ) )
perimental space is not shielded at all, and external noise ifif the random fluctuation components in zero voltage error

general is quite large. We can choose the time when th@CCUrs at the output side of the preamplifig@) When ex-
influence quantities are in a quiet state. Our conclusions sugMineéd by dividing the sequential data into several small

gest that some DMM properties are not special cases biartitioned parts(i) “homogeneity” (statistical stability is
rather occur in every place in which a DMM like this is not sustained(ii) therefore treating each part as a measure-

employed. We are convinced that the proposed procedur@€nt set in a repetition measurement is not appropriate, and
works effectively under uncontrolled conditions. Here, ourliil) venifitisin a quiet area, any improvement in accuracy

discussion is relevant to the case in 3457As on the measuri® N0t €xpected. Our viewpoint on the best use of sequential
ment range of 0.3 V. NPLE 1 is chosen, as this level results data at AZ-ON is that it will be suitable for evaluation of

in a large nonrepeatable difference. An observation numbéfffects of the preamplifier on zero voltage error and the de-
for a continuous sequence &f=10000 is chosen as the gree of mixture of any external influence quantities into a
number required for characterizing AZ-OFF DMM. (These details are not presented hefidne external

On assuming the application of the existing theory to themﬂuence is .not so large under the reference conditions.
observation data obtained as a time sequential form, twgherefohre, it is treated here as part of the DMM. o
things are tacitly required: each readingiisa sample from With respect to AZ-OFF as pointed out above, the zero

the same population arfd) is independent of other readings. V0!tage error has such a form that small amplitude compo-
The error theory essentially pertains to multiple nents fluctuate around large and slow excursions. Therefore,

measurement€ but often DMM are used for only a single Whethgr or Qot_they are inhere_ntly generated from Withi_n the
measurement. We investigate whether or not the datum &tMM itself is investigated. Simultaneously, what relation-
each AZ-ON and OFF remains statistically under control SNiPS exist between them at each AZ-ON and OFF is clari-
i.e., stable, and whether or not the measurement results clufied- At AZ'OFF the voltage in the SPC just before starting a
ter around the same central value and have the same varian@gasurement is measured only once and subtractgd from
(Robinovich’s book® p. 100, 4.6.. For this purpose, a con- €ach subsequent measured value. As four DMl six
ceptual model for the generation of zero voltage error in?MMs if including two 34584 always reveal similar behav-

DMM is presented. It consists of two parts: an input Voltageiqrs independent of one another under the reference condi—
amplitude adjustment circuitVAAC ) followed by a signal tions, we conclude that the zero voltage error at AZ-OFF is

processing circuitSPQ. Each part individually generates generated from with_in the DMM itself and is inherent in all
error voltage. At AZ-ON, the zero error components in thel'€S¢ DMMs. The histogram shows an unusual frequency of
SPC are eliminated. two points of the voltage. The time sequence is similar to a

our results of AZ-ON tests are summarized as follows:d'screte Gaussian process and is analyzed as a difference

(A) When viewing the datal=10000 on the whole(j) the process. The sequence of the variance difference term has

test of randomness based on the theory of runs suggests tHigh homogeneity even in any partitioned parts, and this
each realization is produced from the same populatio: Iead; tq a statistical and time series property suitable for
then the mean value as the best estimate of the data nevaPplication of error theory.

converges to zero but works as a sort of systematic error. The

cause is due to the existence of a preamplifier included im, A MODEL FOR ZERO ERROR

IVAAC; (iii) the voltage nearly equal to the median seems toA Model for zero volt rror
be treated unusually and the evidence is seen near the highest odet for zero voltage erro

point of the frequency distribution, arid/) the greater part A model shown in Fig. 1 is assumed as representing the

1

FIG. 1. Conceptual diagram representing the operation of DMM.
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zero voltage error generation when a dc voltage is measured 5 g
A DMM consists of two parts: an IVAAC including a pre- _ . !
amplifier of gain 100, and a SPC including sample-hold, "% =T e
double integral, and analog-to-digital transform circuits. Be- 1.0E-06 ool n o S S D
tween them are internal switches SW1, 2, and 3. Since we dc

not know the details, this model does not quite exactly simu- 5
late the DMM but is rather a conceptual diagram. The signal

to be measured is first directed to IVAAC from the input -5.0E-07
terminal, to adjustv, for the range chosen, its full scale

5.0E-07

0.0E+00

-1.0E-06
within the range of+9.999--V, and finally to the SPC. The . |

; , ; ; _p’ -1.5E-06
_adjuste_d voltag_esyS appearing at terminalB—P’, when the 0 2000 4000 5000 5000 10000
input signalv is equal to that full scale value/s=0.3 or (a) nlnumber]
0.03 V), becomes equal t&=9.999--V. These two parts,
part A (SPQ and part B(IVAAC), generate respective inter- vl No.l
nal zero voltage errors, and vg. The resultantv,+vg e
appears as the digitized output. 1400 — (Vont03v)

A state AZ-ON consisting of two modes per measure- 200 — .. {Von = VonmeaJ039)
ment is explained as followst) v, is first measured ag), t000 | L {Vorkooy ~ No.3
where switches SW1 and SW2 are closed and SW3 is oper )

E1Voans3v)

[state(1)]; (ii) subsequently for zero adjustment SW1 and
SW2 are opened, and SW3 is closgdate (2)], the zero

800
600 e / \ {Von" Vonmed J03v)
correctionv ) is produced. But ;) andv ;) never meet our 1 / / \\ \ ‘ \ ‘

eyes. Instead, a corrected vahig, comes into sight 400 1= : 1 !
200 |- = —
Von=V(1)~V(2) (@) . |

as the quantity to be measured. There exists an inevitable  -1.0E-06 -50E-07 00E+00 50E-07 10E-06 15E-06 2.0E-06
time difference between measurements g andv . 1g9- (b) viv]
noring time effects, the total is assumed as

Frequency

FIG. 2. Time domain characteristics and frequency distributionévgf}
V(1)= Vs VatVg+Vey, (2) and{vnf(zo v at NP_Lq= 1._ (a) Time domain characteristics ¢¥,,} for No.
1. (b) Frequency distributions.

Vi2)=Va, 3
whereve, represents an external voltage from the ambient, . .4) for measurement range of 0.3 V in DMM No. 1.
conditions. Thus the measured outpyf, is given as For comparison, the case of range 30 V is similar but with a
Von=Vs+Vg+Vey. (4) 100x larger scale, and is directly related to the case of range

o 0.3 V. The measurable quantity in both ranges is first multi-
In contrast for the case of AZ-OFF, the readwig; is @s-  pjied by one third through the same measurement channel in
sumed as IVAAC. The multiplied quantity for range 30 V directly ap-
Voft=V (1)~ Vini( CONSL), (5) pears at the termind®—P' asv/, whi!e the one for range
. . 0.3 V passes through the preamplifier of gain 100 before
whereviy=v,,ini, the zero voltage correction generated in appearing there. By comparing both ranges, effects of the
part A, rr;jeasurec(ij only one time befc|>re starFllng the ﬁeasurﬁ’)'reamplifier on the readings are evaluated. It is quite natural
mentI and treated as a constant value until reset. Here, the <00 thalVon} ANA{Vort30v) ({Vork(aov) indicates the
p“’t? em of d|scr|m|n.at|ng/B fr'om Vext IS not'treated, and case of range 30 V and “without subscript” for the case of
Vextin EGs.(2) or (4) is accordingly included intog. 0.3 V), spread within=1.5 and +150 wV, respectively.
Their statistical parameters for No. 1 to No. 4 are listed in
B. Measurement system for - v, and Vo Table |, wherev,y, Vmed Vs, andv, are respective mean,
The data acquisition system fer,, and v is as fol- ~median, standard deviatids.d), and variance. The value of

lows. Four DMMs are triggered simultaneously and read by given by
a computer. For NPLE 1, the time for a measurementis 1 s

: Vay—
and aboti3 h are required for the data numiié=10 000 u= M (6)
per sequence. VVyar/N
is also calculated, wherge=0 (the input terminal of DMM

IIl. STATISTICAL PROPERTIES OF vy AND Vg is short circuited should be chosen, but he@e=v 4 is
A. Time series characteristics of ~ {v,,} taken. Table | teach_es that thg zero voltage correction at

] ] o J AZ-ON has the following properties: for s.d., the ratioQfy
1. Time domain characteristics of ~ {Von}i0 000 for 0.3 V to the one for 30 V is almost equal to 1:100 in

Figure 2a) indicates time domain characteristics of every DMM. In practice, the variance ratio obtained by mul-
Vot (={Vontloooo a@nd  {Vontiooos=1Von1:Vonzs---»  tplyiNg vy, for 0.3 V by 1¢ remains within 1.104—0.978.
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TABLE I. Statistical parameters in DMM Nos. 1-fSuperscript number-p) means 10P.]

DMM No. 1 No. 2 No. 3 No. 4

Range 03V 30V 03V 30V 03V 30 V 03V 30V
Vav 274" 6087 58470 47379 6.59°7 23679 252°7  —6.2079
Vimed 3.0°7 00 6.0°7 0.0 7.0 0.0 3.7 —1.07%
Ve 3.76"7 36479 43747 41879 3.64°7 3687 3.674°7 3.7247%
Vvar 1411 13479 191019 1739 1.34°1 13379 1.3 13§49
u —-6.92 1.66 —~3.66 11.37 -11.26 6.47 —-11.26 10.22

Judging from anF-test on the admissibility of differences {v ). For reference, a set of data for two 3458As corre-
between their variances{v,,; may be different from gponding to Fig. 2 is indicated in Fig. 3, where Figa)3
{Von(3ov) - However, when we perform thib-test to the  represents the time domain characteristics for the measure-
properly partitioned subgrohjp pair obtalnecg from these tWO ant range b1 V on No. 1 andFig. 3b) the frequency

for ekxample, betWeekr{Von}kﬂzo and {Vonfici 120,30v) O distributions for the measurement ranges of 1 and 100 V on
Vonrk+240 AN {Vonlcs2a0,30v) for k=1-9800 (where ¢ 9 5040 respectively. The same procedure as in Fig.
{Vonfk+120 MEANS{V(,Vici 1,--- Vi 1201, the result suggests 2(b) is taken for the zero voltage error in the range 100 V.

that the null hypothesis that they belong to the same popula- B N .
tion is acceptable for almost all (The choice of element aData numbeN =10000 and NPLE 1 are similarly chosen.

number 120 or 240 is the maximum number of degrees 0Whether or not the same relationship as in 3457A holds is
freedom in theF distribution tables at hand and this too checked, but it is not so. This is the reason why our attention

small number does not give any definite conclusion as willS first directed to 3457A, which is much simpler and less
be known later from the properties pfo O {Vordaovy). It COMPlicated than a 3458A.

is therefore quite reasonable to suppose thas, and Summarizing the resultdi) the realization interval of
{Vont(30v) are each subsets of the same populafiog}. As {Vont is invariant and has not so large a difference among
mentioned above, only one point in whi¢h,} differs from  DMMs, so long as the path through which the signal passes
{Vonfzovy is the existence of the preamplifier in IVAAC. is fixed. The limits are determined by the zero voltage com-
Another point for us to bear in mind is thf,,} is obtained ponents generated at the output side of the preamplifier.

at one time, whilg{vn} (30 v) is at another. Nevertheless, the {v ! represents intrinsic zero offset in these DMMs. The
F-test leads to such a conclusion. This makes us possible to

evaluate the effects of the preamplifier vy}, qualitatively.

When v, is divided into three components,,=vg,1 8.0E-07

+Von 2t Vons, Wherev,, ; being the components generating 6OE=07 | eme v :

in the input side of the preamplifiev,, , within the preamp- 2007 -
lifier and v,p 3 in its output side, the greater part of, is '

composed of/,,3, andv,,, dominates the components of = 2%

which the mean value does not become equal to 2&jp, > 00E+00

can be treated as zero. Frequency distributiong g} and ~20E-07 I

{Vonf(30v) On both Nos. 1 and 3 shown in Fig(2, where agogo7

measurement value as abscissa and the number of times eac

value as ordinate and/q, 3oy is multiplied by one- e 2000 2000 6000 8000 10000
hundredth, back up this. Fofv,)} the curve of {v,, @ nlnumber]

—Vonmed Shifted by the value equal to eaeheqis indicated

together and is certainly in good agreement with that of the 3500 — e e
multiplied {vgn}(30v). This form is common to all these 2000 , b tvataom ¥ Nol_
DMMs and the range over which the populatipng} s v, g
occupies remains unchanged to all of them. In this meaning 2% — | |
{Von} represents intrinsic zero error of these DMMs. Another 2 2000 — - S ——r‘ ——=={Van} 00, NO.2
point to be noticed, also common to all these histograms, is & | (Vo daw I

an irregularity in the region of the peak frequen@t 0.1 e |
uV). The shape of the curve is never natural. We feel that the 1000
artificial signal processing must be adding to the measured
values(see the histograms for HP3458As shown in Fidp) 3 |
for they verify this more clearly If we can understand it, e ot 0oE0 B0E0T  toeoe . 1508
ways of dealing with{v,} will become a little different. In (b) VIVl

any case, this leads us to a nonparametric treatment for in- ) ) o o
vestigating whether or not the probabilistic and statisticaI{F\'/i'}(ls\;) ;:z]fvog?g‘oa\':afaa,;ﬁgfrl'slffrslafﬂ”,\j Jfgfgggg(g'sﬁﬁgtﬁs of
treatment of these resu_Jqu_iI \_/Oltf_iges IS r_eas_onable' or h_OW {Rain characteristics ofVort(1vy for 3458A No. 1.(b) Frequency distribu-
apply the error theory igsimilar irregularity is observed in tions.

_ tj{Von}(W) |

1800 —— - —




Rev. Sci. Instrum., Vol. 70, No. 12, December 1999 High precision multimeter 4719

TABLE II. Results on run occurrence §v,qio ogoin 0.3 and 30 V ranges.

Mean Ratio Variance
my 1 mp Mp (:U’n,r) (mn,r/#n,r) (Uﬁ,r) Mn,r
No. 1 {Vont (30V) 4383 4379 4372 4382 0.9977 2190.3 -0.234
{Vont 4226 4700 4364 4451.41 0.9804 2218.7 —1.856
{en} 4550 4461 5970 4506.06 1.3249 2252.06 30.848
{€on} 2243 2263 2280 2253.96 1.0116 1126.21 0.7761
{Von'dif} 4595 4600 6252 4598.5 1.3596 2298.5 34.489
No. 3 {Vont (30V) 4737 4287 4380 4500.4 0.9732 22439 -—2.373
{Vont 3961 4865 4355 4367.7 0.9971 2160.2 —0.273
{en} 4478 4453 5974 4466.47 1.3375 2232.46 31.906
{€on} 2236 2216 2165 2226.96 0.9722 1112.71 —1.857
{Von'dif} 4677 4577 6432 4627.46 1.39 2312.71 37.524

and form, ;+m, , larger than 20, the occurrence probability
of m, , is approximated by a normal distribution. That is, the
variableu, , derived by

preamplifier produces a nonzero offsgf.qin 0.3 V working
as a sort of systematic error. In practieg,.qin 30 V is zero.
(i) The termu in Eq. (6) suggests that in most casas,,
cannot be the best estimate §f,, although it is for

m J—
{Vort(30v) - Vay OF Vimegfor 0.3 V cannot be neglected as zero, um:r"r—'un'r (9)
whereasv,, for 30 V which is of the order 10°~~7 can be Tnr
regarded zero, for it is beyond the resolution of that rangeapproximately obeys the standard normal distribution

(iii) The 0.3 V range is not suitable to such small voltageN(0,1). Then, whemm, ; andm, , are sufficiently large and
measurement in a sense, for the output is unable to keep offi, ;=m, , holds, o,, takes its maximum value and
the mixture of zero voltage offset into the signal to be mea-oﬁyr/(mn’pL m,,) is about to arrive at 0.25, while

sured, and the same thing occurs in the 0.03 V range.

2. Statistical and probabilistic properties of

{Von}

As pointed out above, both the histogram{ef,,} and
{Vont(a0v) S€EM tO be a non Gaussian. In addition to this, on
point to be noticed is that it is quite doubtful, though will be
concretely discussed later from a little different angle,
whether the outcome,,, generated at each instant of time
k(k=1-10000) has a specified probability distribution, that
is, is a sample from the same population. In other words, it i
unclear whether or not each element in the ordered sequen
occurs purely randomly, or constitutes a stochastic time se
ries with a form described in any books on the conventiona
probability theory. The “randomness” means to test such &
hypothesis thah observations¢,, X,,...,X,, when they are
obtained in this order, satisfy the above condition. In such ¢
case, the theory of ruhs?is applied in order to check it.
The procedure is; Comparing eachy,, With vonmeq (
Vonmea=median of {Vot1o000s replacevon by @ if von
>Vonmeg@Nd bY B if Vonc<Vonmea OF Otherwise 0. Conse-
quently,{v,.} is replaced by the sequence @fand 3, or 0.
(Here, the occurrence of 0 is neglected for simpligifyhen
each maximal subsequence of elements of like kirat 3 is
called a run. The randomness §f,, and {Vqnf(sov) iS
evaluated how these runs of and 8 occur. Whenm,, 4,
mp 2, andm, , are the numbers of symbolg 8, and runs,
respectively,m,; and my,, give the mean valuge,, for
occurrence numben, , of runs and the corresponding vari-
ancec? , as follows:

e

ne/(My1+my ) approaches 0.5. Although it is most im-
portant how the runs occuithe detail is not presented here

it can at least be said that, when the ratg /u,, ap-
proaches 1 and , /(m, 1+ m, ,) does 0.25, the randomness
is high. A result examined like this fdw o,} and{von} (3o v iS
indicated together with others in Table Il. Table Il poses an
interesting viewpoint to usn,  is close to the corresponding
mean value: the ratio oM, , of u, (=mp /u,,) being

1.05

g
=
™~
2
=]

095 A

2000 4000 6000

n[number]

8000 10000

(a)

0.2525

2m, 1My » 02425 M ‘
M =E(m, )= : +1, (7) 0 2000 4000 6000 8000 10000
' ' mn,1+ My o (b) n[number]
2m, 1my »(2m,, 1M, o— M, 1—m i
o?= n,1Mn,2(2Mn, 1M, 2~ Mi,1 ~ M ) (8) FIG. 4. An evaluation of/.,, by means of run(@ Occurrence number vs
n,r ’

(mn,1+ mn,z)z( mn,l+ My 2>~ 1)

(b) s.d. vsn.
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[><10-5] —_— ———1 . TABLE Ill. Statistical parameters dfV,} on 0.3 V in Nos. 1-4.

1+

-“ - DMM No. 1 No. 2 No. 3 No. 4

.4 ,ﬁg‘ Nl Voo  232¢10°°  3.09x10°®  828<10°7  549x1077
y M f ‘!Mfg g ; Vined 2.4x10°° 3.0x10°° 9.0x10°7 6.0x10°7
AW L R !i' ' f Veg,  2.31x10°° 1.87x10°° 1.71x10°8 1.06<10°8

\j Vvar 5.33x10° 12  3.48<10°% 292x10°%?  1.12x10°%?

Vv [V]

spective DMM No. 1 and No. 3 and difference voltagg;®

~2000 4000 6000 8000 10000 betweenv o andv°? given by
n [ number
e A S 1

FIG. 5. Time domain characteristics at NPLC=1 for No. 1. _ . . .
bl {v{}=3} does not include the term of.in Eq. (4), for vy is

treated as common to all DMMs. The ratiw, . / «, , and the

almost equal to 1 and, , in Eqg. (9) remains within—2.37 to variance rgtiar.ﬁ’,/(mnlf My are depicted as a fgnction of
—0.234. The randomness of both ordered sequefiegs the sampling timen in Elgs. .4a) and 4b), respectively. In
and{Voy} (a0, is high. They are separately obtained in eacheVery case, the former is going to approach 1 and the latter to
different time, but can be regarded as two groups of randonc?'25 forn>500-1000. These three suggest they have aImo§t
quantities belonging to the same populat{er}={v, 4 as the same Soelgree of rﬂgldomqess and each element belpnglng
shown in Fig. 1. The preamplifier does not play a role into Poth{vey 7} gnd {VOHG}, is independently producgd with
offsetting {von 4. If the component pointed out as a sort of one a_1r_10ther without being a_ffected by.externa.I |anu.ence
systematic errory,,, behaves in a randomly fluctuating quantltlgs. Hpvv(tleysz)ar, more strictly speaking, a slight differ-
manner, the aspects of run occurrence{in,} drastically ence arises i~ , where the degree of randomnes.s be-
differ from that in{von}(sov): Von2 Must be nearly constant COMES stronger than the other two, iof, /(Myy +mpy) is

or slowly varying. We cannot help but recognize that theMOre close to 0.25 and the equality,,=my;, holds for al-
hypothesis of randomness is acceptable irrespective of tHEOSt alln=3000 ando, ; takes its maximum value. Such a
existence of non-Gaussian components in their frequencifdency becomes more remarkable for larger

distributions.

The fact that botHvnf and{vgnf(s0v) are of the same
degree of randomness and dominated{byy, 3 indirectly
verifies that effects ot/ on these DMMs are negligibly
small under the reference conditions, althoygh,} domi-
nates{v,, . In practice, Fig. 4 suggests this, where run  Time series characteristics pf ¢} is indicated in Fig. 5
occurrence characteristics §fe "}, {von}, and{viz?}  for No. 1. The variability for{vg} oy, Spreads over 100
are indicated, which respectively represémt,} from re-  times that for{v}; from —5-10uV to —0.5—1 mV. Two

frequency components are observed, a relatively slow with a
large amplitude and a fast fluctuating one. From Edsand

B. Characteristics of  { V¢ }i0 000

1. Time domain characteristics of  {Vo}20 000

40E-05 ' (5), Vi includesv , , while v, does not. Comparison of Fig.
5 with Fig. 2a) suggests thafv,} seems to be the former
80E-05 slow component, common to every range for AZ-OFF in all
2 0E-05 DMMs, while {vg} is the latter. The model shown in Fig. 1
s assumes this. Figures 2, 5, and 7 indicate {kgj} is noise
> 1.0E-05 in the lowest two digits, whildv;} the lowest three digits.
: The tendency like this does not depend on measurement
0.0E+00 range chosen.
The reason for choosing the data numbier 10 000 is
-1.0E-05 to check whether or not the large excursion component is
simply a drift caused by faint room temperature or other
o 2O variations. If so, any clear correlation betwepre"} and
> 1 0E-05 (v should be observed, but, in practice, not so. Figure 6
= is such an example fofv}sy) at NPLC=10, where a
0.0E+00 generally increasing component is apparent in Haj*’}
and{v°3 with the deviation magnitude of about 20V.
-1.0E-05 Statistical parameters dn ) are listed in Table Il and
0 2000 400[% UMBE‘LO]OO 8000 10000 frequency distributions corresponding to Fig. 5 are indicated
n|

in Fig. 7, where common to all DMMs the frequency at

FIG. 6. Time domain characteristic §¥ o} (s v, which seems to respond to  Voff = 0.0uV is unusually high, While_ that aloff_: 1.3uVis
faint room temperature variation. reduced to zero. The cause is within 3457A itself.
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700
No4 |
600 — ;
500 ‘
. ‘
g 400 # ‘
5 % No3
L
200 A ﬂm i
M#" No.2 |
< IR
0 “
-40E-06 -2.0E-06 0.0E+00 2.0E-06 40E-06 6.0E-06 8.0E-06
v[V}
FIG. 7. Frequency distributions @f/ .}
2. Characteristic representation of  {Voy}1y ggp in the in Fig. 9, picking up a part wherey , is in an increasing

variate difference plane (v ofn ,Voft, n+1) state with the sloper,; in a region fromn=n; to n=n,,

{voi} seems to closely resemble a Gaussian process #en v, (subscript “off” is deleted) at time n in ny<n
appearance. If it is so, then any difference tevgy,,, =N is represented as
—Voft.n fOr any positive integek obeys a normal distribution
and adjacent difference  terms vggo— Vo1, Vo3
—Vof2,*Vofint1—Vofin are independent with one =(N=nNy)an+VegatVani, (129
another:® Taking this into consideration, we represémt} that is
in a plane Vot n:Voftn+1):Vofr.n &S abscissa amndy n41 as ’
ordinate, in Fig. 8.4 Scatters around the straight lie Van=(N—Ny)an1+Vanr- (13

=X(Voft.n+1=Voit.n) Passing through the origin and this sig- Using Eq.(12), v, is related tov, as
nifies thatv g, can be written as

Vn:VA,n+VB,n (12)

Vnt1=(N+1-Ny)an+Veni1tvans (14)
Voff,n+1=Voff,n T €n+1; (11

where e, is also plotted together withvy n, Vs n+ 1),

which represents the adjacent difference termelf,,} sat-  where

isfies the above two con_d|t|_0n@very €n+1 belong_s_tq a €ns1= (Ve ni1—Ven) + . (16)

population of a normal distribution and is probabilistically . . 5

independent with each othetthe situation is quite simpli- From EQ.(11) v, 4 is represented as a cumulative{et;,. ;

fied. Therefore, its statistical and probabilistic properties in-Or of {a} with equal weights

cluding randomness are investigated in detail instead of di- n+1

rectly studying{v . Vii1=Vi+ 2 ek, (17)
On the other hand, the large excursion component in k=2

{Vosi} is in either an increasing or decreasing state. As shown

:Vn+(VB,n+17VB,n)+an1v (15)

V1=V nr1— Vet ank. (179
126-05 Equatiops_(l?) and(l_?a) suggest that there are two ways
‘ ~ of characterizindv}: (i) asa, has nearly a constant value
8.08-06 0.000012 — ]
= v |
7 8 i
T 0.000008 ] y
> 4.0E-06 ‘ ‘ \wi
x > 0000004 —— ‘
s s |
0.0E+00
0 '
! :
| | |
-4.0E-06 ! n 1
-40E-06  00E+00  40E-06  80E-06  1.2E05 ~0.000004 | 1 ! 5
Vn[v] 4200 4400 4600 4800 5000
nlnumber]

FIG. 8. Characteristics ofv} and{e} in the plane (o n+1,Voir.n) for
No. 1. FIG. 9. Determination of Eq(11).
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TABLE IV. Statistical quantities of €}2, g5 @Nd{Vor}1o 000 (The case ofVen a0 o00is included)

s.d. Var
Mean (X 1077) (X 107 13) Te /Uv,on Uon,dif/Uv,on Oe¢ /(Ton,dif
No.1 {e} 1.7x10 1 4.11 1.68 0.778
{€xn} 7.80x10°° 4.12 1.70
{Vonditt —9.00x10 5.28 2.79 1.404
{Von—Vonme¢d  —0.26x10°7 3.76 1.41 1.093
No.2 {e.} 1.9x10 10 4.95 2.45 0.804
{exn} —5.88x10° 7 4.92 2.42
{Vonait —8.00x10 * 6.16 3.79 1.410
{Von—Vonmed  —0.16x10° 7 4.37 1.91 1.133
No.3 {e} 1.9x10 10 3.90 1.52 0.765
{exn} 1.80x10°° 3.88 1.51
{Vonit —5.00x10" % 5.10 2.60 1.401
{Von—Vonmed  —0.41x10°7 3.64 1.32 1.071
No. 4 {e} 8.0x10™ 1 3.75 1.41 0.731
{€on} 1.24x10°° 3.72 1.38
{Vonditt 2.00x10 1 5.13 2.63 1.398
{Von—Vonmed  —0.48x10°7 3.67 1.35 1.02

in a certain interval oh and does not vary randomly, . ; or  a large discrepancy between theWen i, however, is evi-
(Ve,n+1—Vg,n) is dominant andii) v o+ 1, independent of  dently different from the other two and spreads out more
Vg On the way ton+1, is dominated by eithevg 1,1 Or  widely as known from Table IV. Equatiofil6) gives the

X ap or both. Certainly, the termvg 41— Vg n) has alarge following for mean values:

weight ine,, . 1. Roughly evaluatingy,, as determined in the
above, it is within the range dfa,|=2-3x10 8 (V/step

from Fig. 5. The purpose of AZ-ON is to eliminate the ef-
fects ofv, on the output reading. As pointed out before, for
implementing the elimination, it should be presumed that
there does not exist any difference caused by the very short ]
time difference, i.e.va,—Va,=0 can always be satisfied. From  Table IV their — actual values  are:
o1 1S Given by = (Vano—Van1)/(Na—ny), or by an av-  €n,av=the order of10%% voq gia=0f10" M. Those of{v e}
eraged value of (s n+1—Van), and is of the ordeta,|  (S€€ Table)l and{Von—Vonmed are of the order of 10’ or
—2-3x10"® (V/step. This magnitude is out of the resolu- 10 ° €nay IS larger thanvn,giray by one figure, andrnyay

tion even for the range of 0.03 V. In this meaning, the role ofthus dominates it. Effects c_)f t_he preamplifier on zero voltage
AZ-ON is completely performedyv, certainly includes the €an thus be completely eliminated fi o - By introduc-
term of {vg} only but is suppressed within1 xV (see Fig. N9 @ procedure of taking the difference between adjacent
2). From Eq.(16) the weight ofa, in €., is not so large. terms in{vg o} it becomes possible. Therefore, the existence

€n,av= Von,dif.avT Xnk,av- (19

Therefore, ine,. , given by of {va} or {ay} as residual voltage is never small and the
operation of AZ-ON is adequate as pointed out above.
€n+17 Voff,n+17 Voff,n Next, let's discuss the variances, gitvar, Vonvar and
={Ven+1— Vet t{Van+1—Van} (19 €n,var Of these sequencds o, gitt, {Vont, and{en}. Von ditvar

] ) o _is related tovop var @S
the second term is forced into negligibly small quantities

compared with the first at every sampling. Nevertheless,
{vo} has large excursions. In addition to this, the range that

{Ven+1—Ve.n} takes is in general wider than that pfg .} o V)
and the same holds betwefry 1~ Va o} and{v ,}. No- 1200 - No.1
ticing these relations, statistical and probabilistic properties ! {Vongic}

. e 1000 ; i
of {vyg}, that is,{va} and{vg}, are subsequently clarified. ‘ o= Vonmech

800 o -
3. Frequency distribution of  {€}

Statistical parameters ofe,} and {von git ={Vonn+1

=1 =1 . . |
~Vonntn-ssed ={VeB.n+1~ VB nin-geed &€ summarized in 400

Table IV and their frequency distributions are indicated in

| / N 7

Fi 10 h f . th of 200 | — ——t . A : \
19. , Wwhere Tor comparisons e case on ] Ve & |
0 = e S I | |

1 _ H 1 H
_Von-'me‘}lo 000 (Vonmed=Median ofvoni 19 009 IS also added. ; -15E-06 -1.0E-06 -5.0E-07 O0.0E+00 5.0E-07 1.0E-06 1.5E-06
Looking at each shape around the peak frequency, a fairly : : ' Wl : S
V|

clear correlation is observed betweee,} and {vg,
—Vonmed IN the same DMM. As a whole there does not exist FIG. 10. Frequency distributions €.}, {Von ditt, @nd{Von—Vonmed-

}No.3

600

Frequency
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Vonditvar=1Ve,n+1~ VB n}var
=E({(Ve,n+1~ Vona) ~ (Vn~Vonal}?)
=E{(Vgn+1~ Vona)} +E{(Vn—Vona)’}
—2E{(Vg n+1~Vona) (Ve n~ Vonal}
=2Vonvar~ 2COMVg n+1,Ve n} (20)

whereE({X,}) indicates the arithmetic average {of,,} and

CoV{Vvg n+1,Vp, nt represents the covariance between the ad

jacent terms ifv,,f. Equation(16) derivese, v, as
€nvar=1(Vent1~Ven) T @nivar
=E({[(Ve,n+1~Vona) ~ (VB,n—Vonal]
+ (e~ apia 1)
=Von,ditvart @nk vart 2COMVon git@nit

or Eq.(18) does it as

(21)

€nva={(Ven+1=Ven) T (Van+1=Van)tvar
=E({[Ven+1=Vona = (VBn—Vonav]
+[(Vani1—Vaa) ~(Van—Vaa)1}?)
=Va ditvart Ve difvart 2COMVa g Ve aitf, (218

where CoYVp gif, @nky and Co¥va gif, Ve, gif} Similarly are
the covariance betwedv,, 4 and{an}, and{va g and
{vg.dgif}, respectively. From their actual valugsee Tables |
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{Vongit into that close to{v,,}. Though AZ-ON aims at
directly eliminatingv, it is doubtful whether the procedure
effectively works.

The noticeable point ok, ,,~=0 gives a hint to us for
proposing a new way of achieving high precision measure-
ment of uV order dc voltage. In practicele} has several
interesting properties, which will be investigated by dividing
{€} into two groups(the reason will be clarified in the pro-
ceeding sections the total series {€}%o0={€n:N
=2,3,.,1000p and the set of even term$ernt2;o00
={€),€4,€5,....€1000¢ OF that of odd ones{eyn1}aogo

:{63,65,67,...,6999§.

2 2 3
4. Randomness of {€,}79 000 aNd {€2n}70 000 O {€2n+119999

The result obtained on the randomnesg fi 1, o0 and
{€an}30000 1S SUMmarized in Table Il together with that of
{Vongitt- The ratiom, . /u, , vSn makes an excursion around
1.33 for {en}2p 000 bUt 1.0 for{ezn}2, 000 Similar to those
shown in Fig. 4. The same as ifesn}t2 00 OCCUS iN
{€an+1)o90s FOr{entu, in Eq. (9) takes a value of nearly 30,
while 1.0 to —1.86 for {e,,}. In {e,} the meaning ofu,
taking such a value is that it happens that such a case does
seldom occur probabilistically. This is closely related to the
fact thatm, , /u, , is close to 1.33. The meaning is that the
number of runs is too many, that is, the teeq- €yeq (Me-

and 1V) we can derive the following important results on dian of {€,}) almost takes a positive and a negative value

these sequences. They are of the same ordergby; is
105-130% 0fv g var aNd 50-60% OW o gi,val = VB, dif,var) s

andv g, gt var IS tWice v, var Equation(20) indicates that the

following holds:

Covvgn+1,Vpnf=0 (209

that is, the adjacent terms ifv,,} are uncorrelated. On

€nvar» E0S.(21) and (218 require: (i) the correlation be-
tween {vgqf and {vagqf IS negative, that s,
CoV{Von dif: @nkf <0, so it will work to reducev op gif var and
(i) the magnitude is of the same order asvigy, gitvar, for
€n.var<Von difvar Nas to be satisfie(Here, we will only say

alternatively with the increase @f The run of length 1 oc-
cupies the greater part if,}. That is, the randomness in
{en} is very low and the regularity is high. On the other
hand, the randomness {&,,} is high. Table Il is very in-
structive on which o/, or vg dominates i e, }, the occur-
rence ratio ifv, gt being just equal to 1.35—-1.38. The first
term (vg n— Vg n-1) in EQ.(18), as pointed out above, plays
a deterministic role for characterizing the randomness of
{en}, while the second one has a large influence on determi-
nation of the shape of histogram 6¢,} but not so on the
randomnesse, v, is about 60% ofv gy, 4it val = VB, dif.var)
(see Table V. v, i is apt to work to reduceg g;. In other

that the correlation is strongly revealed when a small VOItag%vords, the probability that the former has the inverse sign of

of uV order or less is measurgdAssuming thatv, .} is
uncorrelated with the adjacent terneg,y v, is also given as
twice that of vays. Table Il gives Vigyar
=the order of10*2 If Vgvar=Va vart Ve var NOIDS, VA var
has to become dominant Wy, , as the order o/g vy
being 10 2. Consequently, the relationshig va=Va var
+ Vg vart Co{va,vg} has to hold as derived in E¢L2) and
Co{va,vg} has to be positive and dominant {Wy va}-

the latter but does not exceed its absolute value is high.

However, inv , the probability thaw , , has the same sign

as that ofvg , is high. Neverthelesgyv,} has to include the

components which produce large excursion$vigy}.
Summarizing the results obtained in the above, for tak-

ing an average of observation ddta,,} or {v} for deriv-

ing its best estimate, one important requirement is its ran-

However, so long as we adhere to the above evaluation gfomnessiv,, certainly satisfies this. But the so-called drift

a(|a | =2-3%x10"8) based on Eqg128—(16), we cannot
reasonably explain many things: for examplegjfis of the
order of 2—3< 108, the shape of histogram ¢&} is domi-
nated by{v,, 4t and never close t¢v,,}. Figure 10 sug-
gests this. AlthougHv,} may be dependent ofvg}, it is
never small but rather has the same ordef\qf}. {va} has

component has a large influence on zero voltage offset. Its
effect is eliminated i{v,p giff, but randomness ifv o, giff is
low. Consequently, our attention is naturally directed ¢g}
and{e,,}. In particular, the randomness{ia,,} is fit for our
purpose. Another requirement is the degree of correlation or
orthogonality between the adjacent terms. If the correlation

“a power of randomness” which changes the histogram ofis high, the set is not suitable for taking its average.
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FIG. 11. Correlation ife} and{e,n}. (@) ON{e}3, 000 (B) ON {€2n}20 000

G

5. Degree of correlation between adjacent terms in

Ueda, Takajo, and Kazihara

TABLE V. Correlation coefficients ifv,}, {€}, {€2n}, and{von—Vonad-

M up
{Vont (30 vy 0.00249 0.2492
No. 1 {Vort 0.3551 37.125
{Von—Vonad 0.01375 1.3749
{Von,ev& 0.3494 36.471
{Von,ev97 Von,eve,a} 0.01863 1.8629
{Von,ait -0.4958 —54.364
{Von,dif,eve 0.01497 1.0583
{en} —0.4095 —43.490
{€an} 0.01127 0.7968
{Vort (30 vy 0.02386 2.3864
No. 3 {Vort 0.7700 102.02
{Von—Vonad 0.02313 2.3128
{Von,evd 0.7756 103.41
{Von,evef Von,eve,a} 0.01499 1.4992
{Von,aitt —0.4994 —54.840
{Vondievd 0.00793 0.5606
{en} —0.4280 —45.735
{ean} 0.00554 0.3916

u,=+v(n—3)-z,,

[where z,=tanh r {r, in Egs. (24) or (25)}],

(26)

which approximately obeys the normal distributibif0,1),
the results summarized in Table V show —43 to —46 for
{e} andu=0.8 t0—0.4 for{e,,}: (i) at the significance level
5% to both DMMs No. 1 and No. 3, the null hypothesis in
{€} is rejected for almost alt,r, , being negative, which can

For |nvest|gat|ng the degree of the correlation in bothpe regarded as equivalent that the probability that the product

{€}3000 @and {€an}i0000 We assume the following well-
known relationship on the set of residual quantities:

(22

€2n= PeveE2(n—1)T O2n (23
and estimate these, andpeeasr , andrg,e, given by

€n=pP16n—1T 6n,

n
2= 2€k€k—1

2 )

24
SR-2€k (24

ln=

n/2
2L zfzkfz(k 1)
ni2
2 252k

leve,n™ (25

ryn andreye 2 are plotted in Figs. 1(&) and 11b) as a func-
tion of n together with{v,, it and{vgn gin}, for consis-
tency. {Vongit 2} IS the subset comprised of even terms in
{Vongi, corresponding tde,,}. As to the increase af,r,
converges to

n—1000G=ry,
— —0.409 to No. 1 and—0.428 to No. 3
andr ., does to
2n—1000G=T gye
—0.0113 to No. 1 and-0.0055 to No. 3.

In Fig. 11(b), reve.n in the region up tan=1000 is empha-
sized. Whenr,, andrq, 7 are tested with a quantity,
defined by

of adjacent terms is negative is very high. As was indicated
above, this reflects well that the number of run of length 1 is
of absolutely many andii) in {e,,} it is acceptable fon
>at least 200. If Eq(22) can be assumed if¥}, the corre-
lation coefficient betweesr,, ande,_», i.€., peve, IS given by

Peve™ pt2 , (27

that is, the probability thale\,enzrf’n holds is high but in
practice not so. The uncorrelation is directly connected to the
high randomness ifie,,}. That is, in{e} the assumption of
Egs.(22) and(293) is not appropriate{e,,} and{e} are two
different sets in a statistical sense. Error theory is at least
applicable to{e,,}. On the other handyv,, or {vg} have
different properties fror{e,,}. The correlation coefficients
I, calculated by

n
2:k:2Von,kV0n,k—1

M n= (28

n
Ek= lVon,k

are summarized in Table V together with others. Equation
(28) givesr, ,=0.3551 for No. 1 and 0.7701 for No. 3. How-
ever, whenvq, in Eq. (28) is replaced by g, x— Von,av, @and
Von,x in

232/22Von 2<Von 2Ak-1)

n/2
2 k= 1Von X

leven= (29

is done byvgn x— Vonevea(Voneve avf€presents the average
value of{vg, n}), bothr, , andr,., make us accept the null
hypothesis, the uncorrelation.
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{Vonf(zovy has a property that; , itself in Eq. (28) be- !
comes almost equal to zero, the uncorrelatiog,e,=0 0 Vant'so
holds), being both uncorrelated and orthogofibhis means ‘
thatvy, =0 holds), where the model of Eq$22) and(23) 8 ——-|
approximately holds. Furthermore, what arouses our interest ‘
in is the results shown in Fig. 11. Correlation in both
{€}30 000@nd{ €2nt20 000iS dominated by that ofv,, g+ and 4

{Von.difevd, respectively. 2
| | ! X\/\
0 Y ‘ i

Frequency
[=>]

IV. SUITABILITY OF {v,,} AND {€,,} AS ZERO STATE -10E-06 -50E-07 OOE+00  50E-07  10E-06  1.5E-06
MEASUREMENT @) VIV]
Through the above discussions, we found that,} or 12
{€sn_1} has a property much more suitable for the purpose | | Nsn}“’"lso |
of zero state measurement théw,.}. However, either of 10 | IR \
them is a sequence of single measurement and one mus g L | ‘ ent'so

i w T
make sure whether or not the obtained sequence is statisti // B} o
cally under control, in a stable state. The stability of mea- / ﬁ\ ]

surements which is called, in other words, “homogeneity” is

Frequency
(=]

o~

investigated focusing our attention on subgroups obtained by W

properly partitioning{v,} or {e,n}- 2 i %
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The problem of how to partitiofiv,,} or{e,,} into sub-
groups for monitoring their homogeneity remains for us. It isF!G: 12. Histograms for subgroups partitioned fréw} and{ ey} or { ez}
most recommended to have of the order of ten measurements N}? ;ﬁé?)e F‘})lro({)Y°”}5° and {Vontso- (b) For {en}5o and {en}so, and
in a group and to have several such grotfadowever, such ' >"* 2n1s0
measurement number is too small to play a role of represent-
ing any clear best estimate fQv,.}. In order to check this "

o two partitioned groups{Vele, and {Votiss of {vo. for
by picking up{v,, for DMM No. 1, the case of 20 mea- P groups Vottsso onf150 O1 Vo
surements per group and totally 51 groups are treated. Th®&MM No. 1. Their histograms are shown in Fig. (a2
is, {Von is partitioned into subgroup$vontse {Von i These two at a glance clearly differ from each other. Their
{Vortad . {von 399 These groups have the following prop- variances are 1.44610 3 for {v,}5, and 1.062 10 2 for
erties on mean values and variances; the mean value whidl,} 192, Similarly, x? test (y>=n Var/c?) gives; x*= (50
each g[()7up takes scatters in the range from><2L(7T;1 0 Xx1.446)/1.4%51.28 for {v, s, and x?=(50x1.061/
4.4x10 " and the variance spreads from 6.00B) " to 1 446)=37.62 for{v,}i%, both of which remain within the

— 13 . 1 . onf 150
2.54< 107, Under the assumption thioni10000iS @ N0~ gjgnificance pointsy?=32.4< y2< y2=71.4 for the signifi-

. . . 5 0.3
mal population with the variance =1.41<10°™ (from cance levelr=5% and the null hypothesis that these two are
Table ), whether or not these variances can become the un-
biased estimate 062 is checked by applying? test (2 samples produced from the same populatiep,} becomes

—nVar/a?) to them as follows:y2=(20x 6.003< 104/ acceptable._Slm_ll.arIy uqder the same assumptlonl,:ae_st.
1.41% 10‘13)=8.515 and X2:(20><2-45>< 1013141 ON the admissibility of differences between these th:l§
X 10719 =34.75. These values are out of the significance=1.446/1.0631.36<1.60 and 1/1.36:0.56 at the signifi-
limits X§=9-59 andX§=34.l7 for the significance levet cance levela=5% and the null hypothesis is acceptable.
=5%. The corresponding variance limits are 6<78 '*  These suggest: For achieving high precision measurement of
and 2.40kX10° %3, respectively, and the group number, zero state based div,,}, a data number more than at least
which remains within the limits, is 47, 92% of the total. The 50 has to be included in one measurement, though the zero
tendency like this is not so variant even if the number ofygjtage offset remains without becoming equal to zero. Even
groups is increased. About 8% of the total at least cannot bg geyeral units of DMMs are utilized in parallel, we can not
regarded as a sample frgm the same populgfiqg, none necessarily expect high accuracy and precision based on AZ-
the less they belong to it. Such groups that are out of th . . .

N. Here, a comment which we would like to add to is that

significance limits are another population, statistically. In .
practice, ar--test on the admissibility of differences of vari- these are all based on the assumption {lgf} belongs to a

ances indicates this. For these two groups having the varpormal distributi_on. Almost the same thing occurs for DMM
ance of 6.00%10 1% and 2.45¢10 13, respectively,F,  NO. 3. As mentioned before, we took 120 or 240 measure-

=(2.45x 10 1¥6.003< 10 19 =4.23 is larger than the ments per group for identifying the populati¢wng} of {v o}
boundary value 2.5 for the significance levet:5%. and {Vonf(z0v)- The background is based on the result
Next, as a case of 50 measurements per group let’s picthrough the above discussion.
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B. Homogeneity of the time series and histogram in Through these discussions, one important conclusion de-
some parts of {e,} or {ez,} rived is that, sincév,} is considered to be largely influenced

Let's consider the same thing f6e,,} and take up such by {vg}, th_e state of_AZ-OFF h_a_ts amore extensive potential
a case that one group contains only ten observations; each g performing to their full specifications for measurement of
{en, k=110, {ex, k=11-20, {5, k=21-30,..., giv- ©V level dc voltage than that of AZ-ON. A preferable pro-
ing a measurement group, and totally 51 groups are chosefiedure, as is suggested from the above discussions, is given
The mean value remains within 2.0< 10~". The variance &t AZ-OFF as composed of two modes per measurenvent:
spreads from 3.66710 10 4.467x 10~ 3. Theiry? testto IS f|rst, mgasured as;), and subseq-uen-tly fqr zero correc-
(620000 OF {€2d%500 Gives 10<3.667x10 4/1.688 tion v ) is done under the short-circuited input terminals
x10 B=2 17 and 16X 4.467< 10 131 688x 10-13  (see Fig. 1 Then, the corrected value, produced as/,
—26.46. These values certainly are out of the significancé V(1) V(2) 1S Vm=Vs* Verror, Where v, represents just
points y2=3.25 and y2=20.5 for a=5%. The groups the term ofe,,. Thus,{e,,} is a set of error voltage. The
which remain within the boundaries of 5240 14 ang €valuation is summarized as follows. Under a repetition mea-
3.481x 10" 12 are 41 and occupy 81% of the total. This rate surement in which one repetition includes only ten observa-
rises rapidly by increasing the measurement number petj,ons, the mean value of the error voltage in each repetition
group. remains within+2x 10" 7V and the s.d. specifying the mea-
Next, let's examine{e}él and {6}% and {Ezn}f-,l and Surement precision is 1.2<61(_)‘7V. This gives a satisfac-
{fzn}igi- Their histograms shown in Fig. {8 give an im- tory performance for measuringV level dc voltage.
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