ELECTROMAGNETIC MEASUREMENTS

Using power spectra and Allan variances to characterise
the noise of Zener-diode voltage standards

T.4.Witt and D.Reymann

Abstract: The dilferences between the vellage outputs of Zener-diode based eleclronic vollage
standards (Zeners) and standard cells, between Zeners and a Josephson array vollage standard
{JAVS) and hetween pairs of Zeners are mcasured. The data arc analysed as time series. They are
serially correlated so that the use of the usual expression for the standard deviation of the mean, the
experimental standard deviation divided by the square root of the number of measurements, Lo
characterise the dispersion is not justified. Noise in Zeners is of a 1/ nature and is characterised by
using the power spectral density and Allan variance, a statistic used in time and frequency metrology.
The uncertainty in the measurements of the 10V outputs of 13 Zeners is limited by 1/f noise to a
“floor’ value ranging between two parts in 10° and eight paris in [0° of the nominal output value.
Methods arc proposed for estimating the Allan variance of a Zener using either a standard cell, a

JAVS, or a small group of similar Zeners.

1 Introduction

This paper is one of a series (references to which are made
in the following text) addressing the issue of serial correla-
tions in electrical measurcments. Correlations have an
important influence on the characterisation of the scatter in
a set of measurements. By repeating measurcments under
nearly identical circumstances, metrologists hope to reduce
the uncertainty component due to random effects in the
measurements. In particular, the dispersion of the mean
value of the results of # repetitions of 4 measurement is tra-
ditionally characterised by the sample standard deviation &
divided by #'2, This analysis is only justified if the obscrva-
tions are independent and have the same probability distri-
bution. Alternatively, a histogram of the observations may
have the appearance of a normal distribution and, when so,
this may be incorrectly considered to imply that the stand-
ard deviation of the mean is given by 5 72, In fact, even
highly correlated data may havc a histogram that appears
to be normal. These general issues are lreated in more
detail elsewhere [1, 2].

This paper presents a specific application ol some of the
techniques described in [1] 1o the measurement of clectronic
voltage standards referenced to internal Zener diodes
(Zeners). These instruments play a crucial role in DC volt-
age metrology at the very highest levels of accuracy.
Indeed, nearly all DC voltage measurements are linked to
Josephson standards through traceability chains containing
Zeners, Zeners are measured directly with Josephson array
voltage standards (JAVS) and arc used as working stand-
ards to disseminate DC voltage standards. The most
demanding use 1o which they are put is to serve as travel-
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ling standards between laboratorics, particularly national
metrology institutes, for the purpose of cheeking the agree-
ment between different realisations of Josephson standards.
The latler are capable of providing a 10V or 1L.O18V refer-
ence standard of voltage having combined standard uncer-
taintics of’ 0.50V or less. The main result presented in this
paper is that 14/ noise in Zeners limits the uncertainty of all
Zener vollage measurements to at least several parts in 10°
of the output voltage. This means that laboratories that do
not posses Josephson vollage standards and use Zeners as
primary veltage standards cannot realistically expect Lo
achicve vollage measurcment uncertaintics of one part in
108,

In previous woerk [3, 4] we used spectral analysis to iden-
tify 1/ noise in a few Zeners, Such noise imposcs a practi-
cal limit on the accuracy of Zeners. The Zener voltage
scems to retain some ‘memory” of its previous values and to
move away from them in a random way. In contrast to this
behaviour, if cach succeeding measurcment value is inde-
pendent of previous values, the noise is white. Although
spectral analysis can identify the presence of 14 noise, it
does not directly yield a statistic coniparable Lo the stand-
ard deviation of the mean. For over 3¢ years, the lime and
frequency communitly has been routinely using the Allan
variance 1o describe scatler in correlated obscrvations,
(Many key papers are grouped in [5].) In this work we take
up Allar’s suggestion [6] to use the Allan variance to
describe the scatler in measurements outside the domain of
time and (requency.

We report here for the first time the results of a system-
atic study of a statistically significant group of Zeners (13
Fluke 732A and 732B instruments) and give valucs of the
Allan deviations corresponding to the 1/f noise floor. The
calculations of the Allan deviations are based on three
methods. Allan deviations of 1.OI8V Zener outpul levels
were calculated from data obtained by comparison with
standard cells. The most accurate estimates of the Alian
deviations of both 1.018V and 10V Zener levels were
obtained from direct comparisons with the JAVS at the
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Bureau International des Poids el Mesures (BIPM). At the
1018V level, comparisons with standard cclls give Allan
deviations that agree well with those obtained via the
JAVS. Because most users of Zencrs have access neither to
a JAVS nor to good standard cells, we also studied a
method using only pairwise measurements of groups of
three Zeners. The resulis are in rcasonable agreement with
those obtained using a JAVS.

2 Data analysis

2.1 Power spectral density

We suppose that 3(#) is a continuous variable, in our case a
voltage, measured at equally spaced time intervals, For
samples taken over a frame time Ty, the power spectral
density (PSD) S,(/) is given by

Sy(f) = Jim —]E [V (f, 1) )"] 1)

where Y{f, Ty) is the ﬁmte Fourier transform of y(7), [ is
the Fourier frequency, and the operator E denotes the
expectation operator. When caleulating the PSD, we
believe thal there are advantages to dividing up a long time
interval into a small number np (between three and ten) of
nonoverlapping adjacent intervals cach of duration 7% and
each containing A, mecasurements. I[ndividual mcasure-
ments are spaced over equal time intervals Az. The preci-
sion of the PSD increases as n;72 and averaging helps to
distinguish real spectral features from noise. We cstimate .S,
using ([7] eqn. 11.102);

ne

Sy(fe) = _—ZW U TO)2 k=0,1,...,No/2
(2)

The Fourier transform of y(f)
Ty

= / y(t) exp(—2wift)dt
0

has units Vs. Consequently, the units of S, are Vi =
VZ/Hz. Modern analysis software is capable of calculating
fast Fourier transforms of time series of 100 00Q points in
aboul one minute using a PC. By using cqn. 2 1o analyse
data acquired by a DVM we effectively use the DVM as a
low-frequency spectrum analyser.

Y(faﬂ‘)

2.2 Allan variance

The Allan variance provides a way of characterising meas-
urement processes in the time domain, It is related to the
PSD and il too can reveal correlations in time series. It is
gasicr to calculate than the PSD and does not require
calculation of Fourier transforms. Because the Allan vari-
ance has long been used in time and frequency metrology,

its interpretation is well established. Commercial softwarc is
even available to calculaic Allan variances [8].

Suppose that y(7) is measured at equally spaced time
intervals 7, that the mean value in the kth time interval is
Vi, and that there is no significant dead time between the
end of the kth interval and the beginning of the (k + 1)th
interval. For long-lerm Zener measurcments, lasting a day
or more, it may be desirable to first correct the raw data
for linear drift. The Allan variance can be expressed as

o20) = { (e~ 7)) 12 (3)

where the angular brackets denote an infinite time average.
In practice, a finite number A of measurements are carried
out with minimum intervals 7, Adjacent intervals with
durations 7, 215, 37, ... can be constructed and the Allan
variance can be estimated [rom (9] p.75)

Ii

G =" [T (D — (D) 28 ()
h=1

where Py is the number of pairs of ¥ given by Int(M/n) -
corresponding to 7 = nr. Eqn. 4 is the practical working
formula for calculating the Allan variance. For cach value
of n, eqn. 4 is used to culculate (}},2(.'11‘0).

In time and frequency metrology it has been observed
that random fluctuations may be modelled by the following

power law:
2
Y= D hof" (5)

a=—3
where the PSD S{/} is given at the Fourier frequency /£,
and the A, are inlensity coclTicients. For Zener and voltme-
ter measurcments we observe values of @ = 0 and a = -1,
corresponding to white noise and 1/ noise, respectively.
The Allan variance is related to the PSD by the following
integral expression:

(xfr)?

where H(f) is the unitless transler function of the detector.
Tn this work, one detector is a digital nanovoltmeter used
without filters. The transfer function is unity up to a cutoff
(requency f;, and zero for higher frequencies, so that the
upper integration limit in eqn. 6 is f.. For the analogue
nanovoltmeter used in this work, |[H(? is, 1o a good
approximation, the transfer function of a low-pass filter
(1 + (i) ! with characleristic frequency f;, and an equiv-
alent noise bandwidth £, of about 1 Hz. As is the practice in
time and frequency metrology, our results will be presented
as Allan (standard) deviations. The key to interpreting
PSDs and Allan deviations [10] is given in Table 1. The
tabulated expressions apply either to the case of a sharp

201 =2 [ s, Ty e
0

Table 1: Characteristics of stability regimes in voltage measurements

Name PSD S4f}  Allan variance o,2{r)  Altan deviation ait)

White noise o hol2t {ho/2) V2 ¢-102
%ﬂzfnzho'f, T << 1t ( 2f2h yiz et

1/fnoise haf! 2h4In2 (2h_1 In 212

Random walk noise hof? Enlh st (Bm?h_g)1? 112

Linear drift y{f) = 15242 (a2t

Sinusoidal perturbation LAZ sinYmhpMinfyr?  [Asin’(xfiylfinfyr) =

yit) = Acos{2rfiyt)

Al - cos(2afyn) {2z iyt

T Short sampling times «.7 << 1 and single-pole filter with equivalent noise bandwidth £,
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cut-off frequency f, or a single-pole filter having an equiva-
lent noise bandwidth of f. The daggers note the case for
white noisc where the single-pole lilter has a [unctional
dependence different {rom that of the sharp cut-olT filter.
Table | includes two nonstochastic effects: lincar drilt and
a parasitic oscillation of amplitude 4 and (requency fy.
The latter effect is observed i some of owr data.

We always measure voltage differences between o Zener
and a second standard. When the sccond standard is a
standard cell or a JAVS, both of which have lower noise
than the Zener [3, 4, 11]. we may assume that all of the
noise is [rom the Zener. However, il this approximation is
not true, the quantity p in eqn. 4 is the average difference
between two voltages, U, - U, lor, say, two Zeners p and
q. What is more, if there are correlations between them
[12], eqn. 4 should be modified to

G (1) = () + () ’Z{ [0 (1) = 7))
[ (1) = B ] } 175 ()

where the terms in the summalion account [or corrclations
between p and . Suppose we add a third Zener roand
measure the three possible pairwise voltage ditferences. [
we assuwime that the correlations in eqn. 7 are negligible, we
have

G, (1) = GR(T) + Gi{r)

and - 62(r) = (o], () + &2.(7) - gLim) /2 (®)

I pr

where the indices p, q and r are cyclic. The method of esti-
mating the Allan variances of individual instruments by the
pairwise comparison of three instruments is called the
‘threc-cornered  hat’ method. Eqn. § are only rough
approximations and could lead to negative (unphysical)
varianees in some cases; they must be used with caution, In
the present work we are abie to check the validity of the
assumplion ol negligible corrclations by comparing results
of Zener/Zener measurements with those of Zener/standard
cell and Zenet/JAVS measurcments.

3  Measurement methods

The measurements were carried oul on Fluke model 732A
and 7328 Zeners, Both provide output voltages ol 1,018V
and 10V, Within an instrument the two outputs arc not
independent; a resistive divider is used to devive the 1,018V
signal from that at [0V. Both output voltages were studied
in this work. Three measurcment procedures arc used 1o
evaluate the noise of a Zencr. The {irst is to connect the
[.OI8Y output of the Zener i serics opposilion 1o a stand-
ard cell and to read the vollage difference using a Hewlett-
Packard 34420A digital nanovolimeter. A good standard
cell has a characteristic noise simifar to the thermal noise of
a resistor of a few hundred ohms. A lypical run may
consist of 8192 measurements madce at a rate of 0.13s per
reading. The second and most accurate procedure is (o
compate the Zener outpul voltages with those of a BIPM
JAVS using an EM Nla analogue nanovoltmeter (on the
10 or 3uV ranges) and record the readings vsing a digital
voltmeter connected Lo the output via an optically coupled
isolation amplificr. A typical run conststs of four rames of
8192 points cach, taken at a rate ol one point every 0.52 or
0.12s, depending on the time required lor the DVM Lo
acquire a single point, Thus, in some cases the JAVS must
deliver a continuously stabic voltage for over one hour. In
the third procedure two Zenets are compared at LOISY or
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al 10V, The measurement process is almost identical to
that used with the standard cell, but the data are analysed
using the three-cornered hat method.

In all three procedures, cach point consists of a voltage
and the corresponding time. Data arc stored on a PC
controlling the mcasurements and several runs can be
strung together to form a longer measurement series. Any
such measurements are sensitive to perturbations due to
temperature variations (which may be cyclic) and to clec-
tromagnetic  interference (EMI). Such  cffects  were
frequently monitored by using the nanovoltmeters to meas-
ure the signals obtained with the voltage standards replaced
cither hy a wirewound resistor or by a short circuit.

4 Resuits

Fig. | shows the Allan deviation as a function of sampling
time lor measurements ol the voltage difference between a
LOIBV Zener output and a standard cell using an H-P
34420A. Tror sampling times below 10s, the Allan deviation
decreases nearly as =12, indicating that in this range the
noisc is almost white. (In fact, the PSD shows a perturba-
tion at 1.6Hz which appcars as an increase of the Allan
deviation near 1/L.6Hz = 0.68) The Allan deviation
becomes nearly flat over the range from 20 to 320s, indi-
cated by the heavy horizontal line in ig. 1. This is the 1/
noise loor and its experimental value is estimated by aver-
aging the Allan variances over the corresponding range of
sampling times, giving a value of 0.0089uV. This is indi-
cated by the horizontal dashed line. Another quasiperiodic
perturbation, this onc having a period between 500 and
1000s, is probably due to cycling of the laboratory air con-
ditioning. The observation of the noise floor after only 20s
ol sampling time is somewhal surprising. [t means that for
this nanovoltmeter no increase in accuracy 18 gained by
extending the Zener measurements over times greater than
20s.

10

. Allan deviation, uV
o

o

-1 ¢ 1 2
10 10 10 10 10 10
sampling time, s

Fig. 1  Alan deviation ageainst sampling time for measirenient of Zener 134
witlt respest o a stendard cell

Bars represent |- conlidence intervals; longer caps corespond to white noise,
shorter caps o L noise, The Allan deviation ol the I/f noisc [loar, which appears as
a horizontal ine in an Allan deviation plot, is estimated Mrom Allan variances of the
five circles crossed by the thick black Tme. The dashed diagonal line indicates the
expected slope for pure white noise

The most accurate method we found to evaluate the L/f
noisc of the Zeners is Lo directly compare them to a JAVS
at 1.018 or 10V, Since the output voltage of the JAVS cun
be adjusted to nearly equal that of the Zener, a sensitive
analogue detector, the EM Nla operating on the I, 3 or
10uV ranges, was used [or these measurements, Fig 2a
shows the Allan deviation calculated from the measurc-
ment of the 10V output of a Zener with the JAVS and the
Nla. This detector is fitted with an input filter that imposes

179



a time constant in its response to input voltages so that at
short sampling times its response to while noise is approxi-
mately that of a single-pole filter. This is indicated in
Table 1 with a dagger. For the shortest sampling times, the
Allan doviation approaches a 7/ dependence. Beginning at
a sampling time of 2s, the 1/f noise floor of the Zener is
already attained. In this case, by the vsual method of aver-
aging the Allan variances in the 1/f noise regime, we find a
1/f noise floor of the Allan deviation equal to 0.068uV.
Comparison with Fig. 1 illustrates that the 1/f noise floor is
a characteristic of the Zener and the sampling time required
to achieve the noise floor depends on the PSD of the detee-
tor.
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sampling time, s

Fig.2  Allun deviation for comparison of Zener BS al 10V with JAVS and
Jor analogre narovolimeter wsed with inpt short-civcutted

Hoarizontal line represents Lf noise floor

a Zener

b Short-cireuited detector

Fig. 2b shows the Allan deviation for the Nla detector
with the input terminals shorted. It shows the clfect of the
input filter at small sampling times. This is followed by a
while noise regime in the time range from 1 to 10s. At
longer times we sce the effects of a periodic perturbation
due to cycling of the air conditioning with a period ol
1000s (16 min). Throughout the sampling time range, the
Allan deviation of the detcctor remains well below that of
the Zener. In the 10V measurements the equivalent noise
resistance of the analogue nanovoltmeier was 358 and is
much greater than the source resistance of the 10V outputs
of the Zeners or the JAVS.

Fig. 3a shows the first 1024 measured voltage differences
between the 10V Zener and the JAVS, This is a portion of
the raw data from which the Allan deviation given in
Fig. 2 is calculated. Figs. 35, ¢ and d show the smoothing
effect obtained by averaging adjacent groups of 4, 42 and 4°
points. The persistent skeleton due to the 1/ noise can
clearly be seen.

Fig. 4 shows the PSD for the case of the short-circuiled
analogue nanovoltmeter. Tt is calculated from the time
series that gives the Allan deviation shown in Fig. 2b. The
high-frequency roll-off above 0.5Hz is due to the input
filter, The PSD is flat in the white noise regime. This is
followed by a poorly defined peak appearing slightly below
0.001Hz. For any time series the spectrum calculated for
the widest possiblc frequency span, as in Fig, 4a, has a
ragged appearance. Increasing the mcasuring time only
increases the frequency span. Dividing the original time
serics into #; frames and averaging spectra as in eqn. 2
yields smoothed specira revealing high-frequency features
nearly lost in the widest-span spectrum. The cost is the
increase of the low-frequency limit by a factor of np/2.
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Curves b and ¢ of Fig. 4 show the effects of averaging 15
frames cach of 22 points and 255 frames each of 2 poinis,
respectively. They show more clearly the roll-off, a pertur- -
bation ol fundamental frequency 0.0827Hz and its odd
harmonics up to the 13th. For clarity, the spectra in
Figs. 4 and ¢ are displaced vertically by dividing by
factors of 10 and 100, respectively.
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Fig.3 Chonologiced plot of first 1024 measured voltuge differences between
10V Zener and JAVS from which is caladated the Allon deviation in Fig. 2a

b, ¢ and ¢ show smoothing effeel obtained by averaging successive groups of 4, 42
and 4 points, respectively. The persistent skeleton due to the 1/f noise can cleatly be
seen. Successive plots are displaced vertically for clarity
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Fig.4 pPsp ('(JJ'!‘L;.}‘[R)filffﬁig to case of shore-circuited analoguie narovolimeier
Srom the duta that led to g 2b

o One lrame of 21 points

b 15 Trames cach of 212 points

¢ 255 frames cach of 28 points

Curves & and ¢ are verlically displaced by [actors of 10 and 100, respectively
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Allan deviaticn at 1/f floor, uV
Fig.5  Summiary of Altan deviations at 1f floor for 10V outputs of 13 732B

instruments deciced from JAVS measurements
Cross-halched shading corcesponds to values from nstruments litled with M-type
Zener relerences
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Fig. 5 summariscs the results of our determinations from
JAVS comparison data of the Allan deviation of the /f
noise floor for the 10V outputs of 13 732A and 732B
Zeners. The values lie between 0.02 and 0.08V. Previous
information supplied by the manufacturer allows us to
identify the basic reference/amplifier elements as M-lype or
L-type according to the component supplier [13]. We
observe that the three instruments fitted with the 1.-type
reference/amplifier (indicated by the cross-hatching) have a
lower 1/f noise floor.

0.011 4V

_

0

Allan deviation, uV

4] i 2 3 4

10 10 10 10 10 10
sampling time, s

Fig.6 Al deviation for measured voltage difference benween LOISV oul-
puts of Zeners B4 and B9 for which the total source resisiunce is 2k82 and for
voltages measured across 2662 resistor with seme DVM
Vorizontal line represents 14/ noise floor for the two Zeners, This is one clement of
& three-cornered hat
a Lenets
b 2k€) resistor

Fig. 6a represents the estimated Allan deviation [or the
measurement in which two 1,018V Zener outputs are com-
pared using the DVM as the detector. The measurement is
an clement of the three-cornered hat method. Agam, atl
small sampling times a slight increase in the noise above the
white noise level can be perceived. The Allan deviation of
the 1/f noise floor is estimated (rom the mean Allan vari-
ances over the range indicated by the heavy horizontal line.
The dashed horizontal line indicates a L/f noise floor value
of 0.011pV. Fig. 6h shows the Allan deviation obtained
from measurements using the same DYM with a 2k€ resis-
tor on its input so that the source resistance is the same us
that of the Zener measurement in Fig. 6a. Although the
Allan variance of the detector appears to tend toward a
constant value for long sampling times, this limiting valuc
is an order of magnitude below the 1/f noise floor of the
Zeners so we rule out the possibility of the 1/f noise being
due to the detector. The enhapced white noise in Fig. 6u
over that of Fig. 65 is belicved to be due mainly to current
noise in the Zeners.

The PSD for the Zener measurement of Fig. 6a is shown
in Fig. 7. Tt illustrates the advantages of using both the
PSD) and the Allan variance to characterise noise and to
determine the time span of the ‘flat” part of the Allan devi-
ation. A least-squares fit to the low-frequency part is shown
as a straight line in Fig, 7; the calculated slopc is - 0.93, a
value close enough to -1 to quality this as 1/f noise. A
‘corner frequency’ separating the white noise regime rom
the 1/f regime occurs near 0,065Hz, In the Allan deviation
plot the reciprocal of this frequency, 15s, corresponds to
the approximate end of the '? dependence and the onset
of the 1 dependence seen in Fig. 6a. A perturbation of
frequency 2.4Hz appears as a peak in the PSD.
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Fourier frequency, Hz

Fig.7  PSD for Lenee/Zener comparison duia that led to Allon deviation of
g, 60 vesiting from mean of 19 fraimes each of 27 points

Broken line through the lirst 20 points resulls from o least-squares fit that gives a
slope of - 0.93. In such o logarithmic plot the PSI? ler 14/ noise has a slope of - -1 A
periodic pertuchation appears al 2.4 H«

Fig. 8« shows a portion of the raw data, measured volt-
age difference against measuring time from which the func-
tions shown in Figs. 6 and 7 were calculated. In Figs. 86 to
e these data arc averaged into groups of 4, 4, 4% and 44
successive points, respectively, Tf the noise were white, in
moving from ¢ Lo ¢ the dispersion in cach plot would
decrease by a factor of two with respect to the plot above
it. This seems (o be true th moving (rom a to ¢ but this is
not so when moving from ¢ to ¢. The persistence of an
iregular “skeleton’ is a characteristic of 1/f noise. The data
in ¢ were correcled for a drift rate of aboul tpV/s so that
the cotrection at the end of the time span shown in Fig, 8
was 1.4nV and could have been ignored in this case. Such a
drift would be ncarly imperceptible in Fig. 8.
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Fig.8 Fisr 12288 measured voltage differences beiween two Zeners ol
LOI8Y

This is a portion of the data ijm which ligs. 6 and 7 were caleulated, In A data
are averaged imlo groups of 4, 47, 41 and 47 successive points, respeetively; successive
plots are shifted downwznd lor clarity

Table 2 compares the results of our determinations of &
for 1.O18V outputs of three Zeners (under batlety power)
via comparisons with good standard cells with those
obtained from comparisons with the JAVS, and shows that
the agreement is quite good.

Table 3 compares the results of our determinations of &,
for 1.018V outputs of three Zeners, fitted with L-type refer-
encefamplifiers, via the three-cornered hat method with the
more accurite estimates obtained from comparisons with
the TJAVS. For these measurcments the instruments were
operated under internal battery power. The agreement is
quite good. Table 4 compares the results of our determina-
tions of the Allan deviation at the 1/ noise floor &y
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obtained for 10V outputs of threc Zeners (operated under
internal battery power} via the three<cornered hat method
with the more accutale estimates obtained from compari-
sons with the JAVS. Again the agreement is good. The
results in Tables 3 and 4 imply that our assumption of neg-
ligible Allan covariance between pairs of Zeners may be a
good approximation.

Table 2; Comparison of determinations of Allan deviations
at 1/f noise floor 54 of 1.018V Zeners obtained by compari-
son with good standard cells {SC) with those obtained by
comparison with Josephson standard (JAVS)

Zener S uVv AN 100 x {S—-NiJ
B4 0.0089 0.0065 37
B8 0.0071 0.0074 -4
B9 0.0073 0.0073 0

5=5,(SC), J= g (JAVS)

Table 3: Comparison of determinations of Allan deviations
at 1/f noise floor &y of 1.018V Zeners obtained by three-
cornered hat method {3CH) with those obtained by compar-
isons with Josephson standard (JAVS)

Zener C, uV JouV 100 x (C- NJ
B4 0.0074 0.0065 14 -
B8 0.0097 0.0074 31

B9 0.0079 0.0073 8

C= 613CH), J= 0y (JAVS)

Table 4: Comparison of determinations of Allan deviations
at 1/f noise floor & of 10V Zeners obtained by three-
cornered bat method (3CH) with those obtained by compar-
isons with Josephson standard {(JAVS}

Zener C,nv Juv 100 x {C— /S
B1 0.065 0.044 25
BY 0.072 0.066 9
B8 0.076 0.077 7

C=67(3CH), J = g (JAVS)

This paper proposes methods for examining and quanti-
fying U/f noise in Zeners bul docs not propose a mecha-
nism. An old report of 1/f noise in a component Zener
diode of a type different from those used in the 732 instru-
ments is given in the literature [14).

5 Conclusions
For the Zeners we tested the random measurement uncer-

tainty is ultimately limited by 1/f noise, successive measure-
ments are correlated, and prolonging measurement times

canhot reduce the uncertainty component due to random
clfects in the measurements. Using currently available
nanovoltmeters, the 1/f noise floor is attained in times of
tens of seconds or less. The Allan variance provides a way
of expressing measurement scaller in cascs where scrial
correlations are important. Relalive to the output voltages,
the noise floor corresponds to aboul 7 parts in 10° for the
LOIBV outputs of three (type-l.) Zeners and from 2 parts
in 10° to 8 parts in 10° for the 10V outputs of 13 Zeners.
We show that the three-cornered hat method can be used
(o roughly cstimate the Allan deviation of individual
Zeners from pairwise Zener measarements, even under the
simplifying assumption that Allan covariances are negligi-
ble. This offers the possibility of determining Allan devia-
tions without recourse to either a Josephson standard or
stable standard cell. Finally, we find evidence that 1/f noise
in Zeners varies with manuofacturer of the component
Zener diode. This may mean that some improvement in the
manulacturing process may be possible 1o lower the accu-
racy limit on Zeners imposed by 1/f noise.
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