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Abstracl: The dikrcnces between tlie voltage outputs of Zener-diode h s e d  clcclronic vollilgc 
standards (Zeners) and standard cells, hetwccn Zcners and ti .Ioscphson array volhge standard 
(JAVS) and bctwccn pairs of Zeners are nhcasurcd. The dala arc analysed as time series. ‘They are 
serially correlated so that the use or the usual cxprcssioii for the slandard (levkition 01‘ the inum, thc 
experimental standard deviation divided by tlie square root of the numhcr of meiisuremeiits, to 
characterise Ihc dispersion is not justilicd. Noise in Zeners i s  of ti 1//’1lature and is chiinictcriscd by 
using the power spectral density and Allan variaiice, ii skitistic uscd in lime and kcqucncy metrology. 
The uncertainty i n  the measurements of the IOV outputs of 13 Zcncrs is limited by I/fnoise lo 21 

‘floor’ value ranging between two parts i n  IO9 and eight park i i i  IOq of the uoiiiiiliil output value. 
Methods arc proposed for estimating tlie Allaii variance of a Zener using either a slandard ccll, a 
JAVS, or a small group of similar Zeners. 

1 Introduction 

This paper is one of a series (refcrcnccs to which are madc 
in the following lcxt) addressing tlie issue oT serial correla- 
tions in electrical measurements. Correlations liavc a n  
important influence on the characterisation of the scatlcr in 
a set of measurements. By vepeating mcasurcments under 
nearly identical circumstances, metrologists hope lo reduce 
the uncertainty component due to random cflects i i i  the 
measurements. In particular, the dispersion of thc meall 
value of  the results orn rcpotitions of a measuremeiil is tra- 
ditionally characterised by the samplc standard deviatiou ,Y 

divided by diZ. This analysis is only justified if tlic obscrni- 
tions are independent and have the same probability dislvi- 
bution. Alternatively, a histogram of the observations may 
have the appearance of a norinal distribution and, wlieii so, 
this may he incorrectly coiisidered to imply that the stand- 
ard deviation of the mean is given by s d”. In Fact, even 
highly correlated data may have a histogram that appears 
to be normal. These general issues arc treated in more 
detail elsewhere [ l ,  21. 

This paper presents a specific application or some of the 
techniques described in [ I ]  lo the measurement of clcctronic 
voltage standards referenced to internal Zcncr diodes 
(Zeners). These instruments play a crucial role in DC voll- 
age metrology at the very highest levels of accuracy. 
Indeed, nearly all DC voltage incasuremenls are linked to 
Josephson standards through traceability chains containing 
Zcncrs. Zeners are measured dii-cctly with Josephson array 
voltage standards (.IAVS) and arc uscd as working sland- 
ards to disseminate DC voltage skindards. The mosl 
deinanding use to which they are pot is to scrvc as travel- 

liug standards hctweeri lahoratorics. piirlicukirly national 
metrology inslitules, Tor Lhc purpose or checking the agree- 
ment bctwccn dif~erent realisalions of .loscplison standards. 
The latter are capable of providing ii IOV or 1.018V refer- 
ence stmdard of voltage having comhined standard uiiccr- 
tnintics of  0.5nV or less. The iiiaiii rcsult pi-cseuted in this 
paper is tllat l//’noisc in Zeners limits tlie uncertainty of all 
Zener voltage imaistiremciils to at least scvcmi p a r ~ s  iii IO9 
of tlic output volhgc. This means [hiit labol-iilories that do 
not posses Josephson voltage standards and use Zeners as 
primary voltage staiidards cannot realistically expccl to 
achieve volkige measurcment uncertainties of one part iii 

IO*. 
In prcvious work [3, 41 wc uscd spectral analysis to iden- 

tify l//noisc in  a Tew Zencrs. Such iioise iinposcs a practi- 
cal limit on [lie iiccuracy of Zcncrs. The Zener voltage 
sccliis to retain sonic ‘memory’ of its previous values and to 
move away from them iii ii random way. In contrast tu this 
bcluiviour, if cadi succeediiig meiisiircment value is inde- 
peiidcnt of previous values, tlie noise is white. Although 
spectral analysis can identify the prcscncc of I// noise, it 
does no1 directly yield ii slatistic comparable to the sland- 
arc1 devialion of tlie mean. For ovcr 30 years, tlic Limc and 
fi-eequency commtinily lias heen rouliiicly using the Allan 
varkance to describe scattcr in correlated ohscrvations. 
(Maiiy key papers ai-e grouped i n  [SI.) In  this work we take 
up Allan’s suggestion [6] to usc the Alliin variance to 
descrihe tlic scatter i n  measurcmcnts outside tlic domain of 
time and rrcquency. 

We report hcrc ror tlie first time the results of ii systetn- 
atic study of a statistically significant group of Zeuers (13 
Flukc 732.4 and 7328 itistruments) aiid give values or the 
Allan deviations corrcspouding to the Ilf noise floor. The 
calculations of the Allan deviations arc based on three 
methods. Allan deviations of 1.01 8V Zener output lcvcls 
were calculated from data oblaiiied by comparison with 
standard cclls. The most accurate eslimates of  the Allan 
deviations of both 1.018V and IOV Zener levels were 
obtained from dit-ect comparisons with tlic JAVS at the 
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Bureau International des Poids et Mesurcs (BIPM). At the 
1.018V level, coinpiirisons with slandard cclls give Allan 
deviations that agree well with those obtained via the 
JAW. Beciiuse most users of Zencrs have access neither to 
a JAVS 1101' to good standard cells, we also studied a 
method using only pairwise measurements of groups of 
three Zeners. The results are in reasonable agreement with 
those obtained usiiig a JAVS. 

2 Data analysis 

2. I Power spectral density 
We suppose that y(t)  is a continuous variable, in our case a 
voltage, measurcd at equally spaced tinic intervals. For 
samples taken over ii frame time TF, the power spectral 
density (PSD) Sru) is given by 

where Y(f; T,) is the finite Fouricr trimsforin of y(t), J'is 
the Fourier frequency, and the operator E dcnotes the 
expectation operator. When calculating the PSD, we 
believe that there are advaiilages to dividing up a long time 
interval into a small number nF (between three and ten) of 
nonoverlapping adjacent intervals cach of duratiou TF and 
each containing No mcasuremcnts. Individual mcasure- 
ments are spaced over cqual time intervals At.  The preci- 
sion of the PSD increases a s  n1;'" and averaging helps to 
distinguish real spectral features from noise. We estimate S, 
using([7]cqn. 11.102): 

The Fourier transform of y ( / )  
T,,. 

Y ( f ,Tp)  = y ( t )  exp(-Z?rift)dl I (1 

has units Vs. Consequently, the units of S, are V2s = 
V2/Hz. Modern analysis software is capable of calculating 
fast Fourier transforms of time series of 100 000 points in 
about one minute using a PC. By using cqn. 2 to analyse 
data acquired by a DVM wc erfectivcly use the DVM as a 
low-rrcquency spectrum analyser. 

2.2 Allan variance 
The Allan wiriancc provides a way of characterising nieas- 
nrement processcs in the time domain. It is relatcd to the 
PSD and it too can reveal correlations in timc series. It is 
easier to calculate than the IYD and does not require 
calculation of Fouricr trausforms. Because the Allan vari- 
ance has long been used in time and frequency metrology, 

its interpretation is well cslablished. Commercial software is 
even available to calculate Alliin variances [8]. 

Supposc that y(t)  is measured at equally spaced time 
intervals T, that thc mean value in the /Mi time interval is 
y,', and that there is no sigiiificant dead time between the 
end of the lcth interval and the hcginiiiiig of the (k  + 1)th 
interval. For loug-lcnn Zcncr measurements, lasting a day 
or more, it may be desirable to first corrcct the raw data 
[or linear drift. The Alliin variance can he expressed as 

where the angular brackets denote an inlinite time averaFe. 
In practicc, a finite number M of measurements are carricd 
out with minimum intervals 7". Adjacent intervals with 
durations ql, 22,, 3q ,  ,.. can he constructed and the Allan 
variance can be estimated from ([9] p.75) 

Pi, 

q T )  = [7Jb+1(7) - ! / k ( 7 ) I 2  PI'O (4) 
$=I 

where Po is the number or pairs of -7 given by Int(M/n) - I ,  
corresponding to z = nzo. Eqn. 4 is the practical working 
formula for calculating thc Alliin variance. For cach value 
dn, eqn. 4 is used to calculate G:(nr0). 

In time and hcquency metrology it has bccii observed 
that nindotn lluctuations may bc inodellcd by the following 
power law: 

U=-a 
wlicrc the PSD Syv) i s  giveii at the Fouricr frequency .f; 
and thc ha arc intensity cocrlicients. For Zener and voltme- 
tcr meiisurcments wc observc values of a = 0 and a = -1, 
corresponding to white iioisc and l!f' noise, respectively. 
The Allan variance is related to the PSD by the following 
integral expression: 

where Hu) is the unitlcss triinslbr function of the detector. 
In this work, one detector is a digital nanovoltmcter used 
without filters. The transkr function is unity up to a cutoff 
lrequency f i , and zero for higher frcquencies, so that the 
upper integration limit i i i  eqn. 6 is J1. For the analogue 
nmovoltnieter used iii this work, IHu)12 is, to a g y d  
approximation. the transfer function of R low-piss filter 
(1 + (&)*) I with charactcristic frequencyf" and an cquiv- 
dent noise bandwidt1i.f; of about I Hz. As is the practice in 
time and frequcncy metrology, our results will be prcscnted 
as Allan (skndhrd) deviations. The key to interpreting 
PSDs and Allan deviations [IO] is given in Table I .  The 
tabulated expressions apply eithcr to the case of a sharp 

Table 1: Characteristics of stability regimes in voltage measurements 

Name PSD SJfl Allan variance q?kI Allan deviation ov(d 

White noise ho ho12r (ho1211n .-'I2 

l l fnoise kif-' 2h-, In 2 (2h-l In 2)lj2 

Random walk noise h_2f-2 in2h.2r ($n2h_21112 r1I2 

Linear drifl !At1 =at )a2r2 Iald212)r 
Sinusoidal Detturbation IA2 sin'(nfhndlllnf~rz12 IA sin2(nfhdlllnfhnzl = 

$n2fzhoz, w,r<c It ($n2f~hol'" T ' ~ ~ ~  
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cut-oil' Ercqiieiicy,f~ or ii single-pole liltcr having iiii cquiva- 
lent iioisc h;indwidtli ol'.f;. The daggers nolc the case ibr 
white noise wliei-e tlic single-pole l i l t r  lias ii l'iinclional 
dcpcndcncc difl'crciit l'rotn that ol' tlic sharp cut-ofr filter. 
l'ablc I includcs two nonstocliastic el'l'ects: liiiciir drift and 
a parasitic oscillatioii of iimpli~udc iI and l'rcqiicncy /h,, 

The latter el'l'ect is ohscrvcd in sonic oi'o11r dala. 
We always IiicLisiirc voltxgc diffcrcnccs hclwcen ii Zcncr 

and ti second slandard. When tlic sccond standard is a 
~(iinilard cell or a .IAVS, both of which have lower noise 
than tl ie Zcncr [3, 4, I I], we may iisstinic tliiit dl 01' tlic 
noise is  from tlic Zener. Iklowcvcr, il' this iippi-oxim;itioii is 
not true, tlic quantity J: in cqii. 4 is tlic average dil'fcrcncc 

q. Whal is more, il' tlici-e arc corrcliitions hclwccti Lhcm 
1121, c q n  4 sIio~11d hc iiiodificd to 

hctween 1wo vollagcs, U,, ~ U,,, [or, say, two Zcncrs p and 

wliere the Lcriiis in tlie summiition account Ibr corrc1;itions 
bctwccn p and q.  Suppose we add ii third Zcncr r inid 
nicwirc  the tlircc possible pail-wise voltage diffc~-cnccs. If 
we iissuinc that (l ie correlations in cqn. 7 arc ncgligihlc, we  
l1avc 

where llic indices p, q and I. arc cyclic. T h e  inctliod nf esti- 
iiiating tlic Allan viiriiinccs ol'individual instruments hy the 
pairwise coinpiirison oC three instruments is  ciillcd the 
'three-cor~icrcd hat' method. E q n  8 arc only rougli 
al)proximatioiis iiiid coiild lead to negative (unpliysical) 
variances in  sonic aises; they i i i u s l  bc used with caulion. I n  
tlic present work we arc iiblc to check the validity ol' ~lic 
;~ssumption ol' negligible corrclatiniis by comparing results 
or ZcnerlZcncr mcasuremcnts with those of Zencr/slandard 
cell i d  Zencr/.lAVS ~nc~~si~rc~i icnts .  

3 Measurement methods 

The nieiisiircnicnls were ctirricd out 011 liliilcc modcl 132A 
;ind 732B Zcncrs. Both provide outpiit voltagcs of I .OIXV 
;ind IOV. Within t in instriinicnt tlic two outputs arc not 
indepcndcnl: ii resistive divider is uscd to dcrivc tlic I .OIXV 
signal l'roni tliat i i ~  IOV. Both output volkgcs wcrc studied 
in lliis work. Thrcc ineasurcmcnt proccdiircs arc uscd Lo 
cvalnalc tlic iinise of i i  Zcncr. The lirst is  lo connect tlic 
1.018V output ol'tlic Zener in scrics opposition to ti s tand-  
ard cell inid to rciid [lie volkige diflcrciicc using ii I lcwlett- 
Paclwd 34420A digital nanovoltmctcr. A good slandanl 
cell l ias  ii climictel-istic iioisc simikir to [ l ie tlicriiiiil noise or 
ii resistor ol' ii few liuiidrcd ohnis. A typical riiii may 
consist of 8192 nieiisnreniciils n i x l c  at ti nitc 01' 0.1 3s per 
reading. The second and iiiost iiccuralc procedure is to 
compare tlic Zcncr output voltagcs wilh lliosc of ii BlPM 
JAVS using an EM N l a  an:ilogue niinovoltmctcr (on tl ic 
10 or 3pV I-iiiigcs) and record the rcadings using a digital 
voltnicter connected to tlic output via an opliailly coupled 
isolation amplilicr. A typical run consists or liiur f r m c s  of  
8192 points ciicli, takcn at ii r a ~ c  ofoiic point every 0.52 or 
0.12s, depending on llic time reqiiii-ctl lor the D V M  Lo 
acquire a single point. Thus, in sonic C ~ S C S  tlic .IAVS iiiiist 
deliver a continuously stablc voltage for over one linnr. In 
the third pri~ccdure two Zciicrs are conipiired at 1.018V or 

7 W I , , , , > l ,  1,d 147, 'NO. 'I, ,/,,I,, 2liilii 

at IOV. The n i ~ ~ s i ~ r c ~ i i c ~ i t  process is  almost identiail lo 
tliat used with tlic sl;intlartl cell, but the data are ;inalyscd 
using the thi-cc-comcrcd Iixt method. 

111 all three Iprocedures, each point consists of a voltage 
and tlic corresponding tiiiie. Data arc stored on a PC 
controlling tlic mc;isuremcnts iind scvcrd runs can hc 
strung together lo form it longer mcasuremcnt scl.ics. Any 
such ~iie;isurcmcnls arc sensitive to perlurbations due to 
tcnipcraturc variations (which iiiay be cyclic) and to clcc- 
tromiignetic intcrlcrence (EMI). Such effects were 
li.cqucntly monitorcd by using (lie iuinovoltiiictcrs to incas- 
Lire t l ic signals ohtaincd with the voltage sknidards replaced 
citlicr hy 21 wirewound resistor o r  hy a short circuit. 

4 Results 

Fig. I slinws [ l ie  Alliin dcviiition as  11 function of sanipling 
tinic l'or iiieasoremenls of the voltage diffeioncc betwccii R 
I .O I8V Zcncr oiitpiit and a standard cell using an H-P 
34420A. For sampling times hclow Ius, the Allan deviation 
~ C C ~ C R S C S  newly a s  T "', indiciitiiig that in this ninge the 
iiiiisc is iilniost wliiic. (In riict, the PSD sliows a perturbs- 
lion tit I AI+ wliicli appears as tin incrcasc or the Allan 
deviation iiciir I/I.GHz 0.6s.) The Allan deviation 
hecomcs nairly tlat over tlic wngc l'roni 20 to 320s, indi- 
cated hy tlic heavy l i o r i ~ o n ~ i l  line i n  1:ig. 1. This is tlie If 
noise floor and its cxpcl.inicnlal viiliic is cstimalcd by aver- 
aging tlic Allan miriiinccs over the corresponding range of 
sampling times, giving a miliic of 0.0089pV. This is indi- 
cated by tlic horizontal daslicd line. Anotlier quasiperiodic 
pcrturbation, this one having ii period hctwcen 500 and 
1000s. is  protxibly due to cycling ol'tlic laboratory air coli- 
ditioning. 'l'hc obscrvatioii of tlic noise Iloor after only 20s 
of  sampling time is  soincwliat surprising. It iiicaiis thiit l'or 
this nanovoltmctcr 110 incrciise in iiccuracy i s  gained by 
cxicnding tlic Zener n ie~~urc~i ic i i t~  ovcr h i e s  greater t l i i in 
2nS. 

Tlic most xcunitc melhod wc found to evaluate IIic I// 
noise ol' the Zeners is to directly compare tlicni to ii JAVS 
at 1.018 01- IOV. Since tlic output voltage of Llic JAVS ciiii 

he adjusted to nearly q u a l  that of the Zcncr, a sensitive 
analognc dctcctor, the EM N l a  operating o r  the I ,  3 or 
1 0 ~ V  I-aiigcs, was iiscd (or tlicsc ~ i i c ~ ~ i ~ r e n i c ~ i t ~ .  Fig. 2rr 
sliows tlic Allan deviation calculated from l l ic nie~si~rc- 
mcnt oE the I0V output of ii Zcncr with tlic JAVS and tlie 
N l a  l'his detcclor is litled with iin inpill filler that imposes 
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a timc conslant in its response to input voltages so that at 
short sainpliug times its rcsponse to white noise is approxi- 
mately that of ii single-pole filter. This is indicated in 
Table 1 with a dagger. For thc shortest sampling times, the 
Allan deviation approaches 21 z1'2 dcpendence Beginning at 
a sainpling h e  of 2s, the l/f noise floor of tlie Zener is 
already attained. In this case, by the usual method or avcr- 
aging the Allan varianccs in the Ifnoise regime, we find a 
I l f  noise floor of the Allan deviation equal to 0.06X~VtV. 
Comparison with Fig. 1 illustrates that the Ilf'noise floor is 
a characteristic of the Zener a d  the sampling tinie required 
to achieve the noise floor depends on tlie PSD or the dctcc- 
tor. 

10 .I 1 3 glo:L- 10 10 i o  10 10 10 1, 

Fig. 2h shows the Allan dcviation for tlie Nla dctcctor 
with the input terminals shorted. It shows the crfcct of the 
inpiit filter at  small sampling times. This is followed by it 
white noise regime in the time range from 1 to 10s. At 
longer times we scc the effects of a periodic perturbation 
due to cycling of the air conditioning with a period of 
1000s (I6 miu). Throughout the sampling Lime range, the 
Allan deviation of the dctcctor remains well below that ot' 
the Zener. In thc 1OV measurements the cquivalent noise 
resistance of the analoelie iianovoltmctcr was 35Q and is 

Curves h and c or Fig. 4 show the effects of averaging 15 
frames each of 212 points and 255 kames each of 2* points, 
respectively. They show more clearly the roll-off, a pertur- 
hation or l'undainenltal frequcncy 0.0827Hz and its odd 
harnionics np to tlic 13th. For clarity, the spcctra in 
Figs. 4h ;md c are displaced vcrtically by dividing by 
[actors of 10 and 100, respectively. 

-1 I I I I , I 
0 20 40 60 80 100 120 

time, s 

-1 1 
10 

4 3 -2 1 0 1 
10 10 10 10 10 10 

Fourier frequency, Hz 

of the Lnc r s  or tlie JAVS. 
Fig. 3u shows the first 1024 measured voltage dit't'crcnccs 

between the IOV Zener and thc JAVS. This is a portion of 
the raw data from which the Allan deviatioii given in 
Fig. ~ L I  is calculated. Figs. 3b, c and d show tlie sinoothing 
clTcct obtained by averaging adjacent groups or4,4' and 4' 
points. Thc pcrsistcnt slceleton due to thc l(/ noise can 
clearly be seen. 

Fig. 4 shows the PSD for the case of the short-circuitcd 
analogue nanovoltnieter. It is calculated from the time 
series that gives the Allan deviation shown in Fig. 2b. The 
1iigh-li.cqucncy roll-off above 0.5Hz is due to the input 
liltcr. The PSD is flat i n  the white noise regime. This is 
followed by a poorly defined peak appearing slightly below 
0.001Hz. For any time series the spectrum calcdatcd for 
the widest possihlc frequency span, as in Fig. 4a, has a 
ragged appearancc. Increasing the measuring time only 
increases thc frequency span. Dividing the original tirnc 
series into ItI: franies and averaging spectra as in eqn. 2 
yields smoothed spcctra revealing high-t'rcquency feiiturcs 
nearly lost in the widest-span spectrum. The cost is the 
increase of  the low-l'rcquency limit by a factor of n$2. 
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Fig. S summarises the results of our determinations limn 
JAVS comparison data of the Allan deviation of llie I// 
noise floor for the I0V outputs of I 3  732A and 732B 
Zeners. The values lie bctwcen 0.02 and O.OX@V. Previous 
information supplied by the manufacturer allows us to 
idenliry the basic refercncc/amplifier eleineuls a s  M-type or 
L-type according to the component supplier [13]. We 
observe that the thiec instrumciits fittcd with the I.-type 
refci~encciainplilier (indicated by h e  cross-hatching) have ii 
lower I(fnoisc floor. 

i L  
10 

3. 

,310  
B 

t .o 4 

v 
- 6 
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0.011 pv 

. 

b 

IO 10 10 i o  10 10 
sampling lime, s 

~i 0 1 2 3 4 

Fig. 6n represents the estimated Allan dcvialion [or lhc 
nieasurcment in which two 1.018V Zener outputs are coni- 
pared using the DVM as the detector. The measurement is 
an elenieiit of the three-cornered 1x11 mclliod. Again, a1 
small sampling times a slight incrcase in lhc noise above the 
whitc noise level can be perceived. The Allan deviation of' 
the Ii/'noise floor is estimated Trom the nican Allan vari- 
ances over the range indicated by the heavy horizontal line. 
The dashed horizontal line indicates a If noise floor valuc 
of 0.01 I WV. Fig. 6h shows the Allan dcvialion oblaincd 
from measurements using the stme DVM wilh a 2kR rcsis- 
tor on its input so that the source resist"e is [he same a s  
that of thc Zener ineasurernent i n  Fig. 6a. Allhough the 
Allan variance of the detector appcus lo lend toward a 
constimt value for long sampling times, this limiting valuc 
is an order or magnitude below Llic Ilf noise floor of the 
Zeners so we rule oul the possibility of lhc I/fnoise heing 
due lo the dclcclor. The enhapced white noise in Fig. 6u 
over that of Fig. 6h is hclicvcd to be due inainly to current 
noise in the Zeners. 

The PSD for the Zener measurement of Fig. 6n is shown 
in Fig. 7. It illustrates tlie advaiitiiges of using both the 
PSD and the Allan variance to characterise noise and to 
dctcrminc 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 calculalcd slope i s .  0.93, a 
value close enough to - ~ l  to quality this as l ( f  noise. A 
'comer frequeucy' separating the whitc noise regime from 
the Ifregime occurs near 0.O6SHz. In the Allan deviation 
plot the reciprocal of this frequency, 15s, corresponds lo 
the approximate end of the dependclice and the onsc~ 
of the T?' dependence seen in Fig. 60. A perturbation of 
frequency 2.4Hz appears as a peak in tlie PSD. 
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Fig. 80 shows a porlion ot' the riiw data, measured volt- 
age dicfcrence against meimuring lime from which tlic fiinc- 
tions shown in I@. 6 and 7 werc calculatctl. In Figs. Xb lo 
e lhcsc dala arc avcfiiged into groups or 4. 42, 43 and d4 
siiccessivc points, respcctively. If the liaise were whitc, in 
moving from U Lo e the dispersion in each plot would 
decrease by ti factor o l  two with respect to the plot above 
it. This sccins to bc true in moving [?om N lo c hut this is 
iiot so when moving from c to c. The persistence 01' an 
irregular 'skeleton' is a characleristic of l(fiioisc. The data 
in U were corrected Cor a drill rate o f  about IpV/s so that 
thc corrcctioii a1 Llic end of the time span shown in Fig. 8 
wiis 1.4nV and could have bccn ignored iii this case. Such a 
dl-ifl would he ncarly impcrceplihlc i n  Fig. 8. 

0.5 r 
I 

? 0 '  

~ 1 . 5  
0 1000 1500 500 time. s 

Fig. 8 l i i s r  1228s n l n i r r e i d  wliqe d i / / ~ r w m  Iziw~wi IWO Zeneii OI i . m v  

Table 2 comparcs the results of our dctcrnminations of 2,i 
Tor 1.018V outpuls of three Zciiers (under batlcry power) 
via coinparisons with good standard cells with those 
obtained boln coinpal.isons with the JAVS, and shows that 
the agreement is quite good. 

Table 3 compares the rcsults of our dclcniiinations o T  ?r,i 
for 1.018V outputs of three Zeners, fitted with L-type refer- 
cncc/aniplilicrs, via the lhrcc-cornered ha1 method wilh the 
more acciiriitc estimates obtained from comparisons with 
the JAVS. For thcsc iiicasiircnicn1s the instruments were 
operalcd under internd bzittery powcr. The agreement is 
qiiile good. Table 4 compares Ihc results or our dclcrniina- 
tioiis of the Allan deviation at the l ( f  noise floor lr,, 

1x1  



obkiined for IOV outputs of tlirec Zeners (operated under 
intcinal batlery power) via tlie tlirm-cornered hat iucthod 
with the inore acciiralc estimates ohuiiiied froin conipari- 
sons with the .JAW Again Ihc agrcenicnt is good. The 
~~SLIIIS in Tables 3 and 4 imply Lhal our assumption ofncg- 
ligihle Allan covariance between pairs or Zeners may be ii 
good appi-oximation. 

Table 2 Comparison of determinations of Allan deviations 
a t  l / f  noise floor 6, of 1.018V Zeners obtained by compari- 
son with good standard cells (SC) with those obtained by 
comparison with Josephson standard (JAVS) 

Zener S, LLV J, )LV 100 x IS- JIIJ 

84 0.0089 0.0065 37 

88 0.0071 0.0074 --4 
89 0.0073 0.0073 0 

S= 6rllSC1, J =  irrj(JAVS) 

Table 3: Comparison of determinations of Allan deviations 
a t  llf noise floor il, of 1.018V Zeners obtained by three- 
cornered hat method (3CHI with those obtained by compar- 
isons with Josephson standard (JAVSI 

Zener C, U? J,  pV 100 x IC- J)IJ 

84 0.0074 0.0065 14 
88 0.0097 0.0074 31 

89 0.0079 0.0073 8 

C- hfiI3CHI. J=irri(JAVS) 

Table 4 Comparison of determinations of Allan deviations 
a t  l / f  noise floor of 1OV Zeners obtained by three- 
cornered bat method 13CHl with those obtained by compar- 
isons with Josephson standard (JAVSI 

Zener C&? J. s? 100 x (C- JllJ 

81 0.055 0.044 25 

87 0.072 0.066 9 

~- 

caniiot rcducc the unccrlainty component duc to i-;indom 
cl'fccls in Ihc measurcmcnls. llsiiig currcnlly available 
mniovoltinctei-s, l l i c  I(/ iioisc Iloor is iatlaincd i n  tinics of 
Lens or seconds or less. l 'hc Alliin variance provides ii way 
01' cxprcssirig iiiciisurcincnt scatlcr in CBSCS where scrial 
corrclalions ai-e imporunt. Relal ivc to the outpiit vollages, 
the i ioisc Iloor corresponds to iiboul 7 parts i n  IO9 Ibr the 
l.01XV outputs of tlircc (type-I.) Zcncrs and froin 2 park 
iii 10') to 8 parts in  IOg Ibr the 1OV outputs of 13 Zcncrs. 
Wc show tliat the thrcc-corncrcd hat mclhod can be used 
to roughly cstiniate the Allan deviation o l  individual 
Zcncrs from pairwisc Zener mcasurcnienls, even under the 
simplifying assumption that Allan covarilinccs are ncgligi- 
blc. This oll'crs the possibility or determining Alliin dcvia- 
Lions witlioul recourse to eit l icr a .losephson standard or ii 

slahle standard cell. Finally, we find evidence that l//noisc 
i n  Zcners varies with manuliicturer of h e  component 
Zener diode. This may in~iin tliat some improvcmenl in the 
nianuliicturiiig process may  be possible 10 lower the accii- 
racy liinit on Zcncrs imposed hy Ifnoise. 
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