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Abstract: A new type of Josephson junclion aray using
currenl Based voltage steps can provide highly stable and
accurale voltages, The superior voltage stability of such a
Josephson voltage standard has many applications i de
vollape metrology. This paper describes the working
principle of the programmable Josephsan vollupe standard
(PIVS) using this new array technology and o few
examples of its applications.
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1. INTRODUCTION

The Josephson voltage standard (TWS) hus been widely
wsed inomany national metrology institules around the
world 1o maintain and disseminate voltage Lo tu end user,
such as calibration laboratories, instrument manuloeturers
and seientific researchers. In Marth America, especially in
the United States, the JWS iz also used in many industcial,
military and government kaboratorics. The %S 15 based on
the plivsical law that an ac current of frequency Sapplied to
a4 Josephson junction generates a <o volluge F ot the
yuaniized volues

o= aeke S {1}

where a, Lhe step number, is an integer and the value used
for Tadh s the value of &) W — 483 5979 GEH=Y which 1y
the comvenbional value of the Josephson constant adopted
worldwide om Tamuacy L, 1990 [1].

In order tov establish confidence in the JV5 operation,
the comparison  hetween  JVE svstems  in dillerent
faboratories is a4 common practice,  Most of the Jvs
‘cotiparisons nse Zener slandands as transfer standards, An
array to artay direct comparison may achieve smaller
uncertainty. Wowewver, this type of comparison sometimes
is difficult to carry oot due to the intrinsic instubility of
zero current biased voltage steps. A woltage siep jumgp
from either JWE swstem during the comparison requires
irestarting the datn acquisition process, A new Lype of

programmable Toseplson junction array uses a currenl
biased voltage siep which has the same accuracy provided
by the zero current biased Josephson junction array and is
based on the same guantum phenomenory deseribed by FHy,
(1) The wollage sleps of a programimable  losephsen
Jurictian array arc highly stable because these voltare sleps
are biased al dilferent currents with high current marging.
This unique properly of the step accuracy and stahility can
achieve hetter uncertainty and is more efficient and easicr
to operate. This paper describes the working principle of a
programmahle Josephson voltage standard {PIVS) and
presents a fow examples of the FIVS apphcations

2, WORKING PRINCIPLE OF PJVS
u

The programmable Josephson voltage standard {I'TVS}
was developed in 1997 at NIST using the Superconductor-
Mormal metal-Superconductor (SKS) junction [2]. The
dizadvantape of the wero current biased Josephson punclion
array, shown in Figure [(a), is the step number # cannol he
uniquely specificd by any operating parameter in the
svstem. Hence, the vulpul voltage can exhibit sponfaneous
jumps triggered by noise in the measurement circuit or
electromagnetic.  interference from the  surrounding
environment, By contrast, the PIVS is biased at non-zero
current, leading & a non-hysteretic junction that has
distninet voltage valoes depending on the bias current, as
shown in igure F(h). Unless the bias current changes, the
voltage output of a junclion i sel o be stable for an
infinite time period, Tn the preseat PIVS design, only three
bias currents, —l,, U | L are osed leading o steps of w=-1,
1, or +1. which implies a voliage cutpat of =V, 0, or +¥.
Tt the PIVS, the artay junctions are grouped inte segments,
with all junctions in a segment being biased by a common
bius current, and each segment having a number of
individual junctions taken from a binary sequence. Henee,

cach sezment can be individually programmed 1o one of

the thriee operaling states by setting its bias current, Thus,
the oupnl volwge of the full wray can be digitally
proprammed by applying the appropriate combination of
bias currenis w the virioos segments,
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" Figure 1. ¥oltnge steps of (a) zero current biased Josephson junction array, (h) programomble Joscphson junction array,
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15 ; The PIVS can be programmed to provide a stable output Figure 2 shows the block diapram of a PIVS system. The
. 1 anywhere between —Fie and ¢ P where M s bias source provides bias currents Tor each ofithe cegments
a8 determined by the wial number of junctions in the arcay. i the ateay. The biws current for an individual segnient ean
ps  The mesolution of the vollage output is defermmed by the  be positive, negalive ur wend depending on whether 1he
15 number of junctions in the smallest sepment. A state-of- voltage outpul required s positive, negative ot zera. In
an - the art array design can conlain more than 67 000 junctions  order to aveid eleclmmagnetic interference fram ac power
ar i oon g two-laver steucture with 16 junctions in the smallest  coupling to the bias circuils, the hias source alectronics
Fa 0 segment [3], Table | shows the construction of a  uses de powel supplicd by lead-ueid-recharpeabls haneries.
nil + programmable Josephson junction array used in the NIST  Microwaves for the armay are provided bv a microwave
Voltage Laboratory. By programming a combination of  source with an atenuator and RF amplifierto obam the
- segments and their bias currends, a slable voltage ap to 2.6 optimam RF power level for areay operation, A PC
| W ocan he generated, controls all the electronics through w GPTH interface,
! %
SR
W= .
b ! Segment Mumber of junctions W)
- 1 st FEBL
- 2 HEIH) 337810
he 3 BT8R 327,136
T 4 wRO0 327810
or 5 BT04 BETRT
gz @ EEO0 J2T.E10
o 7 BT AT
as A G JHuY [44.533
as 0 1296 48,274
ae 10 16 .59
n 11 48 1745
= 12 144 5.364
I E —aw 16.093
5.
;’; . Table 1. Coustruciion of 2 programmable Josephson junciion array and its veltape sutpur with microwave frequency 18014555 GHz,
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Figure 2. PIVS blnck disgram.

. Characterization of PIVS
|
iBefore a PIVS can be used for calibrating a devics under
Lest ADUTY, it must be optimized for its operation. This
ncludes Ooding tie best operating microwave lrequency
and  power  level, and  characterizing  the  working
arymuelers for cach sepment such as bias current, atep
margin ele. The operating frequency for the programmakble
array 1% designed o be between 15 GHz to 18 GHe The
oplimum operating frequency ronge is  determmed by
goeanming the frequency and Ooding the maxinnm current
hmarsin for the voltuge steps. Figure 3 is an example of

array Trequency characteristics, which shows that the bust
operating frequency is between 1782 Gllz and 1807 G-
The current margin corresponding o the frequency varies
helween 1.7 mA and 2.0 mA, The rich structure is unigque
ter edeh wreay chip and iz due to interference between the &
microwave transiission lines that distribute microwave
power fo the junctions. Since the frequiency characteristics
vary from array Lo array, it g necessary’to characterize the
frequeeney tespomse Tor cach arcay 1o ensure the bes)
performance ol ils vollage oulpul,

Curreni Margin [mA)

15,5

f (GaEz)

Fipure 3. Frequency characierlsthes of a propraoomably Juscplsen juociive anoay,

Iu order o mainlain g sable voltage step, the segments
st be Biased at the eenter of the sleps as shown o Figure
[{by The oplimal bins current G cacl segment is slightly
[lilTerent, and cach oplimal current can be slewly shifling
dlues 1o the chanpres in the Tipd helivm Tevel o the Dewar,
Tt is important 1o charscterize the PTVS ai the lme of wse
Iln determine the hisg currents Tor cach sepment. This
process is completely antomated and is performed by an
instrument control program and takes approximately

1 mm 1o complete.  Table 2 lists the parameters of @
progranimable Josephson junction array contwining 13
segments, where 1,15 the bias current for a positive village!
step, 1, is the bias cwrent for a negative voltage slop.
pHEIG is the cwrrent margin of a positive voltage slop,
nHEIG is the current margin of a negative voltage siep,
and wHEIG is the current margin of a zero volrage step. For
example, if segment 1 is chosen, the bias current for 2
posilive vollage outpul is 13,22 md,
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‘Table 2. Bias currents and voltape step marging. All currents in mA.

g

Tneertainty sources of the PIVE come from the frequency
reference. leakage resistance of the cryoprobe, thermal
voltoge fluctuation in the leads, RF induced offset and
s in the measurement circuit. The uncertainty in
voltoge measurement caused by the frequency reference is
proportional to the noise of the frequency reference, which

jean be measured vsing the Allan vanance deviation. For
most frequency  standards, such sz a4 cesiom clock,

disciplined GPS or other types of high performance
frequency  references, the Allan variance deviation is
berween a few parts in 10'° and few parts m 107 The
measured leakage resislance between the two precision
leads is 6.5 a 10' €2 With & lead resistance of aboul 1003,
the uncerainly caused by the leakope resislance s
negligible, We  have also measured  the  combaned
uncertainty contributed by the thermal vollages in the
leads, RF Induced offsel and the neise in the imeasurement

circuit. In approximately 13 min, the staodard deviation of

the short measurements al the operating frequency and
power level of the PIVS was Tound 1o be 3.9 oV, This 1s
the most significant component in the PIVS uncerlainly
buidget. The total uncertainty of the PTVS at 1 V is thus 3.9
n¥ or 3.9 n¥/V, Table 3 sununarizes the uncertainty ol the
PIVE for a 1 WV output, When the PIVS s wsed [
valibrating Zener standards o standard  cells, other
uncertainty components such as the thennal vollapes [rom
the switches should be included.

Table 3. PIVS uncertainty at | V.

Component (W}
Time haze (0]
i Leakage 0015
Leads thermal valtape,
RF indueed offser and G4
Baise 1n the civeuit
Total uncertainly . 3.0

e Y = :
Segment junclions 1, I, | pHELG | zHEIG | nHEIG
1 A8 1322 |-1322| 211 827 211
2 REO0 1284 [-1237[ 218 6.597 217
3 5798 13,40 1-133%] 195 | 844 1.9
4 8800 304 [-13.05| 204 | Rz | 215
5 3794 13.15 [-13.12] 1.1 1.75 1.90
& BRO0 3008 | -13.02 ) 222 | B22 | 224
7 792 1267 [-1264) 187 | 634 | 186
) JHEH 1292 -12.95 ] 231 BT 2.30
g 1296 1279 [ -1ZR0] 238 | 9405 | 237
14 16 1213 [-1209 ] 3.16 | 972 | 316
11 45 12,59 | =1287) 27 .14 | 277
2 L4 12,73 | -1241 ) 295 | 9493 | 205
I3 A3 | 1282 | -1287] 21G8 | 10.09 ] 280

4. Applications of PJVS

The superior stability and accuracy of the PIVS have I'ﬂuudI
maty lmpoctant applications inovollage metrology and
scientific research. At NIST we rowtinely use PIVS f'nri
acray to array direct comparisons (o establish ci‘.:pﬁdr.mw i11
our IV 5 eperations. We are inthe process of implementiy

a PIVE as o replacement for the primary standard cel
groups that have played an important role in voltags
dissemination in the last 70 vears, A PIVS is now lLeing
used for volthge measursment in the electrinic nss
experiment to jmprove the uncertainty of e vollage
transter by a thetor of O compared to uncertainty of the
transter using a Zener standard. ks

4,1 DMrect array to array comparison ;

A convenient way to make a WS comparison 5 o use
Fener standard os transfer standard, A majority of the JWE
compartsons are cartied out by shipping: Zener standards,
from one laboratory to another, The uncertainty of such
cofiparisens 15 lmnited by the characteristics of the .'/_’,ener;
standards used as transter standards, These characteristics!
include A noise Hoor, envitonmental effects on the Zeners
and the shupmng mpact on the Zeners during transit, In the
last several NCSLL IVS mierlaboratory comparisons, the
uncertainry has been in the range of a 20 nV/Y. The erron
sources in this range are therefore not obvious in these
comparisons, ‘o improve the comparison uncertainly, an
array to array dircct comparison botween JVW5s s usedd
BIPM has carried out many direct array Comparisons over
the last decade |4). The array stability is critical in the|
array 0 array direct conmparison. & step jump of the zero
current  biaged of  either system  during  they
measurement requires starting the data acquisition process
again.

ATy

The highly stable voltage steps of the PIVS can malke array
Ctooarry direct comparison  feasible  For Tutwre JVES
comparisens, At NIST,  comparisons  between

''Wational Conlerence of Standards Luboratories {(NCSL)
expanded it membership and was renamed as NOSL
[olernational (NCSLD in 2000,




conventional JVE using the zero current biazed array and a
BIVS using a programmable Josephson junction array, are
routinely performed 1o establish confidence of  urray
system operation, The difference between the two vollges
can be mensured by a low noise DVM. Figure 4 shows Lhi
result of such a comparison at 018 V. The difference
between Ihe lwo systems is 1109 n% with an expanded

-
o

uncertainty of (L3 nWA at 85 % gonfidence, Such
comparisons are carried out al the 1,V or 2V level due ta
the limil of the PIVS maximum voltage onlpul. Several
national metiology institntes are putting much clTort into
array development to raise the maximum PIVE vollage to
10V, The uncerlainty of 4 IVS comparison using the PIVS
at the 110 % level is expected Lo uchieve a few parts in 10,
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Figure 4, Direct comparisun belween the zero currenl hiased array and the progrommabte Jozephson junction array at 1.O1¥ ¥,

4,2 PIVS implementation in NIST volt dissemination

‘The NIST dissemination ehain for du voltage is illustraled
i Lig. 5 [5]. The primary standard cell groups are wsed Lo
perform the daily calibrations of a wiorking cell geonp i
the standard cell calibration workload, The primary
standard cell groups at KI8T have been well maintained in
enclosires wilth very stable temperature contrel. The
variation or nuise of these cell groups is smaller than the
noise of Zener standards. Uhe cell proups exhibit very
linear drifl churacteristics so their oulpul value at the fimu
of use can be predicted very accurately between transfors
fram the NIST JWS systems, For the last three decades,

since the advent of Josephson-hased voltage relerences, the
MNIST primary standard cell groups huvé continued to play
a eritical role in disseminating the volt to calibralion
customers. The cells in the NIST primary cell groups are
aging and some can exhibit erralic  behavior, which
requires recomfiguration of the cell groups to exchule
poorly performing cells.  ‘The supply of high quality
standard cells around the world is very linited and s
decreasmg,  Mence, finding 2 suituble  backup o
replacement for the MIST primary stamddard cell groups has
become a high priorite task that must be completed to
mpintain a healthy national disseminagon system.
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digseminating the volt to calibration custamers.
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The superior stability of the vollage oulput from the FIVS
makes it an attractive backup and polential replacement fisr
the NIST primary standard cell groups. Figure & shows the
gireamlined NIST wollage dissemination chain Several
steps in the dissemination chain shown in Vigure 5 are
climimated. The PIVS can make direct calibranons at 1015
v for a Zener standard or 4 standard cell, The PIVE can
also calibrate a ralio divider from 018 W oup to 10,18 V,
which provides for the calibration of 10V Zener standards,
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The new dissemination chain improves -the reliability,
efficiency and uncertainly ol Lhe vollape dissenvinan. o
process. Inoall these measurements, the uncertz..

PIVE is negligible compared Lo Lhe short-term nowse ol e
L¥t, ihe stremmlined  voltage  dissemination  chain
reduces the calibralion uncertainty by reducing  the
required tumber ol vollare tansfer sleps between the
primanry referenee and the TAIT,

r

MIST-IVJVS s NIST-10V CJVS
M&P

k.
Customer JVS,

i

Figure 6. Streamlined NIST volt disvewination chaln., ;

There are other advantages obtained by meorporating the
FIYS into the disscrination chain to replace the primary
standard cell groups. Becanse a large temperatnre change
in the enclosure for the primary standard cells can cause 4
permanent voltagre shift, strict temperature control and 100
% reliability of lahoratory power are essential W0 maintain a
slable working eovironment. These requireients can he
reduced in the streamlined dissemination chain, A stable
femperature s still required in general e making
sanistactory measurements. but excursions du nol lead 1o
petmanent problems.

4.3 PIVS in the NIST electronic mass experiment

The NIST electronic mass experiment relates the kilogram
lov the Jusephson voltage standard and the quantum 1lall
resistance standard. The experimenl measurcs the Planck
sottstanl precisely and  provides o sciemific basis for
redefinition of the Kilogram, the lust artifact in the 31 unit
systemn.  The experiment consisly of two separate modes
mopused first by Kibble [8]. In the force mode a coil
Carrying a current £ in u marnetic field senerates a force
that halances the gravilalion force of a standard mass in
local pravity g, A geometric factar can be caleulated trom
the yuotient mg?. In the velocity mode the same coil is
Tni“'f1lg i the magnetic field with velocity v, generating an
duced voltage #7 The same geametric tactor is caleulated
kv the quoticnt #74: So leng as the magnetic field profile ix
steady, I laking the ratio of two quotients, the ratio of
Mechanical W electrical power is caleulated. Thus The

arlifiaet mass standard can be related Lo the Planck constant
through the quantum electrical standards for voltape and
Tesistance
o

Hefore a PIVE was incorporated in the clectronic mass
experiment, the voltape measuremends in the force mode
had Been made by a voltage drop across a 100 0 reference
resislor wilh a constant current source, This vollage was
calibraled apainst 2 Zener voltage standard. Figure 7(a)
shows Lhe voltage measurements in the toree mode. In the
velovily mode the voltage generated by the meving coil
s mensired by comparing with o Zener vollape standard
direelly. The Zener standard in turn was calibrawed ayrains
a waro cwrent biased JVS, The uncertainly from the
voltage measurement is about 30 nV/V, largely determined
by the Zemer noise characteristics, The uncerlainly of the
vilinge measurement was the thied largest conlribution to
the total uncertaimty budget with the two larrest heing the
index of refraction and alignments. The conventional Jvs
is not suitable to measure the vollages directly in the
slectronic mass experiment because of the voltage step
Jump cansed by electromagnelic  interference in the
measurement ¢ircuil. The vollage step margin of a PIVS 13
i the range of 2 mA, aboul 100 times larger than that of
the conventional TV'S. This property makes it possible to
use PIVE fon the vollage measurement directly without
wsing @ Zener standurd  transfor. The  uncertainty
comribution (fom Zener wransfer is thus elimmated. A
PIVE las been incorporalad for the voltage measurements



isinucc W3 as shown in Figure 7(b) The present
uncertainty using PIVE Tor all voltage measuremenls i
now reduced to 5 VAV, a factor of 6 improvement. A
facther reduction in the uncertainty for the vollage
measurement is expected [7].
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Fipure T Voltage measurcment in the foree mode of the vlerlronic mass experiment {a) via fener standard, (h) against a PIYE dircotly,

IE. Summary
1
The new progeammable Tosephson junction array, which is
|buse:i on current hiascd junctions, provides suhstantial
advantages compared (o the taditional zero current hiased
arravs, primarily due to the stability of its voltage steps. A
PIVS using the current biused aray has been used for
larray 1o array dircot LTl mons because 1o sponiancious
istep Jump can ocenr in the PIVE. A PIVS is also being
,unp]mmured intor the NIST voltage dissenination chain Lo
replace  the primary  standard cell groups. The new
dissemination chain will have improved reliahility and
iuLimmnc:, PIVS also has an application i the MIST
lectronic mass experiment, The mplementation ol the
PIVS reduces the uncertainty of the valtape meusurciment
via Zener transfer by a factor of 0. At the present Gme, the
proprammable Jusephson junction array works at 1% 10 2
[V, Using multi-layer array technology may raise the
voltage limil up Lo 10V ina few vears, A 10 Y PIVS is
expected Lo (ind more applications in fulure veltage
ety oy

PlufurE|luﬂ

1 B, N Taylor and 10 ) Wil “New inlernational
cleetrical  reference  standards bused  on the
Tosephison and quantum 1Hall effcels” Medro/opnz
vorl, 26010, pp. 47-62 {1989),

2. C.A. Hamilon, 8.B. Benz, C.I. Burroughs, d
TE. Harvey, “SN5  DProprammable  Voltage
Stundurd, JEEE Fran Appl Supercon., vol, 7,
np: 2472-24735, June 1947

1. Y. Chong, CJ. Burroughs, 1M1 Thresselhians, N
Madavek, . Yamamorn, and ST Bene, 2.0 Y
high-reselution programmable Josephson voltage
standard  cireuits wsing  double-stacked  MoSip-
barrier junctions,” JEAE Frans factra. Meas,
vol. A4, pp. 616-619, April 2005,

i,

o,

=-1

T, Beymann, 1, J Wi, P Viabeek, Y. lang. €.
A, Hamilten, A 8. Eatkoy, B, Jeanneret, and ),
Power, “Hecent l')-:‘v-'.'in[mrmls in BIPM "v'DHcHTI
Standard Comparisons,” JEEE Frase
e, vol. 5 pp. 06200, ,‘-..-prll 2001

Lesre .-'1".-'."

B.F. Field "_\IH.‘::' Measurcmenl Services: Standard,
Cell Calibrations,”™ AVES Specied FPubfoaiion '.“.5lT-i
24, Ocrober [ HRY. .
B, B Kikhle, “A  Measuremenr of  the
Gyromagnetic Ratio ol the Proton by the Strong,
Field Method,™ e Mssos and foomdamenidd)
Comerarre, 1 H. Sunders and AL H. Wapstra, Fds.
New Yoark: Plenum, 1976, val, 3. pp. S45-331.

B L, Steiner, [0 B Newell, B B Williaims, R,
Liu, and . Gournay, “The NIST Praject lor the)
Llectronic Tealizalion of the Kilogram” 255
Lrams Justraan, Meas., vol. 54, pp. 846-849, Apiil
20




