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Comparison of a Planar Thin-Film Thermal
AC \Woltage Standard up to 1 MHz

Marian Kampik, Michat Grzenik, Torsten Lipp anc Bruno Trincher

Abstract - The paper presentsresults of a trilateral comparison
with a travelling AC voltage standard comprised of a PTB/IPHT
planar thin-film thermal converter. The AC-DC voltage transfer
difference of the standard was measured at 1 V and at selected
frequencies from 20 Hz to 1 MHz against primary thermal AC
voltage standardsat SUT, INRiM and Trescal.

Index Terms - measur ement standar ds, thermal converter, AC-
DC transfer, AC-DC transfer difference, key comparison

|I. INTRODUCTION

recent comparison for frequencies up to 1 MHz werfopmed
in Asia and Australia in 2004 - 2005 [3], i.e. 1days ago. No
other more recent comparison in this frequency eafg
known to the authors.

2. During years from 2011 to 2014 the AC-DC Transfer
Laboratory at SUT was organized. The AC-DC transfer
difference of its primary AC standard was calcudate
independently of other NMIs by means of severahnéues
in the frequency range from 10 Hz to 1 MHz. Thenested
uncertainty of the SUT AC standard is comparablthobest
AC voltage standards available, and more than aeroof
magnitude lower than the uncertainty of the Pofi¢hvoltage

ESPITE the dynamic progress in the development standard maintained at GUM [4].

guantum AC voltage standards,

many National For the reasons mentionalove a new comparison of AC-

Measurement Institutes (NMI) still make use of AGD DC voltage standards was conducted.

voltage transfer standards based on thermal voltageerters
(TVC) for the realization of the unit of AC voltaggp to
1 MHz. The international comparisons of standardC$\are
crucial for checking their accuracy, detection ohwoidable
systematic errors and ensuring compatibility of hhaide
alternating voltage measurements.

This article is an extended version of [1], orgadizas
follows: In section Il the motivation for this nesomparison
is given. Section lll describes the participanit®irt reference

standards and AC-DC transfer measurement systems.

section IV we describe the travelling standard. tiSacV
contains the results of the comparison. The fimadctusions
are given in Section VI.

II. MOTIVATION FORTHE NEw COMPARISON

Ill.  TRAVELING STANDARD

All participants measured the AC-DC transfer digfere of
the SUT traveling standard. A selected planar fomittion
thermal converter (PMJTC) of PTB/IPHT design witthminal
input voltageUy = 1.5 V, with 180Q heater resistance and
with a nominal output EMF of 100 mV was used as the
traveling standard. The traveling standard is guetbwith an
N-type input connector and an UHF-Twin type output
cbnnector. The output of the PMJTC is shunted with2 pF
ceramic surface-mount capacitor. The capacitopoldesed to
the available pads on the PMJTC ceramic substraéding
thermal symmetry. Additionally, to reduce the caduogl
between the heater wires and the output, the Wieeseen the
PMJTC output and the UHF-Twin connector are twisted

The following considerations served as motivatiasr f together.

performing a new AC-DC voltage transfer
comparison:
1. The last official comparison of standard TVCstlme

frequency range up to 1 MHz, was performed amon

European NMls in 1994 - 1996 [2], i.e. 20 years.a§yonore

This paragraph of the first footnote will contaimetdate on which you
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Fig. 1. AC-DC transfer differences of the SUT #tivg standard compared
with another SUT standard before and after the eosispn. The error bars
represent the expanded uncertaitkty2).
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TABLE |
UNCERTAINTY OF THE AGDC VOLTAGE TRANSFER DIFFERENCE MEASUREMENTS ASUT
Standard uncertainty (uV/V) &t=1 V and at frequency:
Contribution to total UnCertainty (HV/V) 20 20 1 10 20 30 50 80 100 300 500 1
Hz Hz kHz kHz kHz kHz kHz kHz kHz kHz kHz | MHz
Reference standard 06| 06 0.5 0.4 0.4 0.8 09 09 1 1.5 2
Standard deviation 02| 02 0.1 0.2 0.2 0.2 0.2 0.2 0.p 0.4 of2 a2
Exponent n 0.01| 0.01| o0.01] 001 o00] oO0OL 041 01 O0jo1 0p1.01Q 0.01
Influence of nanovoltmeters 0.75| 0.75| o0.75] 079 07% 07p 0745 Of5 0J/'5 0Jf5.75Q 0.75
Connectors and leakages 01| 01 0.1 0.3 0.4 0.7 0.7 0. 0.9 0.4 13 p
Combined standard uncertainty 1.0 1.0 0.9 0.9 1.0 1.3 1.4 14 1.6 1.4 2|5 29
Expanded uncertaintk & 2) 20| 20 | 1.8 | 18 | 19 | 26 | 28 | 30 | 31 38 5.0 59
The stability of the AC-DC transfer difference tie
travelling standard was confirmed by comparisorhwaiother SPE|  AC source DC source @
SUT AC voltage standard both before and after th Fluke 5700A S440A
measurements at INRiM and Trescal. The result @vahin !
) Optic fibre n AC/DC
Control PC

IV. PARTICIPANTS

The comparison was performed between SUT, Polan

INRIM, Italy and Trescal, Denmark. The travellintaisdard
was provided by SUT, which is neither an NMI
Designated Institute (DI). A short description b&tprimary
AC voltage standards of the participants is prexkbelow:

A. Silesian University of Technology (Poland)

The SUT AC-DC comparator is located
electromagnetically shielded chamber. The
temperature and humidity inside the chamber isilsta to
be within (230.2PC and (6%10)%RH, respectively. The
two-channel measurement system shown in Fig. 1
controlled by a personal computer with remote axcéhe
operator of the system can remotely monitor theygass of
the measurements without entering the measurerhantler.
The operator's presence in the chamber is necessaryto
reconfigure the measurement setup.

The AC-DC transfer difference of the primary AC i8tard
of the Silesian University of Technology is basedacset of
thermal voltage converters from three different ofaoturers.
Most of them are equipped with PMJTC developed EB P
and manufactured by Leibniz-Institut far
Technologien in Jena (Germany) [5].

in

not

a
ambiemtire resistor. Their AC-DC transfer differences wasculated

TVC, VG,

Nanovoltmeter
Keithley 2182

Nanovoltmeter
Keithley 2182

{ GPIB

Fig. 2. Simplified measurement setup used at SUT.

SUT standard is based on two coaxial TVCs, eaclsisting
nof a 5 mA single junction thermal converter anceees thin-

GPIB

using a complex mathematical model for these TVE&(].
The uncertainty budgets of the calculated AC-Dhgfer
gifferences include uncertainty components duéeaaterial
constants as well as the geometrical dimensionghe$e
standards. A presentation of the detailed uncdytdndgets
of the SUT standards is beyond the scope of thiempand
may be found in [10]. The combined standard unogstand
theexpanded uncertainty values given in Table | atsded
up to two significant digits after calculation ofhet
uncertainties.

The uncertainty budget for the measurement of ttheeting
standard is presented in Table I. It includes tifeiénce of

Photonischthe reference standard (i.e. uncertainty of theDXCiransfer

difference of the calculable TVC developed at SUT9ise

The nominal input voltage for these TVCs rangesnfro and nonlinearity of the DC nanovoltmeters, theuefice of

0.5V to 1000 V. Their AC-DC transfer differencese a
calculated using several methods. In the 10 Hz QdHZ
frequency range the AC-DC transfer difference isasueed
using the method similar to the one presented jnlf6the
frequency range from 40 Hz to 10 kHz the AC-DC sfan
difference is determined using a Fast Reversed DQOrcg
(FRDC) [7,8]. In the 10 kHz to 1 MHz frequency ranthe

connector impedances and leakages, uncertaintieshef
estimation of the power coefficients (exponentspf both
compared TVCs and dispersion of measurements, sgue
as the Type A uncertainty. The more detailed dpson of
the uncertainty components may be found in [11].
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TABLE II
UNCERTAINTY OF THE AGDC VOLTAGE TRANSFER DIFFERENCE MEASUREMENTS ANRIM
Standard uncertainty (uV/V) Bt=1 V and at frequency:

Contribution to total UnCertainty (HV/V) 20 20 1 10 20 30 50 80 100 300 500 1

Hz Hz kHz | kHz | kHz | kHz | kHz | kHz | kHz kHz kHz | MHz
U(drer) Calibrated PMJTC against primary standard at1] .8 D 0.5 0.4 0.4 0.4 0.4 0.4 0.9 1.1 3.1 412 95
u(dn): Standard deviation of the mean of 15 measuresngn0.08 | 0.08| 0.08f 0.04 0.0 008 0.48 098 0408 0.p8 .08 Q 0.08
u(cr): Repeated measurements 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.] 0.1 0.1 o1 01
u(du): Measurement setup, connectors and bead leakage®.1 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.4 0.7 1|5 20
u(do): Optimization process 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.] 0.8 0.5 ] 115
u(p): Deviation from different determination 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.] 0.1 0.1 o1 01
Combined standard uncertainty 089 0p6 0449 (4049 | 0.49| 049 0.99 1.2 3.39 4.44 14.0
Expanded uncertaintk € 2) 1.8 11 1.0 1.0 1.0 1.0 1.0 18 25 6.7 9.7 20

B. Istituto Nazionale di Ricerca Metrologic&NRIM (ltaly)

The Italian National Standard for AC voltage isli=ad and
maintained at Istituto Nazionale di Ricerca Metgiba
(INRiM), formerly Istituto Elettrotecnico Nazional&alileo
Ferraris (IEN).

INRIM uses a fully automated primary AC-DC measgrin
system (Fig. 3). Recently the system has been mizder
The major difference between the previous and ptesstups
is a system for the measurement of the electromdtixces of
thermal converters. Furthermore, an automatic cgeree
procedure has been implemented in order to aliginosely as
possible the output voltages of the AC and DC sssirand a
fast coaxial switch is realized by use of vacuutay® The
inputs of the thermal converts are connected imllghrto the
output of the coaxial switch by a custom-made Netyiee.
Output voltages of the TVCs are measured by natmedérs,
which are connected through a shielded low-pass [fitter.
All connections are made by shielded twisted pables. A
shielding potential is connected to the common gdoof the
system. All instruments are connected to a PC titroan
optically isolated GPIB bus. The measurements we
performed automatically in a temperature (23°Ct1gad
humidity (relative humidity ranging between 35%Rldda
50%RH) controlled laboratory.

LPF
L
PMJTC S A nV (1)
(S) 5 "
A
DC \j
Calibrator
e
| I ch \)
Ccs —5 VN
4
| I - Optically isolated
k) IEEE 488.2
AC
Calibrator I
O
PMJTC A Y (2
) )
LPF

Fig. 3. Block diagram of the automatic AC-DC expental setup at INRIM.
CS coaxial switch realized with vacuum relays; -Ctoaxial choke; VN -
voltage node for parallel connection of TVCs; LPIBw-pass band filter;;nV
- digital nanovolmeter Keithely model 2182A, VAC carVDC voltage
calibrator; PMJTC planar multijjunction thermal neerters under
comparison.

The currently used system is similar to the systehich
was used during the EURAMET.EM-K12 key comparisén o
AC-DC current transfer difference. The system wakdated
by measuring the voltage AC-DC transfer differebeéveen
a pair of PMJTCs in two ways: using the new fully@anated
measurement system and using the previous systeed lom a
thermal EFM comparator [12]. The difference betwdea
two measurement systems is included in the unogytai
budget as ufy).

The AC voltage traceability chain begins with thie¥-
voltage representation given by the DC-Josephsfattefand
its practical realization is based on a set of AC-Dansfer
standards, i.e. Single Junction Thermal Conver{&¥TC),
Three-Dimensional Multi-Junction Thermal Convert¢g®-
MJTC) [13], planar multi-junction thermal convedeand
Ktitable ratio devices connected to the TVCs far &C
voltage scale implementation. The primary AC-DColatory
of INRIM participated in the informal comparison by
measuring the AC-DC voltage transfer differencehef thin-
film PMJTC standard provided by SUT against twatfiim
PMJTCs (Fig. 3), with rated input resistance of £80vhich
were calibrated directly against the primary AC-D@ltage
transfer standards [15] at an input voltage of 1 V.

The uncertainty budget for the measurement of DXC-
transfer difference is presented in Table Il. The&im
uncertainty contributions are:

Uncertainty of the standard used during the corspari
calibrated against the INRIM AC-DC primary standard
at the nominal voltage of 1 V.

Uncertainty of the comparison measurements which ca
be decomposed into the following componentsdJ(

(), U(du), U(), u() (Table I).
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The uncertainty components are well described ie tkan automated program dedicated to this task.

literature [11], and seem redundant to explain ragaithis
paper.
C. TRESCAL (Denmark)

The Danish National Standard for AC voltage is izeal
and maintained at TRESCAL. Trescal uses a fullpmated

At Trescal the Danish national standard for AC-Ddltage
transfer difference is maintained by use of thréB Bype 3D-
MJTCs with rated input impedances of 1Q(13,14,15]. The
AC-DC voltage transfer difference of the travelisgndard
was compared with these primary standards in ay full
automated two-channel setup. In the subsequenturesasnts

two-channel measuring system (Fig. 4). The ref&@eng nroplem with the GPIB of one of the nanovoltmetesed in

standard (ref) and the thermal voltage converter bto
measured (lab) are connected in parallel via adptm to an
automated switch box. A DC source and an AC soaree
also connected to the switch box, so that DC veltagd AC
voltage can be applied alternately to both therowalverters
in a predetermined sequence. The output voltagéoobl

the comparison was detected, which by means ot@nsleset
of measurements after completion of the comparisvraled
an influence on the results at high frequency &fu¥/V at
100 kHz increasing to pV/V at 1 MHz.

For the measured AC-DC transfer difference of the
travelling standard, d|gn, the resulting measurement

thermal converters is measured independently by W@ certainties are listed in Table Ill. The standandertainties

nanovoltmeters.
All equipment is remotely controlled via computersed

of the PTB-type 3D-MJTCs reference standards isnaséd
with contributions due to capacitance, inductanced a

GPIB. All measurements are performed under co®toll yie|ecyric Joss of the heater and leads and skecefwhereas

environmental conditions: (23+1)°C and (45+ 15)%RH.

thermoelectric effects have been determined oncedey of

A new software platform for the automated measurémes,qt reversed DC (FRDC) measurements. The standard

process has been developed, allowing improved momd of
any potential drift of the measured AC-DC transfiéference

COMPUTER

AC CALIBRATOR DC CALIBRATOR

SWITCH BOX

REF ouT o

Fig. 4. Simplified measurement setup used at Atesc

during the measurements. In addition, the deterioimaf the

deviation is a result of at least 12 repeated rahseach
frequency and calculated as the standard deviatiothe

mean. The influence of the power coefficients selien

determination of the power coefficient of TVC (with
+0.5%). The nanovoltmeter contributions are basedite

specification (typically noise: 1.5 - 10 nV) and asarements
(linearity measured with a Josephson DC voltageegays
typically 1 - 5 nV for a 50 pV/V interval aroundethmeasured
output voltage). A variation of the length of theotarms from
the centre of the T-adaptor, which is the refergriaee of the
measurements, can be up to 0.5 pV/V per mm at 1,NdHiz
different T-adaptors cause differences in the memsent

results up to 5 pVv/V at 1 MHz, an effect which bees

significant above 50 kHz. The different resultsadied with

the three reference standards are also considesedna
uncertainty component.

power coefficients of the TVCs has been improved by use of
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TABLE Il
UNCERTAINTY OF THE AGDC VOLTAGE TRANSFER DIFFERENCE MEASUREMENTS ATRESCAL

Standard uncertainty (uV/V) &k= 1 V and at frequency:
Contribution to total uncertainty (uV/V) 20 40 1 10 20 30 50 100 | 300 | 500 1
Hz Hz kHz | kHz | kHz | kHz | kHz kHz | kHz | kHz | MHz
Reference standard 09| 05 0.3 0.3 0.3 0.3 0.3 1. 3p 4p 145
Standard deviation 02| o1 o1| o01| 01| o1 0.1 0.1 op op 0|3
Power coefficients of TVC 002| o0.01| o0.01f 0.013 001 o0 o0g4r o0p5 g1 d2 3
Linearity nV-meters 01| o1 01| o1 01| o031 0.1 0 oL ol o1
Noise & thermal voltage. nV-meters 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.4 0.p op 02
Resolution. nV-meters 02| 02| 02| 02| 02 02 02 0.1 op op 0|2
T-adaptor 001| 0.01| o0.01f 00y o001 o00p 043 o2 20 25 3.0
Different reference standards 0.5 0.3 0.2 0.2 0.2 0.2 0.2 0.4 0.B 1p 2|0
Combined standard uncertainty 121 0.67| 0.48( 048 04 048 048 1p4 42 49 718
Expanded uncertaintk & 2) 25| 14 | 10 | 20 | 10 | 20 | 10 | 25 9 10 28
Other possible influence parameters such as freguer 4o
accuracy (100 pHz/Hz), harmonic distortion (belovB%),  wvV
time constants and temperature coefficients of ttiermal 30 1
converters, with a proper choice of stabilizatieripds, are Iy
considered to be negligible. The resulting numidesffective 21 o Trescal
degrees of freedom exceeds 100 at all frequenciesa 104
coverage factor ok = 2 is used to determine the expande 97
measurement uncertainties. T ol Bw ¥8a v 95 § % }
V. RESULT OF COMPARISON -10 4
Each participant measured the AC-DC transfer difiee 20 4
J.,; Of the traveling AC voltage standard for selecte
frequencies. For each frequency, the deviatio tor1 os2 os3 rord tors . tor6
A(3) = 8,4, — from a reference value,,, was calculated, f—=
where [16]: Fig. 5. Result of the trilateral interlaboratogneparison.

— Jlabi 2
5ref - z U2(5|abi )U (b—ref ) (1)

VI.

The results obtained within the trilateral compami®of AC
voltage standards show good consistency, espedialihe

CONCLUSION

Jus and u(d,,)is the AC-DC transfer difference and its2o Hz - 100 kHz frequency range. Furthermore, thednto

uncertainty, respectively, measured by itlie participant and

1
u?(g,

ref

") @

The result of comparison is shown in Fig.5. Therhlars
in Fig.5 represent the expanded uncertaikt).

extend our calibration capabilities beyond 1 MHaga leads
us to consider a further comparison in frequenaygeafrom
1 MHz to 10 MHz. Crystal quartz thin-film multijution

thermal converters have been purposed, but thesaairyet
available commercially, so the use of thin-filmicih and
fused-silica based MJTCs alongside traditional SJ§€ems
to be the more reasonable proposal.
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