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Abstract — The general features of active connectiorfransmission with very negligible errors even well beyond
structures based on four-coaxial cables are summarised dhe low-frequency band [2].
their application to four-port resistance standards to allow As an additional advantage of the four coaxial cables, the
them to be compared by means of a conventionglossibility of obtaining compensation of any load effect on
transformer bridge is shown. As a test of the measuremewtltage or current sources has been investigated. Some
method, a comparison between the measurements perfornsajutions have been found combining active devices with
at IEN and at the CTU on a well characterised resistan¢be compensated cables.
standard with nominal value equal to the quantised Hall Preliminary experimental tests of some theoretically
resistance at thie= 2 plateau (12 906,@) has been carried identified solutions including feedback controlled generators
out. Some details about the reference resistor, the calculabere performed in view of application to measuring systems
resistors and the measuring systems are reported togetf@rcomparison of admittance standards.
with the results of the comparison. At last, actual application of the active connecting
structures to a transformer bridge for capacitance or
Keywords: impedance measurement, multiconductofesistance comparison until the upper limit of about 10 nF or

coaxial cable, ac standard resistor. the lower limit of 18 Q, have been tested.
In particular, resistors with values corresponding to the
1. INTRODUCTION quantum Hall resistance on the 2 plateau were equipped

with active connecting structures both at the voltage and the
The features of multiconductor coaxial cables had beegurrent defining port and comparison measurement were
systematically analysed from the point of view of theirperformed.
application for voltage and current transmission within high- Because an alternative method of comparable accuracy
accuracy measuring systems [1]. Starting from the usualas not available, the new technique was tested by
two-conductor coaxial cable, the analysis is extended to theemparing a quadrifilar resistor, with known AC-DC
three-coaxial (triaxial) and four-coaxial cables. In particulardifference, with a resistance standard previously used as
it was shown as the four-coaxial cable solves almost idealtyavelling standard in an international comparison of AC
the problem of avoiding the effect of the resistance of botresistance already concluded.
the inner and outer conductors, while it does not necessarily
reduce the effect of inductance. It was also proved that some
compensation could be applied to the four-coaxial cable in
order to eliminate the inductive effects, so reducing the : -
- . The new connection structures [2] are substitutions
voltage and current transmission errors to negligible Ievel% . !
. : Or the normal coaxial cables connecting the four-port of an
The analysis was performed both theoretically and , . .
: : . admittance standard to ratio transformers or to detectors
experimentally, with results in good agreement. . . .
. within the measuring system.
Furthermore, the advantages of using compensated four-
coaxial cables to reduce the uncertainty in measurement of 2.1. The four-coaxial cable
four-port impedance or admittance standards was pointed As a transmission line, the four-coaxial cable is
out. essentially a coaxial line with the addition of two guard
More recently, new compensation techniques based @wnductors, for the inner and the outer respectively.
symmetry with respect to the centre cross section of the A schematic representation of such a line is given in Fig.
cable have been considered. This allows voltage and curreiitwhere the simplest connection is also shown in its two

2. THE ACTIVE CONNECTION STRUCTURES
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reciprocal uses: for voltage transmission to an open-circuitdeviate fromlg by an amount= (I —lg) / Is again given

termination (a) and for current transmission to a shoiby (1).

circuit termination (b). Thus, compared with an ordinary coaxial cable, a four-

In the voltage-transmission line, a voltage generator isoaxial cable produces an error with similar in-phase

applied both to the transmitting conductors (3 and 0) and theomponent but negligible quadrature component. The actual
values of the relative deviations calculated with the
measured values of the cable parameters, are plotted in Fig.
3, where the thick lines are referred to 1 m of a specifically
constructed four-coaxial cable, with a 8 mm diameter, and

_ 3 the thin lines to the same length of an usual RG-58 coaxial
+ l 2 +
Ou U cable.
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Fig. 1. Schematic representation of a four-coaxial line of lelpgth

related to its cross section, showing the connections suitable to its Fig. 2. Voltage or current deviation due to transmission by the
two reciprocal uses for voltage and current transmission. In a) ttséructure of Fig. 1 fof = 1 m (thick lines) compared with those of
voltageimposed by a voltage generafbls) is transmitted into the a RG-58 coaxial cable (thin lines). The solid and dashed lines refer
open-circuit voltageU; in b) the current imposed by a current to the absolute values of the in-phase and quadrature components
generatorlg) is transmitted into the short-circuit currént respectively.

2.2. Active compensation of four-coaxial cables
guard conductors (2 and 1). The capacitive current The in-phase deviation (solid line in Fig. 2) of the four-
essentially flows only between and in the guard conductorgoaxial cable can be reduced to negligible levels in some
So the relative deviatione=(U-Ug)/Us due to different ways. In [1] the inductive effect producing the in-
transmission is independent of the resistance of conductor$Base deviation was corrected by a lumped compensating
and 0, but depends on the mutual inductance between t@vice. In [2] a compensation obtained by symmetry was
loop formed by these conductors and that formed bgonsidered and further developed in the subsequent

conductors 1 and 2. Namely, neglecting second-order termPplications. It consist in a combination of two equal pieces
it is of cable, connected in such a way that inductive effects have

opposite signs.
£=1wC, Ll" - jwiG, L,l? (1) As an additional feature, compared to the two-conductor
) ) ] cable, the presence of guard conductors allow us to avoid
where all parameters are intended per unit lengttRant  |oading effect at both ends of the connecting structure,
the series resistance of conductors 0 an@,3andCi2 the  ywhich means no current in voltage transmission and no
parallel conductance and the parallel capacitance betweggjtage in current transmission. Of course, this implies the

conductors 1 and 2,5 the inductance of the loop formed by jntroduction of active devices to supply thecassary power
conductors 1 and 2, which is equal to the mutual inductanggsorped by the cables.

between the same loop and the one formed by 0 and 3, and examples of active compensation of a voltage-

wthe angular frequency. transmission structure by symmetry are shown in Fig. 3,
In the current transmission line, a current generator ighere an auxiliary voltag&s is introduced to drive the
applied to conductors 3 and O, while the guard conductogard conductors to potentials near those of the respective
are maintained at the same potential by the short-circuit. $@jarded conductors. The distributed currents (essentially
no capacitive current flows between conductors 3 and O dyge to capacitance), the symmetric paths of which are

to the potential difference between those conductorgdicated in the figure, produce magnetic fluxes with
produced as voltage drop on their resistance. Neverthelessyghosite senses in the two halves of the structure, so that the
voltage between conductors 1 and 2 is produced by effect g§uivalent mutual inductance between the total current and
the mutual inductance between the loop formed by thesge loop formed by conductors 0 and 3, corresponditig,to
guard conductors and the loop where the current flows. Thig (1), is close to zero. As a result, the in-phase component
produces a current leakage between the guards which makgs; s strongly reduced, if the relative deviatidnfrom
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symmetry is small, and the same is also for the voltagenportant terms have been verified to be the same appearing
deviation due to loading effect on the source impedZgce in (1) but multiplied by the relative symmetry deviation.

Corresponding examples of active compensation of @hatis
symmetric current-transmission structure are outlined in o 25 2
Fig. 4, where the resistive and inductive voltage drop E=wC;, Ly 170 ~jwGy, Ly, 170 2)
produced by the transmitted current is compensated by th& poth the structures of Fig. 3 and Fig. 4.

auxiliary voltage sourcéc. This produces a null on the  considering the graphics of Fig. 2, one can see that a
detector at the end where the current source is applied andSymmetry corresponding todof a few percent is sufficient

. | | (1+8) to reduces to very negligible levels.
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Fig. 4. Examples of active compensation of a current-
b) transmission structure by symmetry. The power absorbed by the
line is supplied by an auxiliary voltage generatgg)( The anti-

Fig. 3. Examples of active compensation of a voltagesymmetric configuration of the distributed currents, produced
transmission structure by symmetry. The power absorbed by tHeetween the guard conductors by the magnetic flux due to the
line is supplied by an auxiliary voltage generateg)( The anti-  transmitted currerlt reduces close to zero the total leakage current
symmetric configuration of the magnetic flux, produced by thebetween the inner conductor (3) and the outer conductor (0).
distributed currents between the guard conductors, reduces close
to zero the total induced voltage in the loop formed by therinne
conductor(3) with the outer conductdo).

2.3. Application to a four-port admittance standard

In the application to the connection of a four-port
prevents leakage current through At the opposite end, the admittance standard to a transformer bridge, a further
voltage is maintained to zero by the short circuit, which ifeature was added to the voltage-connecting structure in
practice could also be a virtual short circuit obtained by ¥iew of using the auxiliary voltage source to supply both the
null detector. In any case, it is assumed that conductorsCable guards and the admittance standard.
and 2 are maintained at the same potential both in the To this purpose, in addition to the auxiliary voltage
configuration of Fig. 4 a) and in that of Fig. 4 b). source E;, automatically controlled incremental voltage

There would not be any leakage of current betweegources have been developed and located, with all the
conductors 1 and 2, unless for the voltage distributiorelated electronic circuitry, in the middle of the connection
induced by magnetic flux. Such distributed voltages increasgructures. Special attention has been paid to the problem of
linearly from the centre to both ends in configuration a) anéhaking the electronic devices and circuits completely
from the ends to the centre in configuration b). In botHloating and guarded by means of multiple shielding
configurations, the consequent distributed currents hawnclosures and injection transformers.
opposite senses in the two halves of the structure, so that The application of an experimental version of a voltage
compensate for symmetry. Of course, any leakage of curre@td a current active connection structure to a four-port
between conductors 3 and 2 or between conductors 0 and@dmittance standard is shown by the simplified schematic
do not make deviate fromls. diagram of Fig. 5, where he auxiliary voltal§eis obtained

A mathematical model has been set up on the basis pm the first sage of the main two-stage transformer of the
an equivalent circuit with lumped elements and the mo#ridge
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Fig. 5. Schematic diagram showing the connection of one of the two admittance standard under comparison to the refetvemt part o
transformer bridge by means of the active structures (only one half of the cable longitudinal sections are represeittgd for clar

On the high side of the admittance standary the 3.1. The reference standard resistor
difference between the voltage at the potential port HV and In the CTU standard resistor, a Vishay S 102 K resistor
the voltage Es at the ratio-reference port of the mainforming the resistive element has a 24-hour stability of the
transformer is detected through the inner conductor of théc value better than 2 parts in%10 100 Q platinum
four-coaxial cable and feedback injected into the connectiaresistance thermometer, independent of the temperature
between the current port HC of the standard and the rougbentrol sensor, allows the inner temperature to be
voltage port of the transformer, where a volté&ge= Esis  monitored by an external measuring system.
present. The standard resistor had served as one of the travelling

In the low-side connection of, the two intermediate standards in the EUROMET No. 432 comparison and its
conductors of the four-coaxial cable are connected to tHeequency dependence was measured by five laboratories in
low voltage port LV of the standard and are maintained @&urope and one laboratory in Canada. At each of these
the same potential by feedback. Therefore, and due taboratories, a four-port transformer bridge was used to
symmetry, the current leakage along the cable is eliminatedeasure the frequency dependence by comparing the
and both the main detector and the low voltage port agandard with resistors of calculable frequency performance.

maintained close to zero. Calculable resistors of several different designs (monofilar,
bifilar, quadrifilar and octofilar resistors) were available.
3. EXPERIMENTAL TEST In order to make the measurement possible by means of

oft 1:1 bridge, a caclulable resistors of 12,906Had been

devices, particularly intended to verify the possible presen&re.p?redh aé tge CTU. A: f'r?t' da Gr']bbm?s S typg tquad?fllar i
of unaccounted systematic source of uncertainty, a series'gP'>10r Nad been constructed, where e TesiStive elemer

measurements was performed with well characterise&‘sd the form of a double loop arranged to make the current

standards. They were: a quadrifilar calculable resistor, wit W in opposite directions in its two halves [3]. Then, to

a value close to the quantised Hall resistance on the seco?ft&tam an even shorter resistive element and also to make

plateau, to be adopted at IEN as primary reference S,&andl,jingrmoregulation less difficult, an octofilar resistor had been
for ac ,resistance, and a four terminal-pair thermostat i ricated [4]. _MathematicaI m°de.'“”9 of both resisIors,

reference standard of ac resistance, with the same nomi?? sed on a uniform transmission-line approach, conﬁrmed
value of 12,906®, provided by the Czech Technicalt e expected lower frequency dependence of the octofilar

. . resistor [5].
University (CTU). The results of the comparison are summarised in Table I,

As a significant test of the actual performance of the n
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where rmean IS the arithmetic mean of the relative ac-dc
differences of the parallel equivalent resistance of the
travelling standard obtained at the listed frequendjeby(
the laboratories participating in the comparisog;y is the
value of the same quantity obtained at the CTW(r nean
and U(rcry) are the corresponding expanded uncertainties
for a coverage factor of 2. All the quantities, excepet
frequency, are expressed in parts ifi 10

The variation range of ac-dc differences of the parallel

equivalent resistance measured by the different laboratorie: «

is better than 910° at 500 Hz and 5810° at 5 kHz. The
results of 8 measurement runs performed at the CTU over a
extended period of 2,5 years did not indicate any systemati
change in the frequency characteristic of the travelling
resistor.

All comparisons have been made by means of coaxia
transformer bridges equipped with sets of current equalizers

Effectiveness of the current equalizers has been tested ar..
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results .Of these tegts have t_)een taken into account lylb 6. Diagram vs. frequency of the relative ac-dc difference of
uncertainty calculations. In view of the fact that theye parallel-equivalent resistance of the travelling resistor evaluated
travelling resistor has a relatively large time constaniyith respect to the IEN quadrifilar calculable resistor (box marks).

attention has been paid to the calibration of the quadratume results of the CTU (dash-dotted curve) and the mean of all
circuits used in the balancing injection and to the evaluatioresults (dotted curve) are also reported.

of corrections and uncertainties corresponding to possible
deviations from quadrature.

TABLE I. Frequency dependence of the parallel-equivalent
resistance of the travelling resistor. All relative ac-dc differences
and their uncertainties are in parts iff.10

f/Hz Imean U(rmean ety U(rery)
500 -42.4 4,2 -39,3 14,8
1 000 -83,0 4.4 -78,4 15,9
1500 -124,4 4,6 -117,5 17,6
2 000 -164,8 5,0 -156,6 19,4
3 000 -245,4 59 -234,4 23,6
4 000 -324,1 7,4 -311,9 28,0 [1]
5000 -401,8 9,4 -389,1 32,7

2]

3.2. Measurement results

The reference resistor that served as a travelling standggj
in the international comparison was measured at the seven
frequencies indicated in Table | by 1:1 comparison with the
IEN quadrifilar calculable resistor. The results are reportef#]
in Fig. 6 together with the results obtained at the CTU and
the mean of all results.

The results are within the range of those obtained by the
laboratories participating in the intercomparison ancis]
particularly in good agreement with one of them (NRC,
Canada). Furthermore, the residues from the second order
fitting curve appearing in the figure are all less thah(?.
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5. CONCLUSIONS

The adoption of connecting structures of new conception

allows the optimal voltage and current transmission

features of four-coaxial cables to be exploited and a

classical transformer bridge to be applied also to four-

port defined resistors. Measurements on a temperature
controlled ac resistor, used as travelling standard in an
international comparison, has proved that the accuracy of
the measuring system and of the resistor with calculable
ac-dc characteristic is comparable with those obtained by
the other laboratories with different systems.
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