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Self-compensating networks for four terminal-pair
impedance definition 1n current comparator bridges

Luca Callegaro, Vincenzo D’Elia, Jan Kucera, Massimo Ortolano, Faranak Pourdanesh, and Bruno Trinchera

Abstract—The four terminal-pair (4TP) definition of
impedance standards allows to reach ultimate accuracy in
impedance metrology. In general, the 4TP definition requires
dedicated circuitry to be included in the bridge network and the
attainment of auxiliary bridge balances during the measurement.
A careful choice of the network topology allows the bridge to be
self-compensating: the 4TP definition is in large part achieved
by the behaviour of the network itself, without any adjustment.
The additional circuitry required for impedance definition can
therefore be simpler, the balancing procedure becomes easier,
and a more robust 4TP can be achieved. This paper analyses a
current comparator bridge network with a topology featuring
self-compensation. A digitally-assisted test bridge has been
implemented; test measurements on ac resistance comparison in
the 252 to 100 2 range, at kHz frequency, are reported.

Index Terms—Metrology, impedance measurement, admittance
measurement, measurement standards, bridge circuits.

I. INTRODUCTION

Primary impedance metrology widely employs coaxial
transformer ratio bridges [1]-[3]: the impedance ratio to be
measured is thus directly related to a voltage or current ratio,
this being highly stable and very close to the transformer
nominal turns ratio.

Most accurate current ratio bridges are based on the current
comparator principle [4]-[7]. In an ideal current comparator
with N primary windings, currents I, (k = 1,...,N) are
linked by nj turns to a ferromagnetic core with magnetic
permeance P. The core is thus energized by the magnetomo-
tive force! M = Zszl ng I, which generates the magnetic
flux ® = PM. The comparator is provided with a detection
winding to sense ®. At equilibrium, when ® = 0, the condition
M = 0 holds true; in addition, the voltages across the
windings are zero.

The schematic of a basic current comparator impedance
bridge is shown in Fig. 1. The admittances under compar-
ison are Y, (impedance Zn = 1/Ya) and Yy (impedance
Zp = 1/Yp). These are assumed of the same type, so that
their ratio is close to a real number. The two impedances are
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In the following, turn numbers nj shall be considered positive integer
numbers; accordingly, currents shall be considered positive when entering
into the terminals marked by a dot (dot convention [8]).

excited by the voltage source E and the bridge equilibrium is
sensed by the detector D. At equilibrium, the currents through
YA and Yp are respectively Ipn = YAFE and Iy = YpE;
since nil; + noly = nilx — nolg = 0, the admittance and
impedance ratios are given by:

Zn Y m

W=—--=—= . 1
Zg  Ya M

In Fig. 1, Zpn and Zp are defined as two-terminal
impedances. Primary impedance measurements require, in-
stead, more sophisticated impedance definitions, the most ac-

curate of which is the four terminal-pair (4TP) definition [9].

.
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P

Fig. 1. Schematic of a basic current comparator bridge. Yo and Yy are the
impedances under comparison, here defined as two-terminal standards; CC is
the current comparator; E is the voltage source which provides the bridge
excitation; and D is the detector which senses the bridge balance.

A proper 4TP definition of the impedances Z5 and Zp
can be achieved by several methods, employing either passive
or active networks [3, Ch. 4.6.4]. In voltage ratio bridges, a
typical solution is the use of combining networks [2, Ch. 5.6],
realized with variable electromagnetic devices, possibly re-
motely controlled [10], [11].

Digitally-assisted bridges (see [3, Ch. 5.4.1] and references
therein; [12]-[14]) aim to achieve the defining conditions
by driving the bridge network with synthesized sinusoidal
voltage or current sources. For example, a digitally-assisted
four terminal-pair current comparator bridge, which employs
a five-channel synthesized source, was recently built by the au-
thors [12]. This bridge implements a fully active compensation



I12MTC SUBMISSION: 1570029783. REVISION OF IM-15-10622.

scheme: for each impedance, the voltage drop developed along
the low-current path (the connections and the corresponding
current comparator winding) is nulled with the injection of
a countervoltage of the same amplitude and opposite phase.
At low impedance values, this strategy requires demanding
specifications on the source channel outputs, in particular in
terms of output current capability and voltage stability. It was
found experimentally that, given the properties of the source
employed, the bridge is limited to an impedance range of
100 Q2 or greater to achieve uncertainties of interest for primary
metrology (below 1075).

Although better performing sources [15] can be employed
to extend the measurement range to lower impedance mag-
nitudes, it is also of interest to investigate alternative bridge
topologies, which might require less demanding specifications
on the sources employed to achieve the four terminal-pair
definition of the standards.

In this paper we investigate experimentally the properties
of a bridge topology proposed nearly 50 years ago by Moore
and Basu [16]. Our implementation, introduced in [17], is here
described in full detail with the measurement model and an
evaluation of the uncertainty of the test measurements.

The bridge topology [16] employs a clever arrangement
of electromagnetic devices (instrument transformers) to au-
tomatically achieve a first approximation of the four-terminal
definition of the impedances under comparison, without the
need of any active injection. Experiments have shown that, for
impedances in the 102 to 1002 range at kHz frequency, the
approximation of the four-terminal definition is sufficient for
primary metrology experiments without further refinements.
The four-terminal definition is extended to a four terminal-pair
definition with the help of a Wagner balance [18]. To extend
the impedance range to lower values or to further improve
the accuracy, adding less critical active compensations to this
bridge topology is straightforward.

II. BRIDGE NETWORK AND MEASUREMENT MODEL

The schematic of the bridge is shown in Fig. 2. Potentials
Var, VBL, Van and Vpp are measured with respect to the
ground defined by the bridge shield (see Sec. III-D). Three
main electromagnetic devices are included: CC is the current
comparator and is provided with three primary windings and
a detection winding; CT is a current transformer; and VT is a
double isolation transformer.

VT has the same primary-to-secondary ratio for both sec-
ondary windings and excites the bridge with the same voltage
FE on both arms.

Given two like impedances Z, and Zp with nominal values
Z3°™ and ZE°™ and nominal ratio W™ = ZR°™ /Z5°™  the
turn numbers n; and ny of CC and CT should be chosen to
have a turns ratio ny /ny = W™,

The third winding of CC, which interconnects the low-
voltage terminals of Zn and Zp, should be set for a turn
number ng = ny + ng. At equilibrium, the magnetic flux
® in CC is zero and, therefore, this winding acts as a low-
impedance interconnection. If the condition n3 = n; + ng
is met, the current I3 flowing through the interconnecting

AV
N
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YA YB
VaL Ay VL
L
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Fig. 2. Schematic of the current comparator bridge, in a non-coaxial
representation. The admittances Ya and Yg being compared are defined as
four-terminal standards. CC is the current comparator; D is the detector; CT
is a current transformer which works as current equalizer; VT is a voltage
transformer which provides the bridge excitation E to both arms; Eywg and
Cwg form the Wagner arm circuit (see Sec. III-D); ry, is an additional resistor
employed to check the effectivness of the self-compensating network.

winding does not enter in the equilibrium equation of CC.
In fact,

3
0= anfk = nl(IA — Ig) +n2(—IB — Ig) +n3]3, (2)
n=1
:nl.[A —TLQIB. (3)

Moreover, the current I3 is virtually nulled by the action of
CT, which works as a current equalizer [1, Ch. 1.6]. In fact,
the voltages which develop across its windings are such to
maintain the condition

ni(Ia —I3) —no(Ig + I3) =0, 4

and since at equilibrium ni1In = nolp (Eq. (3)), we have
I3 = 0. In this way, the difference AVL, = Var, — VBL between
the low potentials Va1, and Vpr, of Z5 and Zp is driven to
zero (if parasitic parameters are neglected).

To summarize, at the equilibrium AVf, = 0 because both
® ~ 0 and I3 =~ 0. The effectiveness of this arrangement
can be checked by adding a relatively high resistance 7, in
series to the low-current path of one of the two impedances,
as shown in Fig. 2.
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The high-voltage terminals of Z4 and Zp are interconnected
through a low-impedance voltage source AVy, which can be
adjusted until the equilibrium of CC is attained.

The Wagner arm circuit is composed of the voltage source
Ewg and the capacitor C'wg. The voltage phasor Ewg is
adjusted in magnitude and phase to have Vg, = 0.

The measurement model can be derived as follows. From
Fig. 2, applying the Kirchhoff’s voltage law to the loop
containing Z and Zp yields

AV + Zglg — AV, — Zpalx = 0. (®)]
From the above and Eq. (3), we obtain

. ZA - ny AVH—AVL
W_ZB_n2 <1+ Zoln .

To account for the nonidealities of CC, the turns ratio can be
written as

(6)

M pymom(y 4 ), 7
n2

where €, with |e] < 1, is potentially a non-zero, complex

valued deviation from ideality. In addition, since Vg, = 0, it

is ZlIp = Vpg. Eq. (6) can thus be rewritten as (second-order

error terms have been neglected)

®)

W = pynom <1+6+AVH;AVL>.

VBH

The measurement model of Eq. (8) is valid for generically
complex quantities. However, since all the standards compared
in this paper are resistors with small time constants, in the
following we shall consider only the real part of W. We can
therefore define

W — Jy/nom
6 = Re W s (9)
and write the measurement model in the following form:
5§ = Re |:€+M:|, (10)
Veu
AV —ReA
:Re€+Re VH Re VL7 (11)
Ver

where in the last equation we assumed that Vpy is real, that
is, that the phases of AV and AVp, are measured with respect
to Vey.

III. IMPLEMENTATION

The schematic of Fig. 2 was tested with the electromagnetic
devices and the digital source already employed in [12]. A
photograph of the set-up is shown in Fig. 3.

A. Digital sources

The bridge is excited with a polyphase DDS generator,
already described in other works [19], [20]. The core of the
generator is a commercial digital-to-analogue (DAC) board?.
The board is programmed for a continuous generation of
sine waves; each wave can be updated without stopping the

2National Instruments mod. NI PCI-6733: 8 DAC outputs, variable refer-
ence input, 16 bit resolution, maximum sampling rate 1 MS s~!, voltage span
+10V.

Fig. 3. Photograph of the bridge set-up.

generation, thereby avoiding harmful voltage steps in the
electromagnetic components.

Three DAC channels are employed. The DAC outputs are
cascaded to 30kHz two-pole low-pass Butterworth filters to
reduce the quantization noise and to buffer amplifiers with
automatic control of the dc offset [21].

B. Current comparator

The comparator, described in [12], is realized on a nanocrys-
talline toroidal ferromagnetic core. From inner to outer, the
core is wound with a 200-turn detection winding, magnetic and
electrostatic shields, and the main ratio windings (10 x 10 turns
each). Consistency checks performed on different winding
sections permit to establish a maximum deviation of the
current comparator ratio from the ideal turns ratio |¢| < 1076
at 1 kHz frequency.

C. Other bridge components

CT is a shielded current transformer with two identical
windings on a Supermalloy core. Each winding has 10 x 10
turns, hence allowing to set the same n; : ng ratio of CC.

The voltage source AV is realized with a 200 : 1 injection
transformer connected to one of the channels of the digital
source. The step-down injection transformer is employed to
have finer steps in the adjustment of AVj.

Bridge balance is detected by a commercial synchronous
detector (Stanford Research Systems mod. 830 lock-in ampli-
fier), connected in sequence to different detection points. The
equilibrium is semi-automated: after the detector is manually
connected to a detection point, a balancing routine [22]
adjusts the corresponding generator until the magnitude of the
detected signal decreases below a given threshold.

D. Coaxial bridge

The schematic of Fig. 2 was realized with fully coaxial
standards and connections. A coaxial schematic of the current
comparator bridge is shown in Fig. 4. Coaxial equalizers were
employed to achieve a proper coaxial condition [3, Sec. 3.5.2].
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A B

Fig. 4. Coaxial schematic of the current comparator bridge. The three coaxial
equalizers are denoted by thick black rectangles.

E. Measurement procedure

The measurement procedure is the following:

1) Zeroing of Vpy, by adjustment of Evwg.
2) Main bridge balance: zeroing of D by adjustment of AVyy.
3) Iteration of steps 1 and 2. Typically three or four iterations
are sufficient to achieve convergence.
4) Measurement of Va1, with the synchronous detector;
evaluation of AV, = Var, — VL = VaL.
5) Measurement of Vpy with the synchronous detector.
The typical time for the first reading is about 10 min. The
measurement time can be reduced by employing an automated
coaxial switch to connect the synchronous detector to the

different detection points [23].

IV. EXPERIMENTAL

The measurements were mainly focused on the demonstra-
tion of the self-compensation functionality of the proposed
bridge topology, and on the evaluation of its effectiveness for
different values of the lead resistances. These changes were
physically simulated by connecting an additional resistance
box 7, in series with the lead path from the Y low-current
terminal pair to the corresponding CC input. The resistance 77,
was varied from about 0€) to 10€2: this upper limit, largely
exceeding the impedance of a typical bridge connection lead,
was deliberately chosen to stress the bridge self-compensation
mechanism.

The standards chosen for the measurements are listed in
Tab. 1. All measurements were performed at a frequency of
1541 Hz.

Tab. II reports the results of the measurements performed.
The columns report the following information:

o The standards employed as Z, and Zp. Refer to Tab. I
for a description;

 The nominal resistance ratio W"°™ = RX°™/RpE"™;

o The reference ratio deviation &% (Wret
Wwoem) /jynem - where W't is a low-frequency refer-
ence ratio determined with two independent ratio mea-
surement: one, a dc four terminal measurement, was
made with an Agilent mod. 3458A in ratio mode; the
other was made with a commercial transformer ratio
bridge (Automatic Systems Laboratories F18 precision
thermometry bridge) operating at 25 Hz and 75Hz. The
frequency dependence of the 25 € resistor is specified to
be lower than 1076 for frequencies up to 1592 Hz. The
other standards (100 and *1002) were characterized
in frequency by substitution comparison with a Tinsley
mod. 5685A 1002 ac-dc standard, also specified for an
ac-dc dependence lower than 107,

o The ratio deviation §° = (W°—Wnom) /Jymem measured
with the current comparator bridge in the unperturbed
condition, that is, with r, =~ 0€;

« The ratio deviation 6%, defined as §° above but with r{, =
1082, corresponding to a simulated increase of the lead
resistance of 10 % of Z, for W™ =1 and of 40 % for
Wwrem — (0.25. When 7y, is switched from 02 to 10 2, the
bridge unbalance is about 3 x 107 when W"°™ = 1 and
7 x 107 when W™ = (0.25. The value of 5" reported
here is the result obtained after rebalancing the bridge.

V. UNCERTAINTY

Tab. II reports, in addition to the estimated § values, the
associated uncertainties. These have been evaluated on the
basis of the measurement model of Eq. (11); Tab. III and
Tab. IV provide uncertainty budgets for the various configura-
tions. The largest contributions to the uncertainty are related to
the injection network of AVjy and to the measurement of AVy
performed with the synchronous detector. The uncertainty of
AVy can be reduced by improving the injection network, that
is, by employing a digital source with higher resolution and
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TABLE I
STANDARDS EMPLOYED FOR THE MEASUREMENTS. THE ASTERISK * DENOTES THE SECOND OF TWO STANDARDS HAVING THE SAME NOMINAL VALUE.

Label  Description
100Q  Agilent mod. 42036A: 1073 tolerance, +10 x 1079 K~! temp. coefficient

#100Q  Vishay mod. VHAS512 bulk metal foil precision resistor: 10~ tolerance, +0.6 x 10 K~! temp. coefficient, four terminal-pair casing
25Q  Tinsley mod. 5685A ac-dc standard resistor: 2 x 1075 tolerance, 2 x 10~ K~! temp. coefficient

TABLE I
MEASUREMENT RESULTS

Forr;, =0Q For r;, = 1092
Za 7B Wwmom - gref 5 106 T, I 89 x 106 I I 8T x 106
100©2  *100©2 1 -267(2) 6.8mA  6.8mA  -265(6) 6.2mA  6.2mA  -264(6)
250 *1002  0.25 -6(2) 6.6mA 1.7mA  19(11) 50mA 13mA 30(12)
TABLE III
UNCERTAINTY BUDGET FOR THE 100 €2 : 100 {2 COMPARISON.
For ri, =00 For r;, = 10Q
i Quantity x; u(z;) u; (69) x 106 x; u(z;) u; (6¥) x 106 Remarks
1  Ree 0 107 1 0 1076 1 Calibration [12]
2 ReAVy -1645uV  3.8uVvV 5.6 -140.0pV  32pv 52 Source channel accuracy
3 ReAW, 16.0pV 0.6 uv 0.9 24.0 vV 0.6 uv 1.0 Detector gain and noise
4 Vg 0.680V 0.004V 15 0.621V 0.004V 1.5 Detector gain
1) -265.4 6.0 -264.1 5.6 RSS
TABLE IV
UNCERTAINTY BUDGET FOR THE 25 €2 : 100 £2 COMPARISON.
For ri, =082 For r;, =102
i Quantity x; u(x;) u; (60) x 106 z; u(x;) u;(6%) x 108 Remarks
1 Ree 0 1076 1 0 1076 1 Calibration [12]
2 ReAW 499uv  12puv 7.0 389uv - 09puv 7.0 Source channel accuracy
3 ReAVL 468uvV  13uV 8.2 35.0uvV 1.2pv 9.5 Detector gain and noise
4 Vg 0.165V  0.001V 0.1 0.128V  0.001V 0.2 Detector gain
é 18.8 10.8 30.1 11.8 RSS

accuracy, and tailored voltage transformers with more suitable
scaling ratios. The uncertainty of the present digital source has
been considered in Tab. III and IV. The uncertainty of AV
can be reduced by employing a compensation technique [3,
Sec. 4.6.4.2] which, however, requires a source with additional
output channels and injection transformers.

VI. DISCUSSION AND CONCLUSION

The results given in Tab. II show that the self-compensation
functionality of the proposed bridge topology is highly effec-
tive. Consider e.g. the 252:100 2 comparison. The insertion
of rr, generates an additional voltage drop of about 51 mV, a
large fraction (40 %) of Vpy.

The values of AVp, reported in Tab. III and IV for the
two cases r, = 0 and r, = 102, differ only of a few uV;
it can be concluded that the rejection ratio of the voltage
drops caused by lead impedances is the order of thousands
or greater. Such self-compensation capability, at variance with
full-compensation or combining network strategies, does not
require any adjustment and is continuously operating, therefore

rejecting also any change in the impedance of the current paths
(caused, for example, by drifts in contact resistances).

In a bridge employing a full-compensation strategy, like
those described in Refs. [12], [13], this voltage drop has to
be compensated with a countervoltage injection. The voltage
generator which provides the injection has to be adjusted with
aresolution, and a short-term stability (between two successive
balances), comparable to the measurement accuracy.

It is possible to combine different strategies to achieve four
terminal-pair impedance definition. For example, Ref. [24]
improves the four terminal-pair voltage bridge of Ref. [25]
by adding an active compensation to a combining network
strategy.

It can be expected that the combination of the self-
compensation topology here proposed with active compensa-
tion methods for 4TP impedance definition already extensively
tested, either analogue [26] or digital [12], will allow an
extension of the bridge impedance range well below 1)
maintaining accuracies of the order of 107 at audio frequency.
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