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Since at balance the two terms Rk and 1/(j2pfsCx) are
nearly equal, the absolute value of the denominators isp

(2)Rk; the relative error eV on the voltage balance pro
duces a relative error eZ = 1.41eV in the equality (2) and
thus in the determination of the value of the capacitor un
der test Cx.

A HP 34401A [8] was used for the presented tests and
the ‘‘sinewave transfer accuracy” (specified by the manu
facturer at ±4r) is 0.002% for the 10 Hz 50 kHz and
0.005% for the 50 300 kHz frequency ranges; the condi
tions assumed by the manufacturer’s in the datasheet are
ensured by the choice of the signal level close to full scale,
the sinusoidal feeding signal, the constant frequency and
the successive readings performed over a few seconds, so
that it is a short term accuracy, rather than a medium or
long term accuracy.

(2) The signal generator must only be accounted for the
fs value, that for digitally synthesized generators,
such as the HP 33120A, is very accurate and its
uncertainty contribution negligible; in order to use
also analog signal generators, the frequency may
be read by the multimeter itself and the accuracy
of the HP 34401A is 0.01% (specified again by the
manufacturer at ±4r).

(3) The accuracy of the value of the reference resistor Rk

has a direct influence on the determination of Cx; it
may be determined with great accuracy with a resis
tance bridge (such as a Wheatstone bridge) or with a
direct measurement using the same multimeter,
attaining a variable accuracy, depending on the
resistor value and the instrument used, better than
0.002% [8] for a four wire measurement, again spec
ified by the manufacturer at ±4r. On the contrary,
the change of the resistance versus time and envi
ronmental conditions is in relationship with the type
of resistor and highly depends on the implementa
tion. Low temperature coefficient and high stability
resistors are available for the considered range of
values (from a fraction of kX up to a 100 kX); if
the temperature is stabilized the overall change is
less than approximately 10 ppm.

(4) The internal parasitic elements, to be considered in
particular for extreme values of the input frequency
and of the reference resistor Rk, may be compensated
for in different ways: (i) a corrective multiplying fac
tor may be applied a posteriori directly on the Cx val
ues; for the extreme case of a 10 pF capacitor under
test requiring a signal frequency of 204 kHz, we
obtain 1.56 MX of reactance (assuming 0.5 pF of par
asitic capacitance) in parallel to the 78,000 X resistor,
so a worst case error of 0.12%; (ii) the total parasitic
capacitance across the resistor Rk may be minimized
by an optimized design: with a series connection of
six 13,000 X resistors (to get the 78,000 X value) this
error term drops immediately to 0.02% or less; it is
underlined that this kind of deterministic errors is
significant only above 100 kHz for the lowest scale
(for the second resistor in the array equal to
39,000 X we have only a 75 ppm error for a single
resistor and 2 ppm for six resistors in series).
So, Type B uncertainty is dominated by the frequency
reading accuracy of the used multimeter, stated by the
manufacturer equal to 0.01% at ±4r (so, 0.005% at ±2r, that
is with a k = 2 coverage). If the signal generator is digitally
synthesized and the frequency reading accuracy term is
thus not relevant, then the overall Type B uncertainty is
the combination of the terms considered at points 1
(0.0014% or 0.0035% for the two frequency ranges), 3
(0.001% for both resistance measurement and resistance
change) and 4 (a variable accuracy that can be brought to
10 ppm with a little design effort within the 100 kHz fre
quency range). The overall uncertainty may be then esti
mated ranging between about 20 and 40 ppm.

Type A uncertainty has been evaluated together with
repeatability for a NP0 100 pF ceramic capacitor in SMD
0805 package, used as reference. The expected result is
about some tens of ppm and in this range the piezoelectric
effect comes into play: for this reason two sets of measure
ments have been collected. For each measurement the en
tire procedure is repeated: the capacitor under test is
inserted, then after the selection of the scale resistor, the
repeated readings with signal reversal are made by adjust
ing the signal frequency, until the two voltages are equal at
the desired reading accuracy, the voltage amplitude and
frequency values are written on the test sheet and then
the capacitor under test is removed.

The first set is characterized by a weak and not so con
stant mechanical force at the electric contacts, that gives
the most uncertain results, but maybe closer to the real
capacitance value. Type A uncertainty in terms of 2r dis
persion is about 200 ppm on a series of 10 measurements
(over a 10 min time interval) with a mean capacitance of
101.227 pF (including stray capacitance).

The second set has a stronger mechanical force obtained
with two spring contacts, that is however better under
control and for this reason constant. The maximum spread
of values is 5 ppm on a series of 10 measurements (over a
10 min time interval) and the mean capacitance is
101.209 pF (including stray capacitance). This values is
compatible with the 10 ppm accuracy estimated as Type
B uncertainty for the case of a digitally synthesized signal
and 100 pF scale.

The difference between the two mean values is only
18 fF or 180 ppm.
5. Conclusions

A simple inexpensive bridge for capacitance measure
ment with low component count has been presented, suit
able for lab testing of capacitors where high accuracy is
required (for example analog filter elements, voltage divid
ers, etc.). The accuracy depends not only on the internal
circuit, but also on the characteristics of the external signal
generator and voltmeter. It is shown that for the consid
ered interval of test frequency values (0.1 100 kHz), the
internal sources of error may be kept well below 0.1%
and, if adequately compensated, the limiting accuracy is
that of the external voltmeter. The comparison of two volt
ages of almost equal magnitude to reach equilibrium en
sures that the voltmeter accuracy is the best attainable
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(defined for the adopted voltmeter as ‘‘sinewave transfer
accuracy”). The Type A uncertainty has been evaluated
with a reference capacitor observing a 5 ppm spread of val
ues for 10 repeated measurements over a 10 min interval.
For very accurate measurements the test jig arrangement
to hold SMD components must be accurately designed in
order to avoid any piezoelectric effect, as it is for more
expensive LCR bridges.
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