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Compensation of Impedance Meters When Using an
External Front-End Amplifier

Josep M. Torrents and Ramon Pallas-Aregrgilow, IEEE

Abstract—Four-terminal impedance meters based on
pseudo-bridges vyield unexpected uncertainties when using
high-contact-impedance electrodes. Adding a front-end amplifier
to the impedance meter and rearranging the connection of the
meter terminals overcome the contact impedance problem. How-
ever, because the compensation provisions in the instrument are
meant to compensate only impedance residuals of test fixtures, by
either an open/short or an open/short/load correction procedure, Fig. 1. Four-wire impedance measurement using a pseudo-bridge when
the external front-end increases the inaccuracy of the measure- contact impedances with the impedance under f&s} are negligible.
ment setup. This paper shows that an open/short/load correction
can also compensate complicated impedance residuals such as

those from external amplifiers. The paper details the correction IMII:fEDT‘]\;;CE
procedure and provides the equations to calculate the impedance HP & I L
under test from the readings of the impedance meter. =
HCed | + | aB |+
Index Terms—mpedance measurement, pseudo-bridge, Vi Vv, Z,
residual impedance, . LC &y | - CDh | -
Lp o
|. INTRODUCTION

Fig. 2. Two-wire impedance measurement using a test fixture modeled by its
LECTRICAL impedance measurements, includingZ¢ D parameters.

impedance spectroscopy, have been applied to material
characterization for sensor development and quality controlifinal. The remaining currenfy, flows toward a zero detector
several areas ranging from biological tissue characterizati(@¥D) connected to the low-potential (LP) terminal. The output
[1] to cement setting studies [2]. Common impedance megf the ZD controls the amplitude and phaselpfin order to
surements need immersed electrodes when applied to ioaghievel, = 0 and a zero voltage at the LP terminal. Then,
media [3] in order to convert ionic currents in the electrolytg,, = Vy;p /I, andl, = —V,./R,.. BecauseR, is known, mea-
into electron currents in electronic circuits. Electrode contastiring Vg and V,. yields the value of the impedance under
impedance is usually high, particularly at low frequenciesest, Z,. Stray capacitance between the terminalsZgfand
Because most impedance meters are mainly intended gi@und would not influence the measurement because terminals
characterize electronic components or circuits where conta¢t and LC are at zero potential and terminal HP is connected to
impedances are low, using high-impedance electrodes causéggh-impedance voltmeter.
the instrument to display inaccurate results. Nevertheless, the impedance under test is actually connected

Fig. 1 shows the basic working method for commerciab the impedance meter by passive elements, such as port
impedance meters based upon pseudo-bridge techniqeriensions and test fixtures, not shown in Fig. 1. In the simple
(auto-balance bridge circuit) such as the HP4192A [4]. Theo-wire connection, any inaccuracy attributable to passive
instrument applies a test signal of frequerfcyand amplitude elements, such as residual impedance of test fixtures, stray
V, (selected by the user) to the impedance under &g} ( impedance, or admittance and connecting lead parasitics,
through the high-current (HC) terminal, resulting in a currefan be compensated by two reference measurements at the
I, throughZ, and a drop in voltagel{,) sensed at the high-po-test terminals, normally an open-circuit and a short-circuit
tential (HP) terminal Vap = V). impedance.

Most of I, flows through an internal reference resisidr Any passive network connecting an impedance meter to the
toward a voltage-controlled voltage souréelocked in phase impedance under test by two wires (Fig. 2) can be represented
to the test signal and connected to the low-current (LC) tesy its transmission parameters B, C, and D ([4], p. C-1).

The input-output relation is then

Manuscript received April 3, 2001; revised December 31, 2001. This work i\ _ (A B Vs 1)
was supported by the Spanish CICYT, under Project TAP1999-0742. I, \C D L
The authors are with the Divisié d’Instrumentacié i Bioenginyeria, De-
partament d’Enginyeria Electronica, Universitat Politecnica de Catalunya., . . .
Barcelona, Spain (e-mail: elerpa@eel.upc.es). Where' by comparing with Fig. ¥; = Vup andly = I, + 14,
Publisher Item Identifier S 0018-9456(02)04313-9. if I; =0andl; = I,.

0018-9456/02$17.00 © 2002 IEEE



TORRENTS AND PALLAS-ARENY: COMPENSATION OF IMPEDANCE METERS 311

The result for the measured impedance (meter reading) is
Zem = V1/11. Hence, we have

Vi _ AVa+ BL
I, CVo+ DIy
The impedance under test (effective impedance, which includes

parasitics and influence factors such as temperature and frig- 3. Four-wire impedance measurement using a pseudo-bridge when
quency) isZ.. — VQ/IQ Therefore Z,. can be calculated from contact (electrode) impedances with the impedance under test are not
xr . xr

Lpm = (2)

) e ligible.
Z.m 1f the network transmission parametetdo D are deter- negigibe
mined from independent measurements. An open-circuit mea- e Z Z. Z  Le
surement [, = 0) yields Z,,, = A/C and a short-circuit mea-
surement > = 0) yields Z,,,, = B/D. Then, if the measured I+1, LP

network (which includes the instrument input port extension and
the test fixture) is symmetricA = D), the actual impedance
under test can be calculated from the measured impedance value

by

I front-end

ZOIH

Zom - Zazrn . " . .
Fig. 4. Front-end amplifier (DA) and rearranged connections with the
which agrees with the expression given by [4, p. C-2]. pseudo-bridge impedance meter in Fig. 3 as proposed in [5]. Because terminals

For complicated residuals such as those from custom-md‘d‘?and LP are shorted, the electrode impedance in series with the internal
. i . reférence resistof{,. in Fig. 3) is at virtual ground potential.
test fixtures and external amplifiers, which may be asymmetric
(A4 # D), adding a third reference measurement involving an
impedance close to the impedance under test further reduces in-
accuracies [6]. This procedure is termed open/short/load correcAny active circuit between the instrument aggd, such as

Zac = (Zacrn - Zsm) (3)

Il. METHOD

tion. The final result is then the amplifier shown in Fig. 4, can be described by its transmis-
To 7 7 sion parameters (voltage gaininput impedance’;, and output
Zy = (Zom — Zswm) = T (4) impedancez,) as follows

Zrm - Zsm Zom - Zacrn

whereZ, . is a standard or reference impedance Zng is its \(QV“) = <‘é‘ g‘) <‘I/V2> _1 < } g:) <‘I/V2 )
measured value. Equation (4) is the arranged expression gi 1 [ V2 k V2

by [6]'. This procedure, however, is valid in principle only forlf the impedance meter with the added front-end is connected
twcl\)/Iwwe meq?grerlgentf. ider th tact | d to the impedance under test,() through a symmetric passive
Oreover, 1t in Fig. 1 we consider the contact IMpedancga o a5 in Fig. 5, we have (6), shown at the bottom of the

(Z.) between the instrument and the impedance under test, herd), has b laced A, =D b f
obtain the equivalent circuit in Fig. 3. The LC terminal is n xerg];ﬁ'en,](\;\;rye)r Efqu:’[?one(efsr; EZdasC?o by (Ar = Dy because o

longer at 0 V, which results in gross measurement errors.
i i 1 1 1
open/short/load correction, such as that discussed above, would , ~_ 1 [Cz A <_ 4 _)} (Vs + ZoIvs)  (7)

Z; Z;

not solve the problem because it only applies to two-wire mea- k Zyw  Z

surements. . .
) . . . . . Th I
Adding a front-end differential amplifier (DA) with high e measured impedance value is
input impedance to the impedance meter and rearranging _ Vo _ 1 _z Iy ®)
its connections, as shown in Fig. 4, solve the high-contact ~ " I 1 [OIJFAI (ZL + ZL)} ’In

impedance problem [5]. The voltage at the terminal HP is still
the drop in voltage across the impedance under test becausgolving for Z, yields

LC and LP are shorted and LP is at virtual ground potential. 1 1
Therefore, the virtual ground at LC (LP, zero detector) yields Zpy=——7T—"73 9)
I, = -V, /R, in spite of Z.. However, any stray capacitance T @
between the terminals of,, and ground would influence the where
measurement becau&g is not virtually grounded. I

Nevertheless, the front-end amplifier adds its own impedance « =L (10)
residuals and the question arises about how to correct them. This OI 1
paper shows an effective procedure and provides the necessary Jéj =24 = (12)
equations to reduce inaccuracies resulting from the front-end AII Zi
amplifier needed for impedance measurements involving high- N =2, (12)

contact impedances, such as those from immersed electrodes.
The proposed procedure follows the same steps than that ded Z,.,,, is the impedance measurement result obtained by the
scribed for two-wire measurements. instrument (meter reading).
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Fig. 5. Setup for impedance measurement when considering an active
front-end and additional passive connecting networks.

Therefore, becausgé, depends on three parameteisg, ), 2351

three independent measurements can, in principle, characteriz B
the system made from the impedance meter, the front-end am
plifier, and additional connections (port extension and test fix- 230 o1 p 100 10000
ture) without requiring the knowledge of their particular param- ' Frequency (kHz)
eters. Three independent measurements yield three equations _ _ _ _
that can be solved fax, 3 and~. Because (9) depends ¢h,,, ]!:Ig. 6. Results obtained with the HP4192A impedance meter and the active
. . . . . front end in [5] when measuring a 24 resistor. (A) Direct measurement of
(which obviously depends o), residual compensation in the resistor. (B) Result when the 2aresistor is connected to the impedance
measurements involving a large range of impedance values maer using four impedances consisting of &Bgesistor in series with a 4.0
not be possible with a single set of three reference impedahhzé:ecapacnor_, which simulate electrode contact |r_npedances. (_C) Result when
the 24} resistor connected to the four contact impedances is connected to
measurements. Rather, one of the reference measurements gélfhpedance meter through a front-end amplifier. (D) Calculated result after
be chosen close to the expected value for the impedance uradelying the residual correction procedure to the impedance displayed by the

test (“load” value). instrument.

The next step was to apply the procedure for compensating
residual impedances described by (9). The, values were the

The proposed solution for residual compensation has bemeter readings at each frequency (curve C in Fig. 6). The three
tested in the 10 Hz to 10 MHz frequency range on a systamference impedances wer€1120 K2, and 242 resistors. The
formed by an HP4192A impedance meter and a front-end afin£2 resistor was close to the short-circuit impedance (a true O
plifier like that described in [5]. Residual impedances from th@ impedance is impossible to achieve in practice). The X20 k
front-end, port extension, and test fixtures have been measuresistor was large enough as compared to the impedance under
together with the material or component under test and thetest to be considered “open circuit;” the impedance meter would
fore they should be removed by the three-reference correctioot work under actual open-circuit connection. Thel2¢efer-
procedure. ence resistor was selected because it was known in advance to

The first impedance tested was aQ4esistor directly con- be close to the impedance under test. Curve D in Fig. 6 shows
nected to the impedance meter. Curve A in Fig. 6 shows the that the calculated final results are very close to those for the
sult, which agrees with the specified uncertainty for the instrdirect measurement of the 24resistor, meaning that the pro-
ment. The increase in impedance around 5 MHz is attributaldesed procedure actually compensates for residual impedances
to the parasitic inductance of resistor leads. Next, th&24- in the frequency range considered.
sistor was connected to four equal impedances &t 89series The proposed compensation method is not exclusive of any
with 4.0, F that simulate contactimpedances such as those frgarticular front-end circuit, provided it can be described by four
electrodes immersed in an aqueous electrolyte. Curve B shavesmismission parameters as in Fig. 5. Hence, the gain and the
the result, indicating that the contact impedances increase theut and output impedance of the front-end amplifier in Fig. 4
measurement error well above instrument specification, as exay be different from those of the unit used here. The best re-
pected from Fig. 3. sults are obtained when the third reference measurementis close

Then, the resistor with the added contact impedances waghe expected impedance result.
connected to the impedance meter through the front-end amThis residual correction method is particularly convenient
plifier and necessary cables. Curve C in Fig. 6 shows that tfe impedance measurements involving electrodes immersed in
accuracy improves as compared to curve B, but there are stilkctrolytes. We have measured a 0.9% NacCl saline solution in
residual inaccuracies because of the unknown characteristica ofietacrylate cell (0.4 cmt cell constant) using four stainless
the front-end amplifier and the port extensions. steel electrodes with 0.94 éncontact area. The theoretical

I1l. EXPERIMENTAL RESULTS AND DISCUSSION
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impedance of the electrodes involved. Those impedance
meters, offering separate current injection and voltage de-
tection terminals (four-wire measurements), can measure the
impedance of ionic media by adding a high-input impedance
external preamplifier. The residual impedances of the con-
necting cables and front-end amplifier can then be compensated
by measuring at least three reference impedances. One of these
impedances must be preferably close in value to the unknown
impedance. The front-end and the residual correction procedure
here described open new application fields to these impedance
meters that otherwise could not be applied to electrolytes.
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