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Introduction

Modern impedance measuring instruments measure
the real and the imaginary parts of an impedance vector
and are able to operate in wide frequency range covering
10 Hz up to 10 GHz [1]. The complex impedance is an
important parameter characterizing the electronic circuits,
components, and the materials [2]. Sensor impedance can
be used when preamplifier noise performance is evaluated
[3]. Also impedance measurements are employed when
wideband transformer model parameters are to be
measured [4]. The automated measurement is not possible
for low end instruments, the covered the frequency range
up to 100 kHz [5]. The high end equipment dedicated for
industrial measurements is capable of automated
measurements, exhibits very high accuracy and covers
wide frequency range [6] but is expensive.

We are frequently involved in electrical impedance
measurements within 20 kHz to 20 MHz frequency range
in our research. The impedance values measured are within
few ohms to dozen kilo ohms. Accuracy of a few percents
would be enough for the measurements mentioned
therefore low cost of such system could be expected. The
requirement usually is to measure not just at single
frequency or operating conditions but at multiple
frequencies and certain set of operation values. Therefore
the measurement automation is essential, as well as the
price of the equipment.

The design of complex impedance measurement
system satisfying our specific needs is presented below.

Impedance measurement methods analysis

A variety of methods for impedance measurement
exists [1]: bridge, resonant, I-V, RF I-V, network analysis.

The bridge method exhibits high accuracy, but due to
the need of balancing this method we consider not suitable
for our application. Resonant method is achieving good
accuracy in quality of inductance measurement, but there is
a need for resonance tuning. It can be considered as an
option for few measurements as it was done in [2], but it is
not suitable for low cost automated system. The rest of
methods can be considered as candidates.
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The analysis of industrial impedance measurement
equipment using transmission/reflection (I', S — parameter,
n network), I-V, RF I-V and auto-balancing bridge
methods was found in source [7]. Data found in this
publication is presented in Fig. 1. The impedance value
and measurement frequency limits for 10 % of the
impedance accuracy for the every method are shown. The
range of our measurements is indicated as thick solid line.
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Fig. 1. Impedance measurement methods characterization

The Fig. 1 data analysis indicates that I-V and auto-
balancing bridge methods look the most promising. In
further analysis we concentrate on these two methods.

The I-V method

The measured impedance Z, can be calculated using
Ohm’s law from the voltage and current values:
Z,=—R (1

ref >

Uy
r

where U, is a voltage across the unknown impedance Z,

and 1 is the flowing current. If the mentioned voltage and
current are obtained directly such technique is named I-V.

The simplified -V method connection diagram is
presented in Fig. 2.



Fig. 2. Simplified I-V method schematic

Current can be calculated using the voltage drop
measurement across an accurately known reference resistor
R.r. Placement of R at high end impedes the requirement
to accurately measure the differential signals in the
presence of high common-mode voltages. Usually a
specialized operational amplifier is used for this purpose.
Sometimes an RF transformer is used in place of Ryt to
obtain the high-end sensor [8]. The RF transformer,
however, limits the lower end of the applicable frequency
range. However, the R; voltage drop can be calculated by
taking the difference of single-ended voltages on R [9].
The modified measurement diagram is presented in Fig. 3.

Fig. 3. Modified schematic for I-V method

Then an unknown impedance Z, is calculated as

U,
U,-U,

Zy=

R (@)

ref -

Such a measurement setup requires only one high-
impedance measurement path for voltage U, (channel 1).
The voltage U, can be monitored using a 50Q impedance
path (channel 2).

Auto-balancing bridge method
The auto-balancing bridge employs the inverting

topology operational amplifier. Turn to drawing on Fig.4
for explanatory schematic.

Fig. 4. Basic schematic for auto-balancing bridge method

The current flowing through Z, is mirrored by the
resistor R.s current. The potential at the operational
amplifier inverting pin is maintained at zero (sometimes
called a ,virtual ground“). IL.e. the current through R
balances with the Z, current by operation of the I-V
converter amplifier. The Z, current is calculated using
voltage measurement at the operational amplifier output

60

U,
=—LR

Z. =
XU2

3

ref -

This mode of measurement has a disadvantage in
accuracy at high frequencies because of the operational
amplifier performance limit.

The measurement system

The acquisition system for automated AC parameters
measurement [10] has been used as the base for impedance
measurement arrangement. The new system structure for
impedance measurement in I-V mode is presented in Fig.
5. System contains the excitation signal generation and
resulting waveforms collection units. Two simultaneous
10 bits analog-to-digit converters (ADC) are available. The
data can be streamed at 100 Ms/s into two independent
256k samples deep memory banks. The system control and
data collection is performed by the host PC via a high
speed USB2 interface. The communication with the host
computer is accomplished using the Cypress
Semiconductor EZ-USB FX2LP highly integrated, low-
power USB2.0 microcontroller IC CY7C68013A. Such
architecture allows for fast and automated measurement.
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Fig. 5. System structure for I-V method
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The system can be easily converted into auto-
balancing bridge measurement mode by applying the
modifications presented in Fig. 6.



Fig. 6. System modification for auto-balancing bridge method

The amplitude and phase estimation in the presence of
noise turns difficult. The use of sine-fitting technique can
significantly reduce the noise. The fitting function is:

u(t)=Uyg cos(27ft)+Ug sin(24ft)+ U, ; (4)
where U, and U, are the in-quadrature amplitudes, U is the
DC component and f is the excitation frequency. This
method is useful if the excitation frequency is not known.
It should be noted that impedance measurement system
(refer Fig. 5) is using common synchronization clock
source both for exciting signal generation and waveform
acquisition. In such case the sine fitting can be simplified
since excitation signal frequency and acquisition sampling
rate ratio is exactly known. The reference frequency will
be insignificant. Furthermore, if signal containing only
single frequency is used for excitation then sine wave
correlation (SWC) technique [12] can be applied to extract
the signal amplitude and phase by using cosine and sine
signals for correlation. Fitting the function (4) to the signal
as a set of M samples, Y;...Yyy, acquired at a frequency f; at
time instances t;...ty then is accomplished as:
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Then the measured signal magnitude and phase is

u
U :wlUg +Us2 ,go:arctan[u—sj.

c

(6)

Same computational procedure has to be performed
on both system channels (voltages U; and U, are
obtained).

The application examples

In order to test the system functionality the complex
test impedance has been manufactured. The model circuit
is composed of 1 kQ and 91 pF capacitor (both surface
mount) connected in parallel. It has been measured using
both the I-V and the auto-balancing bridge methods.
Measurements frequency range was 100 kHz to 20 MHz.
The results are presented in Fig. 7.
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The real and imaginary impedance parts are plotted
against individual exes. The real part axis is on the left and
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Fig. 7. Impedance measurement performance evaluation

the imaginary part is using the scale on the right. The
values of components constituting the impedance model
(resistor and capacitor) have been used for theoretical
impedance calculation. This calculation result is presented
on Fig. 7 graph as thick line. It can be seen that there is
some results deviation at high frequencies. The impedance
deviation is significant when frequency is above 1 MHz for
the results obtained using the auto-balancing bridge
method. This measurement accuracy is decrease can be
explained by performance limits of the operational
amplifier at high frequencies. As indicated in [1] the LCR
meters using the auto-balancing bridge technique can
utilize a simple operational amplifier for low frequency
range (typically below 100 kHz). Wideband LCR meters
and impedance analyzers for frequencies above 1MHz
employ the combination of sophisticated null detector,
phase detector, a loop filter and vector modulator to ensure
a high accuracy for a broader frequency range.

The electrical model Butterworth Van Dyke (BVD)
transducer [3] has been measured. The comparison of the
measurement results and the theoretical impedance based
on the components values is presented in Fig. 8.
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Fig. 8. Measured vs. theoretical impedance of transducer model

Both measurement techniques are giving similar
results. It was indicated in publication [3] that the use of
the real source impedance allows better noise performance
prediction and the topology of the circuit can be modified
to obtain the best available signal-to-noise ratio.



The fast impedance measurement is needed for the The piezoactuator impedance variation investigation
impedance variation monitoring. Refer to Fig. 9 impedance  is a good demonstration of system monitoring capabilities.
measurement example in changing load conditions.
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V. Dumbrava, L. Svilainis. The Automated Complex Impedance Measurement System // Electronics and Electrical Engineering. —
Kaunas: Technologija, 2007. — No. 4(76). — P. 59—62.

The design of automated, low cost, complex impedance measurement system is described. The overview of impedance measurement
methods is given and suitable candidates outlined. The I-V method and the auto—balancing bridge method have been selected and the system
structure has been adopted for those two methods. The preliminary investigation results for both methods are presented. The parallel RC circuit
and transducer BVD electrical model have been used as test impedance. The measurement results are plotted against theoretical impedance
value. The piezoactuator impedance variation versus load was measured as demonstration of system monitoring capabilities. 111.9, bibl.12 (in
English; summaries in English, Russian and Lithuanian).

B. lymopasa, JI. CBuiaiinuc. Cucrema 1Isi M3MepeHUs] KOMIIJIEKCHOTO MMIeIaHca // DIeKTPOHHUKA M JJIeKTpoTexHuka. — Kaynac:
Texuoaorusi, 2007. — Ne 4(76). — C. 59-62.

OmnucaHa aBTOMAaTH3UPOBAHHAS, HEOPOTasl CUCTEMa ISl U3MEPEHUsT KOMIUIEKCHOTO uMIenanca. MccnenoBansl METObI ISl U3MEPEHUS
HMIIEZIaHCa U OTOOpaHbl MOAXOAAIIME KaHAWAaThl. [loka3aHo, uTo mertoabl -V (TOk—HampspbkeHHe) W aBTOOAJAHCHOTO MocTa Haubolee
MOAXOMAT JUIsl U3MEPEHHH B 3aJaHHOM auanasoHe. CTpyKTypa CHCTeMbI mojobpaHa s o0oux MerojoB. [IpenBapuTesnbHbIe Pe3yIbTaThl
U3MepeHuil mpeacTaBieHsl st 00oux MeTonoB. Llenouka RC u anexrpuyeckas BVD monens mpeoOpa3oBaTenst UCIONB30BAaHBI B KaYeCTBE
TECTOBOTO HMMIIeaHca. Pe3ynpTaThl M3MepeHHi NpHBEICHBI B rpadukax BMECTE C TEOPETHUECKMMHM 3HAYCHMSMU UMIenaHca. M3MeHeHue
UMIIeJIAHCA 110]] BIUSIHUEM Harpy3Kd HPHBEICHO B KauecTBE JEMOHCTPALUK BO3MOXKHOCTEH CHCTEMBI B pexxume MoHutopunra. Mi.9, oubin.12
(Ha aHIIIMICKOM sI3bIKE; pedepaThl Ha AaHTTIUHCKOM, PYCCKOM U JIUTOBCKOM S13.).

V. Dumbrava, L. Svilainis. Automatizuota kompleksinio impedanso matavimo sistema // Elektronika ir elektrotechnika. — Kaunas:
Technologija, 2007 — Nr. 4(76). — P. 59—-62.

Pristatomas nebrangios, automatizuotos kompleksinio impedanso matavimo sistemos projektavimas. Nagrin¢jami impedanso matavimo
metodai ir pateikiami tinkami kandidatai. [-V (srové—itampa) ir auto-balansinio tiltelio metodai buvo atrinkti kaip tinkami. Sistemos struktiira
parinkta, kad tikty abiem metodams. Pateikti preliminariis kompleksinio impedanso matavimo rezultatai. Lygiagreti RC grandiné ir keitiklio
BVD elektrinis modelis buvo panaudoti sistemai testuoti. Gauti rezultatai braizyti kartu su teorinémis impedanso vertémis. Sistemos pritaikymui
impedanso stebésenai parodyti pateikiamas pjezovaldiklio impedanso kitimas veikiant apkrovai. I1.9, bibl.12 (angly kalba; santraukos angly,
rusy ir lietuviy k.).
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