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Abstract

This paper explains the circuitry and signal processing to perform electrical impedance spectroscopy
on piezoelectric materials and ultrasound transducers. Here, we measure and compare the impedance
spectra of 2—5 MHz piezoelectrics, but the methodology applies for 700 kHz—20 MHz ultrasonic
devices as well. Using a 12 ns wide 5 volt pulsing circuit as an impulse, we determine the electrical
impedance curves experimentally using Ohm's law and fast Fourier transform (FFT), and compare
results with mathematical models. The method allows for rapid impedance measurement for a range
of frequencies using a narrow input pulse, digital oscilloscope and FFT techniques. The technique
compares well to current methodologies such as network and impedance analyzers while providing
additional versatility in the electrical impedance measurement. The technique is theoretically simple,
easy to implement and completed with ordinary laboratory instrumentation for minimal cost.
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1. Background

Electrical impedance spectroscopy (EIS) of piezoelectric devices and materials, henceforth
referred to as PEDs, derives from the measurement of the current into and the voltage across
the PED as a function of the applied sinusoidal voltage frequency. According to Ohm's law
the impedance can be calculated by complex division of the voltage and current. The impedance
of the PED can be calculated by applying a sinusoidal voltage to the PED in series with a
resistor, and measuring the voltage across the resistor and across the PED. Performing this
measurement by sweeping the frequencies of the applied signal provides the impedance phase
and magnitude. The power—voltage multiplied by current—delivered to the PED can also be
determined from the voltage and current measurements. The impedance plot, and more
importantly the current and voltage measurements as a function of frequency, provides useful
information to builders and users of the piezoelectric device.

EIS provides many piezoelectric properties that are necessary in developing ultrasound
transducers for imaging, ablation, level measurement and other ultrasonic applications [1,2].
The electrical impedance of piezo-material over a range of frequencies is important in
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understanding the behavior of the piezoelectric around resonance and parallel resonance. It is
also useful to compare different piezoelectric materials such as films, composites and single
crystals for their possible uses and electro-acoustic behavior [3].

By analyzing the electrical impedance curve as a function of frequency, one can determine
properties of the piezo-material such as impedance Z, admittance Y, maximum impedance
frequency fp,, maximum admittance frequency fs, mechanical Qn, and the components of the
RLC circuit that mimic the material [4-7]. Therefore, a quick and affordable way to measure
the impedance of a piezo-material and ultrasonic devices can be of significant benefit.

Numerous methods have been introduced to measure electrical impedances for transducer
sensitivity calibrations [7], maximization of acoustic energy conversion/transfer [8,9] and to
determine other properties of piezoelectric ceramics [1,2]. A good review of standard methods
used at different frequencies and in a variety of devices is ‘Agilent Technologies Impedance
Measurement Handbook’ [10], available at the Agilent Technologies website. In practice, EIS
of piezoelectrics is easily done using network analyzers and impedance meters. However, these
devices generally cost ten to forty thousand dollars, which is prohibitive for many potential
users. In this paper, we demonstrate a practical and affordable pulsing circuit along with the
methodology to easily perform EIS for assumed lossless PEDs [6,11], using a well-established
signal processing approach.

The approach in this paper uses an impulse response to determine the transfer function of a
simple circuit or system. A pulse applied to a PED in series with a known impedance source
in time results in a measurable response. When the measured response is converted into the
frequency domain, Ohm's law can be used to determine the impedance of the PED as a function
of frequency.

2. Methods

2.1. Pulsing circuit

The pulsing circuit shown in figure 1 is constructed from two common high speed integrated
circuits (ICs) (Mouser Corporation), mounted on a prototyping board. The first IC was a Hex
Inverter (DM74AS04 Fairchild Semiconductor), wired to form a simple 4 kHz square wave
oscillator (pins 1-4 and 12-13). The output from the oscillator pin 4 was then sent through
even multiples of gates as shown in the figure to obtain two equivalent wave forms. The two
outputs from the Hex Inverter (pins 10 and 8) were sent to the second IC, a high speed Quad
NAND Gate (DM74AS00 Fairchild Semiconductor). The NAND Gate's intrinsic 4 ns
propagation delay was used to slow the output (pin 8 Hex Inverter) by approximately 12 ns.
The delayed signal was then logically combined with the non-delayed signal (pins 9 and 10,
NAND Gate). The output at pin 8 of the NAND Gate was a 10 ns wide 5 volt pulse. Bypass
capacitors (pins 14, both ICs) and a pull-up resistor (pin 8, NAND Gate) were used to sharpen
the pulse and remove ringing as shown in figure 1.

2.2. Experimental measurements and analysis

The pulsing circuit in figure 1 was connected in series to a known impedance source Z, a
simple 49 Q resistor with 1% tolerance, and the unknown PED electrical impedance Zy,, as
shown in figure 1. The transient voltage responses Vj and Vi, were measured across Z, with
x 10 scope probes triggered off of pin 10 of the NAND Gate. The measured PEDs were
connected to the pulsing circuit and known impedance source using a two-point copper prong
holder (bottom of figure 1). To measure Zp, the digital wave forms of V, and Vi, were collected
using a Tektronics Model TDS2002B oscilloscope at a sample rate (SR) of 4 ns per point. The
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measurements of V, and V,, were collected using the screen capture setting on the oscilloscope
out to 20 s in time.

For each piezoelectric measured, V, and Vi, were padded with zeros to make the signal 3 x
106 points long in time, and the fast Fourier transform (FFT) was taken in MatLab (Math Works
Corporation, Natick, MA). The FFT of transient voltage measurements Vj, and Vi, provided
the frequency domain content of the signals FV, and FVpy,, respectively. The electrical
impedance of the unknown PED as a function of the frequency FZ,,, was determined according
to
FVy-Z
FZy=— P
FVy—FVy (1)
The resulting complex impedance vector FZ,,, was plotted for its magnitude and phase (y-axis),
in conjunction with its frequency vector (x-axis). The per-point frequency step for the x-axis
f was given by
1
=5k F )

where SR is the sample rate and F is the number of points for which the FFT was taken.

2.3. Impedance measurement using a network analyzer

The impedance phase and magnitude plots were collected with an HP 4194 impedance analyzer
and saved into a digital text file for comparison with results from section 2.2. The PEDs were
placed in a two-point holder with leads that connected the PEDs to the system. The holder was
identical to the impulse measurements holder of section 2.2, see figure 1.

2.4. Impedance data fitting

The impedance phase and magnitude plots from the data were fitted to the simple model for a
piezoelectric using IEEE Standards 1988. The basic model consists of an RLC circuit in parallel
with another capacitor, as shown in figure 2. The impedance and admittance functions for a
piezoelectric model can also be represented more precisely by a transmission line equivalent
circuit [12,13].

For the circuit shown in figure 2, the relationships among parameters may be determined by
using Ohm's law and circuit theory. The series resonant frequency for the circuit ws is given
by
1
Wg= .
" VL C ®)

The conductance at resonance G(ws) provides the resistance value R for the model according
to
1

R= .
G (wy) o)
Manipulating the real and imaginary components of the admittance yields
Co:—B ((1)5)’
Wg (5)
1
Wp= s
P VL - Ce (6)
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L=——,
ws - C )

where B(ws) is the maximum value of the susceptance, C, is the parallel equivalent capacitance
of the model and wy, is the parallel resonant frequency.

Four parameters, R, L, C and C,, for the model were estimated using equations (4)—(7)
respectively and the measured impedance data from the impulse method Fz,, and the network
analyzer system. Then a least-squares approach was used to fit the model parameters more
accurately.

2.5. PSpice model of the impulse impedance measurement method and ac sweep

3. Results

Experimental impedance data Fzy,, from section 2.2 and the model fitting of section 2.4
provided the R, L, C and C, parameter values for the simple circuit in figure 2. The
corresponding values were then used in a PSpice model (Candence Corporation, San Jose, CA)
to simulate the impulse method of section 2.2 and to perform a standard ac sweep analysis of
the circuit. The PSpice model simulated the piezoelectric equivalent circuit shown in figure 2.

For the impulse model, the source was defined as a 4 volt 12 ns wide pulse with 4 ns rise and
fall times. Transient analysis was used to simulate the circuit in 0.1 ns time steps to 20 us.
Vp and Vi, were measured in the program and imported into MatLab for analysis.

The circuit in figure 2 was used in the PSpice ac sweep analysis. The source was a 4 volt
sinusoid that was swept from dc-10 MHz in 1 kHz increments. The current through Z,, and
voltage Vi, were measured in the program, and the impedance magnitude and phase were
compared with the experimentally measured data.

3.1. Pulsing circuit analysis and performance

Figure 3 shows oscilloscope measurements from the pulsing circuit. The green and purple
square waves shown in the left side of the figure were logically combined at pins 10 and 9 of
the NAND gate to produce the test signal in yellow at the bottom of the figure. The signals are
shown in more detail on the right side of the figure where each division corresponds to 10 ns.
The high speed NAND Gate produces a stable 12 ns wide 4 volt pulse when both green and
purple logic signals are “on’, as shown in the right side of figure 3. The yellow pulse is the
measured output from pin 8 of the NAND Gate. The yellow pulse signal has 5 ns rise time and
7 ns fall time with minimal ringing around the edges of the signal.

3.2. Experimental analysis of impedance measurement approaches

The following flat disk PEDs were tested: a 0.5 inch diameter 5 MHz piezoelectric EBL 2
composite, a 0.75 inch diameter 4 MHz piezoelectric EBL 1 and a 0.59 inch diameter 2 MHz
piezoelectric EBL 2 (EBL Products, Hartford, CT). The electrical impedance was measured
five times using the impulse approach with a 49 Q 1% resistor as Z, and five times using the
network analyzer. Figure 4 is a composite of data from the impulse method, the network
analyzer and PSpice models. We found good agreement between experimentally measured
data for the impulse method (blue line) and the network analyzer (blue asterisk) for the three
samples. There were no significant variations among measurements using the two techniques.
The impedance calculated from the data and the impedance from the two PSpice models gave
similar results for each sample, as shown in figure 4. The component values of the piezoelectric
equivalent circuit were determined from the PSpice model of the experimental impedance data
and compiled in table 1. Results for each PED are discussed separately.
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3.2.1. 5 MHz piezoelectric composite PZT disk (figures 4(a) and (b))—Figure 4(a)
shows the impedance phase measurement obtained from the impulse method, from calculations
based on equations (3)—(7), from the PSpice model of the impulse measurement, from the
PSpice model of an ac sweep and from the network analyzer. The phase shift before resonance
occurs at 4.5 MHz for the various methods, except for the network analyzer where it occurs at
4 MHz. Figure 4(b) shows that the impedance magnitudes determined for the five methods
were similar.

3.2.2. 4 MHz piezoelectric PZT disk (figures 4(c) and (d))—Figure 4(c) shows that the
phase shift before resonance is similar for the different methods (4 MHz), except that it occurs
ata lower frequency (3.7 MHz) for the network analyzer. Figure 4(d) shows that the impedance
magnitudes determined were similar for all five methods, except that the magnitude of the
impedance at parallel resonance was greater for the network analyzer (250 Q) compared to the
other methods (180 Q).

3.2.3. 2 MHz piezoelectric PZT disk (figures 4(e) and (f))—The phase and impedance
plots (figures 4(e) and (f)) were quantitatively similar to those obtained for the other two
materials, but the data showed small amplitude variations at low frequencies, and through
resonance and parallel resonance. The phase shift and resonant frequency were identical for
the impulse method and network analyzer (1.98 MHz). This was true for the parallel resonant
frequency of 2.2 MHz as well.

Table 1 shows component values for the impedance data determined from the impulse method
and the network analyzer. The resonant and parallel resonant frequencies f; and f, and
magnitudes were similar.

4. Discussion

The pulsing circuit comprising the two ICs, four resistors, three capacitors and prototyping
board costs ten dollars to build. The simplicity in the design makes it easy to construct in 1 h.
The pulse width can be lengthened or shortened by increasing or decreasing the number of
gates through which the signal propagates. The 12 ns pulse from the circuit shown in figure 1
provided sufficient bandwidth to measure the impedance of 2-5 MHz PEDs. A shorter pulse
would be required to measure higher frequency PEDs. A longer pulse might be sufficient to
measure lower frequency PEDs. In practice, we have used the pulsing circuit as presented to
perform EIS of ultrasonic probes and piezo-materials with impedance in the range 700 kHz—
20 MHz.

By applying a voltage pulse to a component with known impedance in series with a PED, and
analyzing the transient voltage response across the known component in the frequency domain,
we were able to use Ohm's law to accurately measure the impedance magnitude and phase of
2, 4 and 5 MHz piezoelectric disks. The impulse impedance measurement approach agreed
well with measurements from a network analyzer system that is often used for these purposes.
The resonance and parallel resonance frequencies measured by the approaches were found to
be within 5% of each other. The magnitudes of the impedance were also similar, particularly
at resonance where the impedance is most important for device design.

Modeling of the impulse measurement method of impedance in PSpice and ac sweep models
agreed closely with the calculated impedance from the piezoelectric equivalent circuit. It was
easier to determine the equivalent circuit parameters for the impedance plots using the impulse
method, because it provided a high resolution data set (only limited by the length of the recorded
signal in time). The network analyzer provided an ac sweep type of measurement approach for
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a set of 401 points per window. Depending on the characteristics of the PED, the network
analyzer may or may not provide enough information to fully characterize the PED.

The network analyzer system was relatively easy to use and provided impedance phase and
magnitude curves rapidly. The impulse method required extra time to collect the transient
response of the PED and then analyze the signal using the FFT algorithm. The known
impedance Z, in figure 1 may be easily interchanged with a capacitor or PED-equivalent circuit.
Using an iterative approach, a simple known component such as a resistor, as used in this study,
may be refined into a more closely matched impedance to the PED to obtain a more accurate
measurement. The approach also has the advantage with the simple circuit: to do signal
averaging and to increase the dynamic range of measurement by using a digital scope/
acquisition card with higher bit count. Furthermore, the nature of the impulse method may
make it particularly suitable in certain applications. For example, to measure the impedance
of a transducer in a water tank, the tank must be lined with acoustic absorbing material.
Otherwise, reflections from within the tank affect the measured impedance. With the impulse
method, data are collected before artifacts from reverberant echoes appear.

5. Conclusion

In this paper, a simple pulsing circuit that was used to perform electrical impedance
spectroscopy (EIS) with ordinary laboratory instrumentation is described. The technique is
straightforward and useful to laboratories that do not possess a network analyzer or an
equivalent device. Results showed that 2, 4 and 5 MHz piezoelectric disk impedance spectra
were accurately measured using the impulse impedance approach. The impulse method has
been used in our laboratory to measure electrical impedance spectra of ultrasonic transducers
and materials from 700 kHz to 20 MHz.
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Figure 1.
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Schematic and CAD of the 12 ns 5 volt pulsing circuit used in the impedance measurement

study.
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Figure 2.
Circuit representing a simple model of piezoelectric and PSpice models.
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Oscilloscope screen capture of a 4 kHz oscillator. The green, purple and yellow curves
correspond to the outputs of pin 10, pin 9 and pin 8 of the NAND gates, respectively. Left: 100
us per division. Right: 10 ns per division.
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5 MHz Composite Ceramic Impedance Magnitude Plot
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Figure 4.
Impedance phase (on left) and magnitude (on right) plots for five methods and three different
piezoelectric materials. (a) and (b) 5 MHz 0.5 inch diameter composite piezoelectric impedance
plots agree well overall. The phase shift of the network analyzer around resonance begins at a
lower frequency compared to other methods. (c) and (d) 4 MHz 0.75 inch diameter piezoelectric
impedance plots agree except for the lower frequency phase shift of the network analyzer
around resonance compared with the other methods. The network analyzer shows a higher
parallel resonant magnitude compared with the other methods. (e) and (f) 2 MHz 0.59 inch
diameter piezoelectric impedance plots agree well. The phase and magnitude measurements
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of the network analyzer and impulse method have low amplitude spectral ripples through EIS
plots.
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