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Abstract - Many piezoelectric sensor concepts, such as
quartz crystal microbalances or piezoelectric temperature
sensors, exploit the frequency shift of their resonance fre-
quency as an electric output signal. The resonance frequency
of the sensor has to be converted into a frequency-propor-
tional output signal by a subsequent oscillator circuit. There-
fore, reliable sensor data processing requires a matching of
the resonance frequency and the oscillator frequency at any
ambient condition. This contribution focuses on the design
of low-cost oscillators with a piezoelectric sensor as the fre-
quency-determining component. Different oscillator topolo-
gies will be analyzed regarding their suitability for measure-
ment data processing. In order to achieve a simple and effi-
cient circuit layout, we developed a hybrid design concept
based on analytical models and circuit simulations. Experi-
mental results, based on a piezoelectric temperature sensor,
prove the proposed design concepts. In the temperature
range from -20 °C to 85 °C, an extremely small deviation of
less than 0.2 % between the resonance frequency and the os-
cillator frequency was obtained.

Keywords — Resonant Piezoelectric Sensors, Oscillator Cir-
cuits, Meacham oscillator, Pierce oscillator, Heegner oscil-
lator.

I. INTRODUCTION

Resonant piezoelectric sensors are utilized in a wide range
of applications [1-2]. For example, ambient temperature can
be determined by evaluating the frequency shift of a piezo-
electric sensor [3]. Therefore, the resonance frequency fr
must be measured. For this purpose, the piezoelectric sensor
is, in most cases, placed in the feedback network of an elec-
trical oscillator as the frequency-determining component
(see Fig. 1(a)) [4]. Thereby, the oscillator converts fr to an
electric output signal (with an output frequency fo propor-
tional to fr). For reliable sensor data processing,

fo=/1r (D

has to be fulfilled.

This contribution provides guidelines for a reliable design
of oscillators. Four different oscillator topologies will be an-
alyzed [5] based on the Barkhausen stability criterion [6].
An analysis of the feedback network enables a time-efficient
approximation of fo and a discussion of the influence of the
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feedback network elements. Additionally, a circuit simula-
tion with LTspice allows for modelling an operational am-
plifier’s characteristics. The circuit simulation, thus, pro-
vides a consideration of the loop gain and gives possible
value ranges of each circuit element. This hybrid design ap-
proach allows us to deduce the suitability of the various os-
cillator topologies. In addition, we can derive the optimal
component values of each oscillator. The proposed design
concept was verified experimentally, using a piezoelectric
temperature sensor (PI Ceramic PRYY+0111).

II. HYBRID DESIGN CONCEPT

The hybrid design concept can be divided into two sepa-
rate steps: (i) An analyses of the feedback network and (ii) a
subsequent circuit simulation. The analytical model is based
on the study of the transfer function of the feedback network
B(f) (see Fig. 1(a)) in terms of the Barkhausen criterion. The
circuit simulation is performed by LTspice. For both inves-
tigations, the electrical impedance characteristics of the
piezoelectric sensor are essential.

The electrical impedance of piezoelectric sensors can be
emulated by their Butterworth-van-Dyke equivalent circuit
in Fig. 1(b) [7]. The values of the equivalent circuit’s com-
ponents (see section III) can be obtained by measuring the
electric impedance spectrum with an impedance analyzer
(e.g. HP 4194A) and applying a fit formula [8] to the imped-
ance spectrum. The component values of the used piezo-
electric temperature sensor result in Ls=1.628 mH,
Cs=391.4 pF, R;=23.95 Q and C, = 876.6 pF at room tem-
perature, respectively. This leads to a fr of 199.41 kHz.
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(a) Block diagram of a
feedback oscillator.

(b) Butterworth-van-Dyke
equivalent circuit diagram.

Figure 1: Feedback oscillator (a) with amplifier element A(f)
and feedback network B(f). The feedback network contains
a piezoelectric transducer as the frequency-determining
component. The Butterworth-van-Dyke (b) equivalent cir-
cuit emulates the electrical impedance of the piezoelectric
transducer near its resonance frequency.
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Four different oscillator topologies are investigated and
their schematics are shown in Fig. 2. The topologies will be
optimized in a way that equation (1) is met at any ambient
condition. Thus, the piezoelectric sensor will operate at fr.
At this frequency, the piezoelectric sensor behaves almost
purely resistively (impedance Z(fz) = Rs). An oscillator’s pe-
ripheral components has to be, therefore, dimensioned in
such a way that a stable oscillation occurs at a frequency, at
which the piezoelectric sensor behaves purely resistively.

The Pierce oscillator (PO) is one of the most popular os-
cillator topologies. It consists of an inverting amplifier with
two lowpass filters in the feedback network. The basic series
resonant oscillator (BO) represents an implementation of an
oscillator with minimal component complexity. It consists
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Figure 2: Schematics of the investigated oscillator topolo-
gies. The amplifier elements A(f) are printed in gray, the
feedback networks B(f) in black, respectively.
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of only one non-inverting amplifier and a voltage divider in
the feedback network. The Meacham oscillator (MO) is a
bridge oscillator that resembles the BO in its basic principle,
but has another feedback path connected to the inverting in-
put of the amplifier. The two-stage Heegner oscillator (HO)
is based on two inverting amplifiers which are fed back by
the piezoelectric sensor.

A. Analytical model

The oscillating capability of a feedback oscillator (see
Fig. 1(a)) can be investigated by using the Barkhausen sta-
bility criterion [4, 6]. To apply this criterion, the total loop
gain 1(f), defined by

T(f) = A B(f) )

must be considered. From equation (2), a phase and an am-
plitude condition can be derived:

2{T(fo)} =n-360°n €N, 3)

IT(fo)] = 1. @)

According to equation (3), fo is exactly that frequency, at
which the phase shift will be zero or a multiple integer of
360°, when the signal passes the entire loop. Equation (4)
indicates whether the oscillation is stable at this frequency.

The analytical model is based on the phase condition
given in equation (3). Thus, an equation for the total loop
gain I(f) has to be formulated and analyzed regarding the
phase shift. However, the phase shift due to the amplifier
A(f) is assumed to be ideal (180° for inverting, 0° for non-
inverting amplifier(s)). A comparison with the measurement
results in section III proves that this simplification is permit-
ted. Therefore, we can reduce the analytical model to the
phase shift caused by the transfer function B(f).

The analytical model is explained using the PO as an ex-
ample, since it features the highest complexity. The analyses
of the remaining topologies can be found in [5]. The transfer
function B(f) of the feedback network of the PO’s feedback
network is calculated to

joLs+——+Rs )|l —
E(f)=<1+RTV>-<1+( =5 )’C"> +

jwCq jwC>y

Ry > (5)

jwC2

by applying Kirchhoff’s laws, where j is the imaginary unit.

According to equation (3) and the assumed phase shift of
the inverting amplifier, fo is at that frequency, where the con-
dition

+{B(fo)} =n-180°n € N, (6)
is fulfilled. Thus, equations (5)-(6) enable parameter studies

for each individual component of the oscillator’s circuitries.
In doing so, the effect of the component values on the feed-
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Figure 3: Shift in the phase characteristics of the feedback
network by parameter variation of the capacitance C; of the
PO The cross marks (+) indicate the resulting oscillator fre-
quency fo (compare equation (6)).

back network’s phase characteristics <{B(f)} and, conse-
quently, fo can be derived. For instance, increasing the value
of Ci (see Fig. 3) reduces the undesired frequency shift be-
tween fo and fr. Therefore, to meet equation (6), a large
value (C; > 100 nF) must be selected. In this way, the influ-
ence of all component values can be examined. Tab. 1 sum-
marizes the obtained optimal parameters for each oscillator
topology. Consequently, the analytical model provides a fast
and reliable method to estimate fo.

Pierce Basic series Meacham Two-stage

oscillator resonant oscillator Heegner
oscillator oscillator

R Rext] Ry| Re]

Cit R3/R4|

(&)

Table 1: Optimal component values for the investigated os-
cillator topologies (Fig. 2) obtained by the analytical model.

B. Circuit simulation

To determine the limiting values for each circuit compo-
nent, where a stable oscillation no longer occurs, the ampli-
tude condition of the Barkhausen stability criterion (com-
pare equation (4)) must be considered. Hence, the reduction
to its feedback network B(f) is not applicable here. A circuit
simulation, which enables the inclusion of the amplifier’s
characteristics, is more significant. Due to optimal compo-
nent values obtained by the analytical model (Tab. 1), the
number of parameter variations for each component can be
reduced to a minimum and, thus, the time consuming circuit
simulation process becomes more efficient.

The oscillation capability of each oscillator topology is
examined by a transient simulation with LTspice. From the
simulation results, fo is deduced by applying a Fourier trans-
form. Performing parameter studies, limiting values, where
a stable oscillation still occurs, can be determined. For in-
stance, results for the capacity C; of the PO are shown in
Fig. 4. The dashed area indicates the upper limit of Ci.
Above this limit, a stable oscillation no longer occurs in the
simulation, since the total loop gain is too low. The small
deviations between the calculated and simulated frequency
fo stem from a minimal phase shift of the inverting amplifier,
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which is not included in the analytical model. Thus, the sim-
ulation approach completes the analytical model by giving
absolute values for the circuit elements.
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Figure 4: Relative deviation between fo and fr under varia-
tion of the capacitance C; of the PO at room temperature
(T =25 °C). In the dashed area, stable oscillation does not
occur due to the limited total loop gain.

III. EXPERIMENTAL VERIFICATION

The proposed design concept is verified experimentally.
For this reason, the dimensioned oscillator topologies are re-
alized on PCBs. The measured shift in fo due to, e.g., a var-
iation of C; of the PO are depicted in Fig. 4. The experi-
mental results clearly proof the proposed hybrid design con-
cept.

Up to this point, the investigations were carried out at
room temperature. In the following, we will examine
whether the designed oscillators also function at various
temperatures and equation (1) is still satisfied at any ambient
temperature.

A. Measurement of the temperature-dependent resonance
frequency of the piezoelectric sensor

Within its temperature range (-20 °C to 85 °C), the piezo-
electric temperature sensor exhibits a shift of fr between
197.1 kHz and 202.4 kHz (see Fig. 5). During this measure-
ment, the piezoelectric sensor was exposed to various tem-
peratures in a climate chamber (ESPEC PL 2KH) and its fz
was determined by an impedance analyzer (HP 4194A). For
a reliable temperature measurement, the implemented oscil-
lator should exhibit the same shift of fo when the piezoelec-
tric sensor is integrated into the designed oscillators.

B. Measurement of the temperature-dependent oscillator
output frequency

To determine the temperature-dependent fo, the realized
oscillator is also exposed to various temperatures in a cli-
mate chamber. The piezoelectric temperature sensor is inte-
grated into the feedback network of the oscillators. A uni-
versal counter (Agilent 53132A) is used to measure fo. The
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Figure 5: Measured shift in fr of the piezoelectric sensor as
a function of the temperature 7. Measurements conducted
with impedance analyzer HP4194A.

complete measurement setup can be found in Fig. 6. The
corresponding measurement results of the two best perform-
ing oscillator topologies, the MO and the HO, are shown in
Fig. 7. The relative deviation between fo and fr is found to
be extremely small over the entire temperature range
from -20 °C to 85 °C. The maximum relative deviation for
the HO is extremely low with -0.2 % at 85 °C. Thus, the os-
cillator, designed according to the hybrid design concept,
can convert the temperature-dependent fr of the piezoelec-
tric sensor into a frequency-equivalent output signal. To put
in in another way, the oscillator is capable of oscillating with
/r of the piezoelectric sensor, independently of the ambient
temperature.

IV. CONCLUSIONS

A hybrid design concept was presented, which provides a
guidance for reliable dimensioning of electrical oscillators.
Using this concept, one can investigate the influence of the
individual circuit elements on the output frequency of the
oscillators. In addition, the limiting values of each compo-
nent, beyond a stable oscillation no longer occurs, can be
determined. The proposed design concept was verified ex-
perimentally using a piezoelectric temperature sensor.
Within the measured temperature range (-20 °C to 85 °C), a
relative deviation of only max. -0.2 % was achieved between
the frequency of the oscillator output voltage and the reso-
nance frequency of the piezoelectric sensor. Therefore, the
electrical oscillators, dimensioned according to the proposed
hybrid design concept, enable a reliable measurement of the
resonance frequency of piezoelectric sensors.
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Figure 6: Setup for the measurement of the oscillator fre-
quency in the temperature range from -20 °C to 85 °C.
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Figure 7: Measurement results showing the extremely small
deviation between fo and fr.
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