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Abstract: SPICE models of a piezoelectric device and
the ultrasound propagation medium can be used in a simu-
lator intended for electronic circuits and IC design to make
efficient system level optimizations. This paper presents
the inclusion of mechanical noise in the SPICE model of an
ultrasound system. The modeling of the noise is based on
the mechanical thermal noise which is equivalent to elec-
tronic Johnson (thermal) noise. For a system with a high-Q
piezoelectric device designed into a medium-Q transducer
the main energy loss, and thus also the main noise contri-
bution, will occur in backing and sound propagation me-
dia. Thus, the modeling of the mechanical noise is per-
formed by including electrical noise generation in the re-
sistors that model these media in the electrical equivalent
circuit. The resulting output voltage noise follows theo-
retical derivations of transducer noise as published by Far-
low and Hayward. Simulations of a 4 MHz Pz27 piezo-
electric disc with a diameter of 8 mm give a peak spectral
noise density over 1 nV/

√
Hz, which is comparable to that

achievable with low-noise preamplifiers.
Keywords: PSpice modeling, noise density, piezoce-

ramic, ultrasound

A Introduction
Simulation tools originally intended for electronic cir-

cuits (e.g. SPICE, PSpice) have become established in
the design of ultrasound systems through the introduction
of equivalent circuits for piezoelectric transducers. The
models map force and particle velocity in the mechani-
cal domain onto voltage and current in the electrical do-
main. The core of the transducer model is a transmission
line, which simulates the mechanical resonator. The mod-
els have evolved over time. Initially developed in [1], [2],
[3], they were further improved by the introduction of con-
trolled sources in order to avoid transformers and negative
capacitances [4]. Mechanical and viscoelastic loss have
been introduced to model low Q transducers [5]. The ef-
fect of material properties on viscoelastic loss was further
investigated in [6] to improve the accuracy of the models
regarding loss and wave speed. Recently, the influence of
diffraction and parasitic components have been included in
the models, which makes it possible to achieve correct sim-
ulation of absolute amplitude levels in a pulse echo system
[7].

One targeted usage area for theses models is to optimize

an electronic-acoustic system with regard to for example
dynamic range (DR), power consumption, and signal-to-
noise ratio (SNR). In most cases these parameters are in-
terconnected such that an increased design requirement in
dynamic range or SNR will require an increase in power
consumption. Optimization of both dynamic range and
SNR will require knowledge of the system noise level. In
many cases, this is set by the electronics, for which also
noise modeling is well established and accurate [8]. How-
ever, cases do exist where the influence of the mechanical
noise generated in the piezoelectric transducer reaches lev-
els in parity with the electronic noise in a low noise ampli-
fier, and thus has to be taken into account. A number of
publications has previously touched on this subject, both
expressing noise as minimum detectable force [9] and in-
cluding the noise effects in the KLM equivalent model [10]

In this paper it is shown that simulation of mechani-
cal noise is possible using a PSpice implementation of the
Leach model of a piezoelectric transducer. The intention is
to allow straightforward use of the model in situations were
the target is low-noise electronics design, and the mechan-
ical noise needs to be incorporated to avoid sub-optimized
solutions. The following part of this paper introduces the
equivalent circuit in more detail, and section three presents
the method used to map mechanical noise onto electrical
properties. Thereafter, simulation results and discussion
are presented.

B The Leach model
The electrical model of a piezoelectric device as derived by
Leach [4] is shown in Fig. 1. Here, Ipz and Vpz are current
and voltage on the electrical side of the transducer. The
force acting on the surface of the transducer is denoted F
and the particle velocity in the material Upz . The parameter
cD is the open circuit elastic constant, and h is defined as

h =
e

εS
. (1)

The equations that describe the one-dimensional wave
propagation in a piezoelectric crystal can in the Laplace
domain be written

d

dx
[F − h

s
Ipz] = −ρAsUpz (2)

and
d

dx
Upz = − s

AcD
[F − h

s
Ipz], (3)
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Fig. 1. Leach’ equivalent circuit of a piezoelectric device.

where A is the area of the transducer.
As shown in Fig. 1, an electrical transmission line is

used to model the resonant mechanical part of the trans-
ducer. Moving back to this electrical domain, the wave
propagation in a lossless transmission line can be described
by the telegraphist’s equations [11];

d

dx
Vtr = −LtrsItr (4)

and
d

dx
Itr = −CtrsVtr. (5)

Here Itr is the current and Vtr is the voltage in the trans-
mission line. Further, Ltr and Ctr are the inductance and
capacitance per unit length of the transmission line. Thus,
the assignment of

Vtr := [F − h

s
Ipz] (6)

and
Itr := Upz (7)

reveals the equivalence between the wave propagation in
the transducer and the transmission line. The model as de-
picted in Fig. 1b can then be used to model the mechanics
of the transducer with a transmission line that has the prop-
erties

Ltr = ρA (8)

and
Ctr =

1
AcD

. (9)

With this, the velocity in the transmission should be set to

vtr =
1√

LtrCtr

=

√
cD

ρ
= vD, (10)

where vD is the mechanical wave velocity (i.e. speed of
sound) in the piezoelectric transducer. Further, the charac-
teristic impedance in the line should be set to

Z0,tr =
√

Ltr

Ctr
= ρAvtr = AZa (11)

where Za = ρvtr is the specific acoustic impedance of the
transducer.

To complete the electrical side of the model, the result-
ing voltage Vpz can be shown to be

Vpz =
h

s
[U1 − U2] +

1
C0s

Ipz. (12)

Here, U1 and U2 are the velocities of the surfaces of the
disc, and

C0 =
εSA

l
(13)

is the static capacitance for the piezoelectric disc with the
clamped permittivity εS and thickness l. The result from
equation 12 is included in the Leach model as depicted in
Fig. 1a. Standard SPICE does not allow frequency de-
pendent sources. The frequency dependence can instead
be modelled using a different approach as seen in Fig. 2
and Fig. 4. The integration of [U1 − U2] in equation 12 is
achieved by the use of a dependent current source together
with C0. In the mechanical part of the model a dependent
current source is used together with an added capacitor Ci

of 1 F to achieve the integration of Ipz for equation 6. The
resistor Ri has been added to avoid a floating node.

A transmission line is also used when wave propagation
is modelled in a mechanical medium. In this case there
is no piezoelectric effect to model, and the assignment be-
comes

Vtr,m := Fm (14)

and
Itr,m := Um, (15)

where Itr,m is the current and Vtr,m is the voltage in the
transmission line that models the medium. Fm is the force
acting on the medium and Um is the particle velocity on
the surface of the medium.

C Noise
In 1928, Johnson and Nyquist published two papers de-

scribing a noise effect in conductors which is evenly dis-
tributed over frequency, i.e. white noise [12], [13]. They
showed that this noise is an effect of the resistance RE in
the conductor as well as the absolute temperature T , and
that it gives rise to randomly distributed voltage fluctua-
tions as

Vn,RMS =
√

4kBREB, (16)

where kB is the Boltzman constant and B is the bandwidth
of the noise. This noise is generally simulated with high
accuracy in simulators for electrical circuits, e.g. SPICE
and Spectre [8]. When resistors are present in the electri-
cal circuit they can be set to generate noise, and the ensuing
noise simulation is thereafter performed in the frequency
domain to get either integrated noise over a certain band-
width, or noise as V/

√
Hz plotted over frequency.

In 1951, Callen and Welton [14] extended the Nyquist
relation and showed it to be valid not only in an electrical
system, but also in any general linear dissipative mechani-
cal system. One case was in 2001 published by Farlow and
Hayward [9], where they show that the force fluctuations
in a solid are linked to the real part RM of the mechanical
impedance as

Fn,RMS =
√

4kBRMB. (17)

Although derived in the context of an air coupled ultra-
sound transducer, this relation can be shown to be gener-
ally valid.

From this it can be concluded that given the assignments
in equations 14, and 11, we can directly use equation 16
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Fig. 2. Simulation setup with the piezoelectric disc loaded with
infinitely thick PMMA on both front and rear.

in the Leach model to estimate the mechanical noise that
arises as a result of equation 17. Although this is directly
true for the passive parts of the system, i.e. the transmis-
sion media, it will also hold for the piezoelectric device
if it is modelled as open circuit, as then Ipz = 0 and the
assignment in 6 reduces to

Vtr := F. (18)

The noise considered in this paper is directly related to
energy loss, whether electrical in a resistor or mechanical.
Considering the piezoelectric disc itself, this is commonly
low loss. For a piezoceramic Pz27 disc with a resonance
frequency of 4 MHz, the Q-value of the unloaded disc is
typically in the order of 70 < Qpz < 80. When the disc is
used to build a transducer with matching and backing lay-
ers, it is often desired to reduce the Q-value for the trans-
ducer to achieve short broadband pulses. Most of the loss
of energy in the system then occurs not in the transducer,
but in the backing and in the medium to be investigated.
Thus, the main mechanical noise is mainly contributed
from those parts. In the simulation, this contribution can
then be modelled by noise generation in the resistors that
model these materials, as further described below.

D Simulations and discussion
Consider an ultrasound system where the piezoelec-

tric disc is glued between two infinite plates of plexiglas,
PMMA. The Leach model of such a system is shown in
Fig. 2. As the PMMA is infinite, it can here be modelled
as a resistance with the value of the mechanical acoustic
impedance of the PMMA, i.e.

RPMMA = πa2ρPMMAcPMMA. (19)

Here, the radius of the transducer is a = 4 mm, the den-
sity of PMMA is ρPMMA = 1190 kg/m3, and the speed
of sound in PMMA is cPMMA = 2775 m/s, leading to
RPMMA = 166 Ω. The characteristic impedance of the
transmission line that models the piezoelectric disc is

Z0PZ = ρPZπa2cPZ , (20)
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Fig. 3. Noise spectral density at transducer output when loaded
with infinitely thick PMMA on both front and rear.

which with cPZ = 4334 m/s and ρPZ = 7700 kg/m3

equates to Z0PZ = 1677 Ω. The Q-value for this setup
that results forom the assumption of a lossless piezoelectric
disc can be calculated as [15]

Q = (2Z0PZ)/(πRPMMA) = 6.43. (21)

The simulation was run using the Cadence Spectre sim-
ulation engine. In the simulation, the only resistors set to
generate noise were the two representing the PMMA. The
resulting output noise at Ramp has been plotted over fre-
quency in Fig. 3. To verify the correctness of this result,
a comparison was made with noise plotted as derived for
identical conditions by Farlow and Hayward [15]. The re-
sults from this comparison are identical. As can be seen
in Fig. 3, the noise reaches levels exceeding 1 nV/

√
Hz

around the center frequency of the transducer. This level
is comparable to that achievable with low-noise preampli-
fiers, which underscores the relevance of the noise inclu-
sion in the model.

The previous example is fairly straightforward to eval-
uate analytically as shown in [15]. The versatility of the
PSpice modeling approach is however clear if a second ex-
ample is considered. Here, as shown in Fig. 4, the piezo-
electric disc is immersed in water. A pulse echo system
is created by sending a pulse through 5 mm of water after
which it is reflected at a PMMA reflector. For the simula-
tion, it is once again assumed that the piezoelectric disc is
lossless. Furthermore, as water is a low-loss medium, and
the distance is short, also the loss occurring in the water
are neglected. Thus, the only noise contribution to the me-
chanical side arise in the resistors RBacking and RPMMA.
The results from two simulation runs with different back-
ing materials are shown in Fig. 5. The curve with a higher
Q-value was run with PMMA as backing material. For the
second run, the impedance of the backing material was in-
creased a factor of five. The resulting curve shows clearly
the effect on the noise shaping for the different backing
materials. The increase in backing impedance lowers the
Q-value, and consequently also lowers the peak noise spec-
tral density with a factor of two. Both curves also show
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Fig. 4. Simulation setup with the piezoelectric disc in a pulse
echo configuration. The medium is 5 mm of water, with pulse
reflection in PMMA.
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Fig. 5. Noise spectral density at transducer output when set up
for pulse echo in water. The two curves are for PMMA backing,
and for backing with acoustic impedance of five times PMMA.

the effect of the short distance of water, creating closely
spaced resonances in the noise shaping curve.

E Conclusions
The inclusion of mechanical noise in a SPICE model

of an ultrasound system has been performed by using the
equivalence between thermal mechanical and thermal elec-
trical noise. The results show a distinct shaping of the
resulting noise spectral density, with a peak at the trans-
ducer resonance frequency. At the peak, the noise density
reaches values in the range of low noise amplifiers which
shows the relevance of the inclusion. The possibility to
model the mechanical noise directly in the tool used for
electronic and IC design will allow for efficient system
level optimization, and avoid sub-optimization of the am-
plifier alone.
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