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Simulation of Absolute Amplitudes of
Ultrasound Signals Using Equivalent Circuits
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Abstract—Equivalent circuits for piezoelectric devices
and ultrasonic transmission media can be used to cosim-
ulate electronics and ultrasound parts in simulators origi-
nally intended for electronics. To achieve efficient system-
level optimization, it is important to simulate correct, ab-
solute amplitude of the ultrasound signal in the system, as
this determines the requirements on the electronics regard-
ing dynamic range, circuit noise, and power consumption.

This paper presents methods to achieve correct, abso-
lute amplitude of an ultrasound signal in a simulation of a
pulse-echo system using equivalent circuits. This is achieved
by taking into consideration loss due to diffraction and the
effect of the cable that connects the electronics and the
piezoelectric transducer. The conductive loss in the trans-
mission line that models the propagation media of the ul-
trasound pulse is used to model the loss due to diffraction.
Results show that the simulated amplitude of the echo fol-
lows measured values well in both near and far fields, with
an offset of about 10%. The use of a coaxial cable introduces
inductance and capacitance that affect the amplitude of a
received echo. Amplitude variations of 60% were observed
when the cable length was varied between 0.07 m and 2.3 m,
with simulations predicting similar variations.

The high precision in the achieved results show that elec-
tronic design and system optimization can rely on system
simulations alone. This will simplify the development of in-
tegrated electronics aimed at ultrasound systems.

I. Introduction

Simulation tools originally intended for electronic cir-
cuits (e.g., SPICE, PSpice) have become established

in the design of ultrasound systems through the introduc-
tion of equivalent circuits. Specifically, they can be used
to make system-level simulations, including both piezoelec-
tric devices and electronics. Equivalent circuits for piezo-
electric elements were initially developed in [1]–[3]. Leach
further improved these models [4] by introducing con-
trolled sources in order to avoid the use of negative ca-
pacitances and frequency-dependent transformers, which
were used in early models. Mechanical losses occurring in
the piezoelectric ceramic was introduced into the models
by Püttmer et al. [5], who used it to model low-Q thick-
ness mode transducers. Viscoelastic loss of the propagat-
ing wave also was modeled by the same methodology. The
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effect of material properties on viscoelastic loss was fur-
ther investigated by van Deventer et al. [6] to improve the
accuracy of the models regarding loss and wave speed.

One targeted usage area for theses models is to be able
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 pa-
rameters also are interconnected in that an increased de-
sign requirement in dynamic range or SNR will require an
increase in power consumption. Both the dynamic range
and the SNR will require the knowledge of two important
properties of the system: first, the system noise level that
in many cases is set by the electronics, and second, the
amplitude of an incoming signal for various system config-
urations. The intended simulators generally perform well
in simulations of electronic noise, providing that correct
device models are used. Thus, if the absolute amplitude of
a received acoustic signal in, for example, a pulse-echo sys-
tem can be correctly simulated, the desired optimizations
can be performed by simulations alone. This is particu-
larly important when the electronics is designed into an
integrated circuit, in which case each design cycle is very
expensive.

This paper presents methods to achieve correct, abso-
lute amplitude of an ultrasound signal in a simulation of a
pulse-echo system using equivalent circuits. One important
step to achieve this is to take into account the loss due to
diffraction, which is a major contributor to acoustic loss in
media with low viscoelastic attenuation. This is dealt with
in the first part of the paper [7]. The second part of the
paper considers the influence of parasitic components. The
cable used to connect driver and receiver electronics with a
transducer presents large parasitic inductance and capaci-
tance in the system. This affects the amplitude of received
echoes, as well as the shape of the excitation pulse [8].
Throughout the paper, simulations using equivalent circuit
models together with chip-level electronics are compared
to measurements. Because echo amplitudes are highly de-
pendent on material parameters, a sensitivity analysis for
the simulation model is presented.

II. Diffraction Effects

Diffraction loss (i.e., beam spreading) is a major loss
contributor in low-loss media such as water. In this section
we introduce a method to include diffraction loss in the
equivalent circuits that model ultrasound devices. There-
after, experiments and simulations are presented and com-
pared.
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A. Modeling Diffraction Loss

Electrical transmission lines are used to model the prop-
agation medium when an ultrasound system is simulated
with equivalent circuits [5], [6]. Under the assumption of
low-loss conditions (R � ωL, G � ωC), the attenuation
constant for an electrical transmission line can be writ-
ten [6]:
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here R is resistance, G is conductance, C is capacitance,
and L is inductance per unit length of the transmission
line. This can be rewritten:
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where Z0 =
√

L/C is the characteristic impedance of the
transmission line.

A propagating sound wave is modeled as a forward trav-
elling voltage wave in the transmission line. The amplitude
of this voltage wave can be expressed as [9]:

|V (z)| = |V0|e−αz, (3)

where V0 is the voltage amplitude at z = 0. Eq. (2) then
gives:

|V (z)| = |V0|e−(R/2Z0)ze−(GZ0/2). (4)

Previous works regarding equivalent circuits have used
R to model viscous losses, and G was set to 0 [5], [6]. An
attenuation term that is nondependant of the attenuation
caused by R can be added by setting G �= 0. In this paper,
this is used to model the loss due to diffraction as:

Adiff =
|V (z)|

|V0|e−(R/2Z0)z = e−(GZ0/2)z. (5)

Solving for G gives:

G =
2

Z0z
ln (Adiff) , (6)

which can be used as a parameter for the transmission line
once the required diffraction loss Adiff is known.

Given two identical transducers with radius a spaced a
distance z apart, the diffraction loss from one to another
is given by Kino [10] as:
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Here:

S = zλ/a2, (8)

is the Seki parameter [11], and λ is the wavelength of the
transmitted ultrasound pulse. The integrand is y = kra in
which kr is the radial propagation constant. For a pulse-
echo system with a perfect plane reflector, z in previous

Fig. 1. Diffraction loss after Kino [10] versus approximation.

equations is replaced with 2x, where x is the distance to the
reflector. Aloss as given by (7) is plotted for 0.1 ≤ S ≤ 30
in Fig. 1. Eq. (7) must be solved numerically. Thus, it is
difficult to use as a parameter in simulators like SPICE and
PSpice. To arrive at an analytical approximative expres-
sion for use in the simulators, it can be noted in Fig. 1 that
the behavior of (7) can be approximated with two straight
lines in a log-log scale. Thus, an analogy with electrical
filters was used to create an approximation of the diffrac-
tion loss. Two “filter” sections were used, one to create a
straight line for S ≤ 4:

A1 =
1

1.05 (S/0.1)0.08 , (9)

and one to increase the slope for S ≥ 4:

A2 =
1

[(1 + S/4)5]0.184 . (10)

Hence, the total attenuation can be expressed as:

Atot = A1A2. (11)

The exponents for the denominators in (9) and (10)
are chosen to give Atot a slope of 1/S in the far field for
S > 4, which follows the Fraunhofer approximation. The
order of the “filter section” in (10) is chosen to match
the roll-off to the curve given by (7). The approximated
diffraction loss value Atot is plotted for 0.1 ≤ S ≤ 30
in Fig. 1. The small variations in attenuation for S ≤ 2
are excluded in the approximation. If these were to be
included, the model could be extended easily using more
“filter sections” containing higher order terms of S. In this
paper, they have been omitted for clarity.
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Fig. 2. Measurement setup for diffraction measurement.

Using (6) and (11) and setting Adiff = Atot now gives
the conductance of the transmission line that models the
propagation medium to be set as:

G =
1

Z0x
ln

(
1

1.05((2xλ/a2)/0.1)0.08

· 1
[(1 + (2xλ/a2)/4)5]0.184

)
. (12)

Thus, we have arrived at a parameter that will model
the diffraction loss in a pulse-echo system as a function
of the distance to the reflector, x. The described method
relies on the transducer radius a as a starting value for
beam radius and includes a near field in the calculations.
Thus, it is applicable only if the wave propagation occurs
mainly in one medium.

B. Experimental Setup

Diffraction measurements are performed in a pulse-echo
setup in which the transducer is immersed in water as
shown in Fig. 2. An ultrasound pulse is sent toward a
steel reflector and received with the sending device. The
piezoceramic element is a Pz27 disc manufactured by Fer-
roperm Piezoceramics A/S, Kvistg̊ard, Denmark. The disc
is mounted with cyanoacrylate glue on a carrier made of
polymethyl methacrylate (PMMA) to form a transducer.
The PMMA is used as backing, and it is shaped to reduce
any echo returned to the rear side of the disc. The front
side of the disc together with electrical connections is cov-
ered with one layer of PC-52 protective lacquer (Henkel
Loctite European Group, München, Germany) to allow
immersion in water. The thin layer of lacquer does not sig-
nificantly affect the measurements, thus it can be ignored

TABLE I
Simulation Data for Pz27.

Parameter Notation Value

Radius a (mm) 3/6
Density ρPZ (kg/m3) 7700
Thickness len (m) 487 · 10−6

Permittivity εS (As/V m) 8.09 · 10−9

Piezoelectric stress const. e33 (C/m2) 16
Q-factor Q 74
Conductivity G (S) 0
Elastic constant CE (Pa) 1.13 · 1011

Data from Ferroperm A/S, Denmark, Feb. 2001,

in the simulations [12]. The transducer unit was mounted
to a coordinate table that allows both translational and
rotational motion. The transducer was adjusted to be par-
allel to the steel reflector by observing when the returned
echo amplitude was maximized.

The transmit/receive electronics is a custom-made
driver chip [13]. The chip is a push-pull driver that gen-
erates a square wave 5 V excitation pulse. The driver is
controlled by a signal generator with the pulse width set
to half the crystal oscillating period time, which yields
maximum returned echo amplitude [14]. The driver chip
is connected to the piezoelectric crystal with a 0.2 m long
coaxial cable. Measurements of received echo signals are
made on the driver side of the cable (vD) using a Tek-
tronix TDS724 oscilloscope (Tektronix, Inc., Richardson,
TX), which has an accuracy of 1% and a resolution of 8
bits.

C. Simulation Setup

The schematic used for simulation is shown in Fig. 3.
Simulations were performed with the Cadence Spectre sim-
ulation engine (Cadence, San Jose, CA). Simulation of
the electronics were made using transistor models from
the semiconductor manufacturer, with estimated parasitic
components included in the simulation schematic. The
coaxial cable used to connect the electronics with the
piezoelectric transducer was modeled as a lumped circuit.
As discussed in Section III, the use of a correct cable model
is vital to achieve correct absolute amplitudes in the sys-
tem.

The temperature for the simulations was set to 20◦C.
Parameter data for Pz27 used in the simulation are shown
in Table I. Parameter data for PMMA, water, and steel
are shown in Table II [6], [15].

D. Diffraction Results

1. Measurements: Measurements were performed for
two different transducers with diameters of 6 mm and
12 mm. The thickness of the discs is 0.5 mm, which gives
a resonance frequency of about 4 MHz. Results from the
measurements are shown in Figs. 4 and 5. The far field
limit in which the sound pulse starts a rapid divergence
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Fig. 3. Schematic used for simulation of diffraction effects.

TABLE II
Simulation Data for PMMA, Water, and Steel.

Parameter Notation Value

Density of water ρwat (kg/m3) 998.2
Speed of sound in water cwat (m/s) 1478
Viscous loss factor αV (Np/m) 0.13
Density of steel ρst (kg/m3) 8000
Speed of sound in steel cst (m/s) 5900
Density of PMMA cPMMA (kg/m3) 1190
Speed of sound in PMMA cPMMA (m/s) 2775

Fig. 4. Simulated versus measured echo amplitudes for transducer
diameter 6 mm.

Fig. 5. Simulated versus measured echo amplitude for transducer
diameter 12 mm.

is clearly seen for the smaller transducer (Fig. 4) at a re-
flector distance of 30 mm. The far field limit for the larger
transducer (Fig. 5) is about 120 mm. Water is a low-loss
carrier of ultrasound waves, with attenuation due to vis-
coelastic loss of about 1.1 dB/m. This verifies that the
measured attenuation profiles presented in Figs. 4 and 5
are indeed produced by diffraction effects.

2. Simulation: Initial simulations were made with the
diameter of the piezoelectric disc set to 6 mm and 12 mm.
Results from these simulations are shown in Figs. 4 and
5, respectively, together with the measured results. From
the outcome of these simulations, it was clear that the
diffraction loss was underestimated as the whole curve is
shifted toward too high values along the x-axis. In the
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simulation model, the parameter S as defined in (8) is
decisive for the behavior of the curve. S in turn is highly
dependent on the transducer radius, a. If a is decreased,
the S values will increase, and the curves will be shifted
toward smaller values along the x-axis. Thus, the effective
diameter in the model was decreased in order to find a
better match to the measurements. From the initial results,
it was seen that the curve should be shifted 25–30% to the
left. This corresponds to a decrease in transducer diameter
of 13–16%. It was found that decreasing the diameter 13%
gave a correct limit between near and far fields, leaving an
amplitude offset of less than 10%. Simulated results with
disc diameters set to 5.2 mm and 10.4 mm are plotted
in Figs. 4 and 5, respectively. The applied reduction in
diameter agrees well with experimental data by Almqvist
[16], who reports a measured effective diameter that is 14%
smaller than the physical size of a transducer.

III. Parasitic Components

Parasitic components are unwanted resistance, induc-
tance, and capacitance occurring in cabling, bond wires,
and circuit board paths. In order to accurately model the
behavior of an electrical circuit, these components might
need to be taken into account. To be able to include the
parasitics in a simulation, the values of the components
need to be estimated. On chip level, this can be done by the
layout program used. The same is true for circuit boards.
For bond wires that connect a chip to a socket approximate
values can be achieved from the packaging facility.

Chip level capacitance and interconnect inductance are
often in the nH and pF range as shown in Fig. 3. A coax-
ial cable that is used to connect the electronics with the
piezoelectric transducer presents capacitance and induc-
tance values that are considerably higher. Thus, this often
will be a dominating source of parasitic inductance and
capacitance in the system.

A. The Coaxial Cable

A simulation that uses the full model of a coaxial cable
will achieve correct results with regard to the effect of the
inductance and capacitance in the cable. A phenomenolog-
ical explanation to the effects of the parasitic components
arising in a coaxial cable, however, is easier to give if the
lumped view is applied. Therefore, this section gives an
introduction to the lumped model of a coaxial cable.

If the length of a coaxial cable is short compared to
the wavelength of the propagating electromagnetic (EM)
wave, the coaxial cable behaves as a lumped component
consisting of a series inductor LL (H) and a parallel ca-
pacitance CL (F). The limit for when to use a lumped
model is often drawn when the length of the conductor
exceeds λ/10, where λ is the wavelength of the EM wave.
In this paper, the characteristic impedance of the coaxial
cable is 50 Ω, which gives a capacitance of 100 pF/m and
an inductance of 250 nH/m [17]. The propagation speed

of an EM wave in a 50 Ω cable is c = 2 · 108 m/s. With a
wavelength of:

λ =
c

f
, (13)

the approximate upper frequency limit for when to use a
lumped approach can be written:

flim =
c

10l
. (14)

The cable lengths used in this paper vary between
0.07 m and 2.32 m, which gives a span for the frequency
limit of:

8.6 MHz ≤ flim ≤ 286 MHz, (15)

where the lower bound corresponds to the long cable. The
center frequency of the transducer is 4.3 MHz, which leaves
it below the limit throughout the range of cable lengths.
Thus, for a first-order analysis of oscillation behavior such
as discussed below, the lumped cable model can be used.

B. Experiments and Simulations

Simulations and measurements were performed to inves-
tigate the effects of varying cable lengths. The propagation
medium used for these measurements was PMMA. The
piezoelectric disc was mounted with cyanoacrylate glue to
a 10-mm thick plate of PMMA, and air was used as back-
ing. The echo was received from the PMMA/air interface
opposite to the piezoelectric disc. Driver electronics as well
as the type of piezoelectric element was the same as in
the diffraction experiment, with a 12-mm disc used in this
case. The temporal behavior of the excitation pulse and
the amplitude of the received echo were investigated. The
excitation pulse was measured at the piezoelectric disc end
of the cable (vP ); amplitude of the received echoes was
measured at the driver electronics (vD).

1. Excitation Pulse Shape: Cable lengths between
0.07 m and 2.06 m were used. Temporal behavior of the
excitation pulse are shown in Figs. 6 and 7. It can be seen
that simulations and measurements show very good agree-
ment for both long and short coaxial cables. For short cable
length (Fig. 6), an oscillation can be seen during the ex-
citation pulse. This is due to the resonance circuit that is
formed by the cable and bonding inductances in series with
the static capacitance C0 of the transducer. For the short
cable length, the subsequent ringing of the transducer has
very high content of harmonics and is almost triangular in
shape. This is due to the high content of harmonics in the
excitation pulse applied to the piezoelectric transducer.

For long cable lengths (Fig. 7), the inductance of the
coaxial cable becomes significant. At a cable length l =
2.07 m it is LL = 518 nH. Furthermore, the capacitance
of the coaxial cable which is 100 pF/m should be added
to the capacitance in the oscillation circuit, yielding a to-
tal capacitance of CTOT = 1.64 nF. Thus, the oscillation
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Fig. 6. Measured and simulated voltages at transducer for 7-cm coax-
ial cable.

Fig. 7. Measured and simulated voltages at transducer for 2.06-m
coaxial cable.

frequency of the LC circuit would be 5.5 MHz. The ring-
ing during excitation is shown in Fig. 7. During the time of
the excitation pulse, only one peak can be seen in the ring-
ing that makes it hard to estimate the center frequency.
However, it can be seen that it is of the order of magni-
tude as calculated above. The inductance and capacitance
here form a low pass filter with a cut-off frequency around
5.5 MHz, which prevents fast transients to reach the trans-
ducer. This can be seen in the ringing of the transducer,
which now shows a more sinusoidal shape due to reduced
harmonic content, Fig. 7.

2. Received Echo: The peak-to-peak amplitude for the
received echo was measured and simulated as a function of
the cable length. Results are shown in Fig. 8. The simula-
tions follow measured data fairly well, although a varying
offset can be seen. One possible explanation to the vari-
ation of the offset is the presence of harmonics for short
cable lengths as discussed in Section III-B,1. Due to the
high frequency dependence of the attenuation in PMMA,
these harmonics are filtered in the measurements [6]. The

Fig. 8. Peak-to-peak voltage of received echo for varying length of
coaxial cable.

harmonics in the simulation are not subject to this, as the
frequency dependency is not modeled. Thus, the echoes re-
ceived in the simulations have too high a content of over-
tones, which results in too high simulated peak-to-peak
amplitudes for short cable lengths.

Amplitude variations up to 60% take place as the cable
length is varied in both simulations and measurements. A
qualitative explanation to the amplitude variation is the
shift of the oscillation frequency of the LC circuit as the
cable length is varied. As this frequency varies, the oscilla-
tion will work in various phase positions versus the excita-
tion pulse, thereby amplifying or attenuating the ringing
of the transducer.

IV. Discussion

As noted above, offsets remain between simulations and
measurements. This may well be due to tolerances in mate-
rial parameters, which normally are given to ±10%. Varia-
tions in material parameters also will affect the frequency
and thereby the wavelength. This will change the Seki pa-
rameter S and shift the diffraction curve along the x-axis
as discussed above.

A simulated sensitivity analysis was performed to inves-
tigate the influence of variations in material parameters.
Two distances were chosen, 5 mm (near field), and 200 mm
(far field). The disc diameter used was 5.2 mm. Parame-
ter values were increased one by one with 10%, and the
resulting change in received echo amplitude was recorded.
Although this simple analysis does not include correlation
effects, it does give an indication of the relative influence
of the parameters [18]. Results from the simulations are
shown in Table III. It is seen that variations in material
parameters can have a major effect on the received echo
amplitude.

Uncertainties also exist in the simulation of the elec-
tronics. Variations in performance occur between produced
batches of silicon chips. The manufacturer deals with this
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TABLE III
Result of Sensitivity Analysis.

Change in echo amplitude (%)
Parameter Near field Far field

εS −5.8 −5.9
e33 14.4 15.6
Q 1.2 1.5
ρPZ27 −2.8 −5.1
CE −8.7 −5.5
ZPMMA −5.7 −5.0
ZWater 6.2 6.5
ZSteel 0.2 0.7

by giving the circuit designer models of the process in so-
called “corners” [19]. These may give simulations with typ-
ical, fast, and slow performance of the used components.
Furthermore, the temperature dependence of the circuit
performance can be high. The simulations presented in this
paper are run with performance set to typical-mean, and
temperature set to 20◦C. To get a complete view of the sys-
tem behavior under real operating conditions, simulations
should be run in various corner settings and temperatures
as recommended by the manufacturer of the chip. Another
possibility is to use Monte Carlo simulations to randomly
vary a number of parameters in the electronics.

V. Conclusions

By including effects due to diffraction and parasitic
components, we have shown that it is possible to accu-
rately simulate absolute amplitudes of ultrasound signals
in pulse-echo systems using equivalent circuits.

The presented methods can be used either for systems
using separate transmitter/receivers of equal size, or in a
pulse-echo system. Excellent agreement has been shown
between simulated and measured results for a pulse-echo
system in water when diffraction effects are taken into ac-
count. Simulated echo amplitudes were within 10% of mea-
sured data in both near and far fields. Furthermore, the in-
fluence of the coaxial cable connecting the electronics and
the piezoelectric transducer has been investigated. Pulse-
echo amplitude variations of 60% were observed when the
cable length was varied between 0.07 m and 2.3 m, with
simulations predicting similar variations.

The high precision in the achieved results show that
electronic design and system optimization can rely on sys-

tem simulations alone. This has the potential to simplify
the development of integrated electronics aimed at ultra-
sound systems.
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