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The equivalent circuit simulation plays an important role in the design of ultrasound
transducer. However, the existing methods are difficult to achieve the effect of matching
and backing layer, and not able to accurately simulate the transducer with cable.
Especially in the application of high frequency ultrasound, the long cable has a great
influence on the performance of the transducer. To overcome these limitations, this
paper proposed an improved equivalent circuit method, which combined Leach model
and transmission line model. It can realize the complete simulation of ultrasound
transducer with a long cable, matching layer, and backing layer in PSPICE circuit
simulation software when the parameters were measured. Its principles were briefly
introduced, and ultrasound transducers with different frequencies (12 and 20 MHz),
different matching layers, and different cable lengths (0.5–2.5 m) were designed and
fabricated to verify the effectiveness of the method, which is also compared with the
traditional KLM method using PiezoCAD. The experiment results showed that the long
cable, matching layer, and backing layer have a significant impact on the performance of
high frequency ultrasound transducers, and this proposed method has good agreement
with these results. Moreover, for the simulation of the complete transducer, the effect of
this method is better than KLM model. Besides, this method does not need to know
the specific equivalent circuit of matching, backing layer, or cable wire, it can accurately
predict the impedance and phase of the transducer through the material parameters,
which is very helpful for the material selection and optimization of subsequent transducer
design and fabrication. The study indicates that this improved equivalent circuit method
is suitable to be applied in the general circuit simulation software and provides strong
support for the high frequency transducer and system design.

Keywords: equivalent circuit, simulation, high frequency, transducer, cable, PSPICE

INTRODUCTION

Simulation plays an important role in the design of ultrasound transducers and helps designers to
understand the effects of system parameters (Tarpara and Patankar, 2018). Excellent simulation
can usually obtain very accurate results, save the time and cost consumed in the experimental
development of prototype equipment, and also reduce the number of iterations of the product
(Jensen, 2004).
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However, with the emergence of high-frequency and
even ultra-high-frequency ultrasound applications, such as
intravascular ultrasound imaging, ophthalmic ultrasound
imaging, small animal ultrasound imaging, ultrasound
microscopy, etc (Pandian et al., 1990; Turnbull et al., 1993;
Pavlin and Foster, 1998; Sahai, 1998), the design of transducers
has become more complex. The number of matching layers is
increasing and the materials are not readily available. This leads
to the need to estimate the impedance of the transducer based on
the material or for establishing impedance matching networks
(Wu and Chen, 1999). Therefore, high requirements are put
forward to the simulation.

The design and performance prediction of ultrasound
transducers require appropriate software tools, which involve
a variety of knowledge of acoustics, electronics, and ultrasonic
properties of the propagation medium (Merdjana et al., 2014;
Rathod, 2020). The finite element model and equivalent circuit
model are the main research methods (Zheng et al., 2018).
For example, Comsol, a commercial software based on the
finite element model, divides the transducer into many small
units for calculation (Fan et al., 2014). This method has
high precision, but it requires a lot of computation time and
computation resources. In contrast, the equivalent circuit model
has a very fast calculation speed and high calculation accuracy.
The classical equivalent circuit model of the transducer was
first proposed by Mason (1942). The equivalent circuit uses
an ideal transformer to separate the piezoelectric material into
an electrical port and two acoustic ports, which describes the
conversion of mechanical quantity to electrical quantity (Tarpara
and Patankar, 2018). Later, Redwood (1961) introduced the
transmission line model to solve the transient response of
the transducer on this basis, and described the propagation
of mechanical signals from one surface of the transducer to
another. Krimholtz et al. (1970) proposed a different equivalent
circuit model for piezoelectric transducers. Its circuit consists
of a transformer connected to the middle of a transmission
line. It is suitable for the simulation of multi-layer structure
(Van Deventer and Lofqvist, 2000; Kim et al., 2020). BVD
(Butterworth-Van Dyke) model is the simplest model (Aouzale
et al., 2008; Kim et al., 2020; Zhou et al., 2020), which only needs
four common components to realize the transducer simulation,
and the implementation of multi-frequency BVD model is also
very simple. In 1994, Leach proposed to replace the frequency-
dependent transformer in Mason’s model with a controllable
current source and a controllable voltage source to simulate the
transducer, and achieved good results (Leach, 1994). However,
these models have some limitations. The negative capacitance
C0 contained in Mason model and the frequency dependent
transformer contained in KLM model are difficult to be realized
in PSPICE software. BVD model is not suitable for high
frequency transducer performance from material parameters.
Leach model is widely used, but most of the applications
lack the modeling of matching layer, backing layer and cable
(Van Deventer and Lofqvist, 2000; Johansson and Martinsson,
2001; Roa-Prada et al., 2007; Aouzale et al., 2008; Chahal and
Reddy, 2013; Tarpara and Patankar, 2018; Takahashi et al., 2019;
Zheng et al., 2019).

Moreover, high frequency ultrasound transducer usually
consists of a piezoelectric ceramic layer, a matching layer,
a backing layer, and a cable. Performance is easily affected
by long cables and systems (Jian et al., 2018). Therefore, it
is necessary to establish a complete equivalent circuit model
of the transducer, which can be implemented in PSPICE
circuit simulation software, to complete the simulation and
performance prediction of the transducer. Based on Leach
model and transmission line theory, this paper established a
complete equivalent circuit model to study the performance
of high frequency transducers. The simulation of a transducer
with a long cable, matching layer, and backing layer was
realized. Based on the measured material parameters, this model
predicted the impedance of the transducer with and without
cable. The actual measured results were compared with the
theoretical calculation results. For transducers with different
lengths of cable, the simulation results were verified that the
long cables have a great effect on the performance, and the
simulation results accorded with the measured results. It is
also compared with PiezoCAD software based on KLM model
and achieved better results. For high frequency ultrasound
transducer, this method allows researchers to consider the
influence of cable and system while studying the performance
of the transducer, and even further adjust the circuit design
of the transducer.

THEORY

In order to establish the equivalent circuit model of the multi-
layer ultrasound transducer structure, the controlled source
model and the lossy transmission line are used to simulate
the physical structure of the piezoelectric ultrasound transducer
and cable which is bonded to the transducer. The theory uses
a typical structure of transducer consisted of a piezoelectric
ceramic layer as the active layer, a matching layer, a backing
layer, and a cable.

Leach Model
Figure 1 shows the controlled source model used to
simulate the sensor.

In the model, B, E, and F are the ports of the piezoelectric
ultrasonic transducer. Port E is used to connect the excitation

FIGURE 1 | The Leach model of transducer.
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source of the transducer, port B is used to connect the backing
layer, and port F is used to connect the matching layer. The
model uses the controllable voltage and current sources to
model the piezoelectric phenomenon. By comparing the wave
equation and the telegraph equation of the acoustic wave in the
piezoelectric material, the controllable source equivalent circuit
model of the piezoelectric ultrasonic transducer is established.
The specific derivation can be found in reference (Leach, 1994).
So, the piezoelectric effect simulation is realized. All parameters
in the model are derived from the material characteristics of the
transducer. The required parameters in the model are as follows:

f =
c

2d
(1)

C0 =
εSA

d
(2)

h =
e33

εS (3)

Where, d(m) represents the thickness of piezoelectric ceramics,
which determines the center frequency of the sensor f(Hz),
c(m/s) represents the speed of sound in piezoelectric ceramics,
C0(F) represents the static capacitance, εS is the relative clamped
dielectric constant, A(m2) represents the cross-sectional area
of the piezoelectric material along the direction of sound
wave propagation, h(N/C) represents piezoelectric constant,
e33(10−12m2/N) represents the short circuit elastic constants, R1
and C1 represent an integrator, which is 1 k� and 1
F, respectively.

The PZT part in Figure 1 can be simulated as a lossy
transmission line by comparing the propagation equations of
wave in electric transmission line and acoustic medium (Van
Deventer and Lofqvist, 2000), we can use a lossy transmission
line to simulate the propagation of the acoustic wave in the
medium. To simulate the propagation of sound waves through
the transducer, the parameters of the piezoelectric ceramic
transmission line are calculated as follows:

L = Aρ (4)

C =
1

Aρc2 (5)

R = 2ρcAα (6)

G =
2

ρcA
α (7)

Where ρ(kg/m3) represents the density of piezoelectric
materials, α(NP/m) represents the attenuations.

Transmission Line Model
The electric transmission line model is usually described
in Figure 2.

FIGURE 2 | The transmission line model of cable.

The telegraph equation can be derived that
(Magnusson et al., 2000):

γ =

√(
R+ jωL

) (
G+ jωC

)
= α+ jβ (8)

Z0 =

√
R+ jωL
G+ jωC

(9)

Where γ represents the propagation constant, α represents
attenuation constant, β represents phase constant, Z0 represents
the characteristic impedance.

The input impedance of the cable is (Peres and Lopes, 1998; de
Souza et al., 2003):

Zin =
ZL + Z0tanh(γL)

Z0 + ZLtanh(γL)
Z0 (10)

The L is the length of the cable, Z0 is the characteristic impedance,
ZL is the load impedance.

When the load circuit is short and open, respectively, we can
measure the input impedance of the transmission line. When the
terminal of the cable is short, the load impedance of the cable
ZL is 0. In the same way, when the terminal of the cable is open,
the load impedance ZL is infinite. According to Eq. 10, the two
variables could derive the characteristic impedance Z0 and γ. And
then, according to Eqs. 8 and 9, the lumped circuit parameters
could also be derived. Further, the distribution parameters of the
transmission line can be calculated:

R = real(Z0γ) (11)

L = imag (Z0γ) (12)

G = real(
γ

Z0
) (13)

C = imag(
γ

Z0
) (14)

An Improved Equivalent Circuit
Simulation
The complete ultrasound transducer includes the matching
layer, piezoelectric ceramic, backing layer, adhesive layers, and
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FIGURE 3 | The structural diagram of complete transducer.

FIGURE 4 | The improved equivalent circuit simulation diagram of complete
transducer.

cable. The typical structural diagram of a transducer is shown
in Figure 3.

According to this diagram, we established the improved
equivalent circuit simulation in Figure 4.

In general, the adhesive layer is very thin, which has little effect
on the performance of the piezoelectric ultrasonic transducer. So,
the adhesive layers are ignored in this model.

SIMULATIONS AND EXPERIMENTS

The Established Model Includes a
Transducer and a Cable
To verify above theoretical equivalent circuit simulation model,
the high frequency transducers were fabricated in Figure 5 and
their models in Figure 3 were also established.

FIGURE 6 | The equivalent circuit simulation diagram by using LTspice
software.

TABLE 1 | The parameters of PZT-5H for Leach model.

PZT-5H Matching
Layer 1

Matching
Layer 2

Backing
Layer

ρ(kg/m3) 7,850 1,773 2,025 3,200

A(m2) 4.5 µ 4.5 µ 4.05 µ 4.5 µ

c(m/s) 4,600 3,300 2,874 2,250

α(NP/m) 160 427 850 4,272

εS 1,050 / / /

e33(10−12m2/N) 21 / / /

It consists of a piezoelectric ceramic layer, a matching layer,
a backing layer, and a long cable. Among them, the PZT
part is PZT-5H (CTS Electronic Components, Inc., Elkhart,
IN, United States), the backing layer part is the conductive
silver epoxy (E-Solder 3022, Von Roll Insulation, Isola, MS,
United States), the matching layer is self-made materials, and the
cable is a 42 AWG coaxial wire. Adhesive layers are made of epoxy
(epo–tek 301, Epoxy Technology, Billerica, MA, United States).
Usually, these layers are very thin so that it has little effect on the
performance of the transducer and these will be ignored in our
model. According to the structure, the equivalent circuit model
of this transducer was established using LTspice software (Analog
Device, Norwood, MA, United States), as shown in Figure 6.

The equivalent circuit model is composed of three parts:
piezoelectric material part, backing part, and matching layer
part. The piezoelectric material is composed of T1 and a
controlled source model (E1, F1, F2) to complete the simulation

FIGURE 5 | (A) the complete transducer (B) the detail of transducer.
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TABLE 2 | The input impedance of the open circuit and short circuit.

Fc Zs Zo Z0 R(�) L(nH) C(pF) G(S)

12M 55.07+78.36i 26.99+16.69i 40.11 +37.82i 11.72 442.47 59.68 0.011

20M 83.89–116.72i 9.51+1.61i 34.46–14.14i 5.27 172.78 109.72 0.008

of the piezoelectric effect of piezoelectric materials. T2 and
T4 were used to simulate the matching layer and the backing
part, respectively. A lossy transmission line model was used to
simulate the cable. In the experiment, the impedance analyzer
was used to measure the impedance curves at both ends of the
transducer. LTspice software is used to realize the equivalent
circuit simulation of the transducer. Finally, the measured results
were compared with the simulation results to verify the feasibility
of the model. To verify the practicability of the model for
transducers of different frequencies, different matching layers,
and different cable lengths, two kinds of frequency transducers
were made, and two kinds of matching layer materials were used.

The simulation was carried out in the case of cable and without
cable, respectively, and made the comparison with the actual test.

The Transducers Without Cable
In this experiment, the practicability of the model for the
transducer without cable is verified. Two kinds of frequency
transducers are made. The piezoelectric ceramic part used the
same material, PZT-5H. The matching layer part used two kinds
of self-made materials, and the backing layer was also made of
the same material. At the same time, considering the influence
of technology in the process of making the transducer, the
parameters will be slightly adjusted during the actual simulation.
The measured parameters of the material are shown in Table 1.
For No. 1 transducer, the thickness of piezoelectric ceramic part
is 170 µm, and the matching layer is 57 µm thick; For No. 2
transducer, the PZT layer is 185 µm, and the matching layer is
53 µm; For No. 3 transducer, the PZT layer is 100 µm, and the
matching layer is 35 µm.

FIGURE 7 | The simulated and measured results of transducers without cable (A) the amplitude of No. 1 transducer (B) the phase of No. 1 transducer (C) the
amplitude of No. 2 transducer (D) the phase of No. 2 transducer (E) the amplitude of No. 3 transducer (F) the phase of No. 3 transducer.
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FIGURE 8 | The simulated and measured results of transducer with cable (A) the amplitude of No. 1 transducer (B) the phase of No. 1 transducer (C) the amplitude
of No. 2 transducer (D) the phase of No. 2 transducer (E) the amplitude of No. 3 transducer (F) the phase of No. 3 transducer.

The Transducers With Cable
In this experiment, three transducers in the previous section were
used to bond long cable and carried out measurements. A 42
AWG cables were used and the length of cables was 2.5 m. For
the cable, we used the impedance analyzer to measure the input
impedance of the open circuit and short circuit. According to
equation 10, γ, and Z0 can be derived. The required parameters
of the transmission line can also be derived according to equation
11∼14. Typical parameters are shown in Table 2.

The Transducer With Different Cable
Lengths
Because the different lengths of cable have a great impact on
the high frequency transducers, it has to study the transducer

performance at different cable lengths. In this experiment, we
measured the open circuit and short circuit input impedance
of 42AWG cable at 20 MHz and calculated the lumped circuit
parameters to support the transmission line model in LTspice
software. The parameters which used in Leach model were close
to those mentioned in Table 1. To verify the practicability
of the model for transducers of different cable lengths, the
aforementioned No. 3 transducers with 42 AWG cables of
different lengths were used. The cable lengths were 0.5, 1.5,
and 2.5 m, respectively. The impedance of the transducer
was measured and compared with the simulation results. The
consistency between the simulation results and the measured
results of transducers with different lengths confirms that the
model can be used to simulate transducers of different lengths,
not just one length.
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FIGURE 9 | The simulated and measured results of (A) the amplitude of 20MHz transducer with 0.5 m cable (B) the phase of 20MHz transducer with 0.5 m cable
(C) the amplitude of No. 3 transducer with 1.5 m cable (D) the phase of 20MHz transducer with 1.5 m cable (E) the amplitude of No. 3 transducer with 2.5 m cable
(F) the phase of 20MHz transducer with 2.5 m cable.

RESULTS AND DISCUSSION

The Results of Transducer Without Cable
In the experiment of the transducer without cables, we compared
the simulation results of the three transducers with the measured
results, as shown in Figure 7. It can be seen that the simulation
results are in good agreement with the measured results,
especially at the position of the resonance. The simulated
and measured center frequencies of the No. 1 transducer are
11.76 MHz and 11.75 MHz. The amplitudes at the center
frequencies are 93.76� and 89.58�. The phases at the center
frequencies are −46.90◦ and −34.35◦. The errors of frequency,
amplitude, and phase are, respectively, 0.08%, 4.18�, and 12.55◦.
The simulated and measured center frequencies of the No.

2 transducer are 11.13 MHz and 11.3MHz. The amplitudes
are 91.2� and 82.65�. The phases are −53.07◦ and −43.95◦.
The errors are 1.5%, 8.55�, and 9.12◦. The simulated and
measured center frequencies of the No. 3 transducer are 19.68�
and 19.63MHz. The amplitudes are 38.04� and 41.67�. The
phases are −47.08◦ and −43.35◦. The errors are 0.25%, 3.63�,
and 3.73◦. It is obvious that the simulation results are close
to the measured results. Besides, because of the addition of
the matching layer, the second resonance peak appears in all
three transducers.

The Results of Transducer With Cable
In the experiment of transducer with cable, we compared
the simulation results and measured results of three kinds of
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FIGURE 10 | The amplitude and phase of 20M transducer by using PiezoCAD.

TABLE 3 | The comparison of the improved model and PiezoCAD.

Error
of Fc

Error of
amplitude

Error of
phase @Fc

Second
resonance

Cable

Improved
model

0.25% 3.63� 3.73◦ Appear Considered

PiezoCAD >10% >10� 14.31◦ Not appear Not considered

transducers, as shown in Figure 8. Under the influence of the
long cable, the resonance was shifted, and the simulation results
of the three transducers matched well with the measured results.
In Figure 8B the phase of No. 1 transducer has a high deviation
above 35MHz because in our experiments, the parameters of
cable were measured and calculated at the center frequency of
transducer, which is 12MHz. So, when the frequencies reach
35MHz, the parameters of the cable will become different.
But in the software, the used parameters of the transmission
line were not frequency dependent. So, the deviation is bigger
in higher frequencies. Besides this, the individual differences
between transducers we make, the processing methods, and
the uniformity of the materials will all have an impact on the
phase, especially the high frequency part. Moreover, the phase
results are also easily affected by test conditions, polarization,
and other conditions, so these factors lead to relatively large
phase deviation.

The Results of Transducer With Different
Cable Lengths
In experiments with different cable lengths, we compared the
simulation results and measured results of three kinds of wire
length transducers, as shown in Figure 9. It can be seen that
for high frequency transducers, the cable length has a significant
effect on the transducer. The longer cable length is, the greater
influence of performance is made. Especially at the center
frequency, the amplitude of the impedance has been increased.
It means that the attenuation of the center frequency is also
influenced by the cable.

DISCUSSION

In the experiment, we compared the simulation results and
the measured results of the transducer with and without
cables, respectively. Obviously, in the simulation results without
cable, no matter what frequency or any kind of matching
layer, the resonance impedances matched well with the actual
results. Among them, the designed center frequencies calculated
according to Eq. 1 are 13.5�, 12.4�, and 23 MHz, respectively.
The measured values are 11.75�, 11.3�, and 19.63 MHz. These
results are also close to the theoretical values. Moreover, due
to the existence of the matching layer, the second resonance
appeared in both the measured results and the simulation results.
In addition, the part above 25 MHz in the simulation results
did not match the measured parameters. That’s because in our
experiment, some parameters like attenuations which the Leach
model part used are measured and calculated at a fixed frequency
and not changed by frequencies. It will have impact on the
simulation results. Besides this, some parameters cannot be
measured, and there is deviation between the theoretical value
and the actual value. During the model optimization, we selected
the impedance of the transducer as the optimization benchmark,
so our impedance simulation results were closer to the measured
value than the phase simulation results. Of course, if the phase
is selected for model parameter optimization, the result can be
closer to the actual value. In the following research, we will
further improve our model, so that the simulation can be done
well in both phase and impedance amplitude. So, it caused that
the deviations about phase are higher than amplitude in Figure 7.
We used the same material parameters to simulate 20 MHz
transducer with PiezoCAD software. The results are shown in
Figure 10, at the position of the resonance, the center frequency is
23.72 MHz, the amplitude is 2.11� and lower than the measured
values, the phase is −44.04◦. The compared results between this
improved model and PiezoCAD are shown in Table 3. It is
showed that the effect of this improved model is more suitable
for complete transducer than PiezoCAD software based on KLM
model. In KLM model, a frequency dependent transformer was
used and it is not easy to achieve in PSPICE software. One
of the main advantages in Leach model is easy to achieve.
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Besides, for the high frequency transducers, the different lengths
of cable have a great impact on the transducers. In traditional
KLM model, the influence of cable has not been considered
because most transducers’ applications did not include long cable.
But in some applications like IVUS, the influence of cable cannot
be ignored. So, the biggest difference between this model and
KLM model is that this model contained cable model. It could
give the simulation results of transducer with cable, and use the
circuit simulation software to achieve the circuit simulation.

CONCLUSION

Simulation is important for the design of high frequency
ultrasound transducer. Considering the influence of transmission
lines, backing and matching layers, this paper established an
improved complete ultrasound transducer model which can be
realized in the circuit simulation software LTspice. This improved
model can be used to predict the performance of transducer
by measuring the parameters of material. And it includes the
simulation of piezoelectric ceramic, matching layer, backing layer,
and cable. In this paper, the model was simulated and compared
with the measured results. This paper tested the comparison
between the transducer and the actual situation under various
circumstances. The results showed that the proposed model is in
good agreement with the actual results for various frequencies,
various matching layer materials, and various cable lengths.
The errors of the simulated center frequencies are less than
1.5% and the errors of amplitudes are less than 10�. The
simulation results are closer to the measured results than those
of PiezoCAD based on KLM model. In conclusion, the complete
transducer simulation model can be implemented in general

circuit simulation software. The influence of cable and system can
also be considered, which can be better used in the simulation of
the whole system including the transducers.
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