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Abstract—In an ultrasound system, impedance
matching between a transducer and an electronics is
one of the crucial factors to determine the
performance. An electronics must operate with
different transducers, which have their characteristic
impulse responses and widely varying impedances so
that impedance matching is difficult. Also, the
parasitic element is another factor that impedes the
impedance matching. In this paper, using MATLAB
and Simulink, we simulate a pulse-echo ultrasound
system and the matching network which is required
to allow the use of transducers with widely differing
impedances. Our simulation includes models of the
high-voltage transmitter, the transmission interface,
the acoustic subsystem which includes wave
propagation and reflection, the receiving interface,
and the front-end receiver, as well as a lumped model
of the matching interface which can easily be adjusted
by the designer. The simulated pulse-echo behavior
was in close

agreement with experimental

measurements.
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I. INTRODUCTION

Ultrasound medical imaging is a largely non-invasive
way of obtaining immediate displays of body tissues
which are widely used for diagnosis in fields such as

gynecology,
Ultrasound systems can be used with a wide range of

obstetrics, orthopedics, and oncology.
transducers, allowing many different organs to be
scanned, but different transducers can have very different
values of impedances and impulse response.

Coping with the impedance mismatches is a major
issue in the design of ultrasound systems for use with a
range of transducers, as their impedances can range from
less than 50 Q to 10 kQ [1, 2]. The parasitic elements and
on-resistances in the receiver’s input path impede the
impedance matching between a transducer and a front-
end receiver, which will change the amplitude of the
received echoes [3, 4].

Another design challenge is the requirement for the
high-voltage transmitter to generate pulses of different
shapes to suit the impulse response of the transducer. The
two-way impulse response of a transducer also
determines the parameters of the components in the
front-end receiver, such as the gains and bandwidths of
amplifiers, the sampling-rate, and the resolution of the
analog-to-digital converter (ADC).

There have been many efforts to simulate the behavior
of an ultrasound system on a computer, mostly focused
on the transducer. Theoretical models, such as these
developed by Mason [5], Redwood [6], Krimholtz,
Leedom and Matthaei (KLM) [7], and Leach [8], which
is based on material properties and physical dimensions,
are commonly used for optimizing the design of a

transducer. But when the transducer is already available,
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Fig. 1. Block diagram of an ultrasound system.
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experimental measurement [9]. From the theoretical and

an analytical model can constructed from
analytical models, the pulse-echo responses can be

investigated. The electrical characteristics of an
ultrasonic transducer are often abstracted using the
Butterworth-Van Dyke (BVD) model [10], which has
been enhanced to broadband [11]. In the BVD model, a
transducer is represented by lumped circuits. This model
allows us to simulate the response between a transducer
and a load impedance, and the resulting simulation can
be used in designing an impedance matching network.
Recently, we proposed an ultrasound system simulator
[12] in which both the transducer and the electronics of a
pulse-echo ultrasound system are represented in a single
MATLAB/Simulink model,

investigate the pulse-echo responses and analyze the

which can be used to

impedance mismatches. In this simulator, both pulse-
echo responses and the impedances of the transducer and
electronics are represented in MATLAB as transfer
functions constructed from measurements. The high-
voltage transmitter and the front-end receiver are
modeled in Simulink so that they can be optimized by
changing the appropriate parameters. Results obtained
from this simulation were checked against experimental
data obtained from a commercial ultrasound system,
ECUBE7, from Alpinion Medical Systems. However,
there are some inconveniences in this simulator. The
impedances have to be measured whenever an electronic
component is changed; and the impedances of the
transducers and the electronics are not represented as a
lumped-component model, so whenever testing the
matching network in the simulation require the matching
network to be constructed by soldering on the hardware
so that the impedance can be measured.

We have now developed a new simulator that pulse-
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echo transient simulation is available with including an
optimized impedance matching network. In this simulator,
the input impedance of the front-end receiver is modeled
using equivalent circuits, making it easy to modify and to
assess its effectiveness. Since, the input impedance of the
front-end receiver is modeled as lumped model,
the

effectiveness test is also available in the proposed

impedance matching network design and
simulator. An impedance matching network can be
designed using the Smith chart and the matching network
circuits are then incorporated into the impedance model
of the front-end receiver. Then, its pulse-echo response
can be simulated. The accuracy of the simulator has been
verified by comparing simulation results with measured
data [12].

The rest of this paper is organized as follows: Section
II is an overview of our pulse-echo ultrasound system
simulator. In Section III, the design of the front-end
receiver’s input impedance, the design of the matching
network, and the simulation of pulse-echo behavior are
presented. In Section IV, we show here we checked the
simulation results against measured data. We draw

conclusion in Section V.

II. OVERVIEW OF THE PROPOSED SIMULATOR

Fig. 1 is a block diagram of the ECUBE7 ultrasound
system, which consists of a high-voltage transmitter, a
transducer, a matching network, a high-voltage
multiplexer (MUX) switch, a transmit/receive (T/R)
switch, and a front-end receiver. The high-voltage
transmitter generates a high-voltage pulse and applies it
into the transducer, which converts it into an acoustic
pulse, which is directed towards a focal point. The

transducer converts the reflected acoustic echo signal
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Fig. 2. The proposed pulse-echo ultrasound system simulator.

into an electrical echo signal, which passes through the
high-voltage MUX switch, the T/R switch, and the front-
end receiver. The high-voltage MUX switch selects the
channel and the T/R switch cycles between transmit and
receive mode. The front-end receiver, which consists of a
low-noise amplifier (LNA), a programmable-gain
amplifier (PGA), an anti-aliasing filter (AAF), and an
ADC which amplifies and digitizes electrical echo signal,
is connected to the transducer through an impedance
matching network.

Fig. 2 is a block diagram of our proposed pulse-echo
ultrasound system simulator, which is constructed by
using the same methodology as our previous simulator
[12]. The white blocks represent the pulse-echo
ultrasound system behavior and the gray blocks represent
the impedance matching optimization process in the
proposed modeling. In Fig. 2, the circuits of the high-
voltage transmitter and the front-end receiver are
modeled with Simulink and the pulse-echo behavior from
output of high-voltage transmitter to input of front-end
receiver is modeled based on measurements. The model
of the acoustic sub-system is based on the electro-
acoustic transfer function H(s), which represents the way
in which an outgoing electrical pulse V,(?) is transformed
into an incoming electrical echo signal V,.(z). This process
includes electro-acoustic conversion of the transmitted
pulse, acoustic propagation, reflection, and acoustic-

electrical conversion of the echo signal. We build H(s) by
measuring values of V,(j2xf,) and V,(j2xf,), and is then
computed by MATLAB’s rationalfit function. On the
other hand, the transmitter interfacing electronics Zyx(s)
and the receiver interfacing electronics Zzy(s) are
required for the voltage division by the impedances. In
transmit mode, the electrical pulse, Vyy(?) from the high-
voltage transmitter needs to be multiplied by Z,/(Z,+Z,);
and in receive mode, the electrical echo signal V,(?) needs
to be multiplied by Z,/Z,+Z,), where Z,, Z,, and Z, are
respectively the impedances of the high-voltage
transmitter, the transducer, and the front-end receiver. Z,
reflects the impedance of the high-voltage transmitter,
T/R switch, and high-voltage MUX switch. Also, Z,
reflects the impedance of the LNA, T/R switch, and high-
voltage MUX switch. When the impedances Z,(j2xf,),
Z,(2xf,), and Z,(j2xf,) have been measured, the transfer
functions Zrx(s) and Zzy(s) can able be determined using
rationalfit function. The transfer function from the
transmitted pulse Vry(?) to the received echo signal Viy(t)

can be written as follows:

Vix (5)

VTX(S) :ZTX(S)H(S)ZRX(S) "
=L (yH(s) =L (5)
“z+z, V7



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.18, NO.3, JUNE, 2018 331

RF
Input Impedance
Probe High-Voltage MUX T/R Switch of LNA
[T T T ST T S oS-SS T T oo oo s o s s ————————n Fr————=——=———~ [
[I:’: ] AV : 1 M A : | | LNA
: Ron | : s Rs | : :
| Z ReLeep Z ReLeep : I Rr2 —=Cp : : ZRN =Cn :
I I
| L Lo !
I A A T __ ] ___ 1

Fig. 3. Equivalent circuit of the input impedance of the front-end receiver.

where Viyy(s) and Viy(s) are the Laplace transforms of

Vix(t) and  Vix(1),
Simulink models of the high-voltage transmitter and the

respectively. Together with the

front-end receiver, the function Vix(s)/Vrx(s) constitutes a
model of the overall behavior of a pulse-echo ultrasound
system.

The impedance of the front-end receiver Z,(j2zf;), is
based on the equivalent circuit modeling to build receiver
interfacing electronics Zzy(s). The equivalent circuit
modeling for the front-end receiver’s input impedance
gives us two advantages in terms of a simulation. For the
perspective of electronics’ designer, the impedance
matching between a transducer and a front-end receiver
is troublesomeness because the amplitude of the echo
signal from the transducer to front-end receiver is
significantly small and it requires the matching network
to be inserted between the transducer and the front-end
receiver. Firstly, once the impedances of the high-voltage
transmitter, the transducer, and the electro-acoustic
transfer function H(s) have been measured, the input
impedance of the front-end receiver can easily be
modified by adding or removing R, L, C components
from the equivalent circuit model if the components of
the electronics are changed. In addition, if Z.(j2zf,) is
found from an equivalent circuit model, we can easily
combine it with a matching network to build a new
Z.(j2zf,). Then, we can simulate the pulse-echo behavior
with observing the effects of the matching network in the
proposed simulator.

ITI. MODELING
1. Receiver Input Impedance Modeling
Fig. 3 shows the equivalent circuit model of the input

impedance of the front-end receiver. In the ECUBE7
ultrasound system, the high-voltage MUX chip and the

T/R switch chip are in front of the LNA, and therefore
we need to consider the impedances of these two chips as
well as that of the LNA [13]. The appropriate parameters
can be obtained from chip datasheets. The on and bleed
resistances of the high-voltage MUX switch must be
modeled [14]. The bleed resistor is connected in parallel
with the output of a high-voltage power supply to
discharge the power supply’s filter capacitors when the
equipment is turned off. The on-resistance and the
parasitic resistance and the capacitance of the T/R switch
are also built into an equivalent circuit model [15]. In our
model of the ECUBE7, Rgy is set to 19 Q and Ry ggp 1S
set to 35 kQ for the high-voltage MUX; Rg is set to
13/2 Q, Rp is set to 100 kQ and Cpis set to 40 pF for the
T/R switch; and Ryy is set to 40 Q, Cy is set to 20 pF for
the input impedance of the LNA. To determine the input
impedance of LNA, we can select either an active
termination mode or a non-active termination mode [13].
The non-active termination is used in this paper to
determine the parameters of the input impedance of LNA
because measurements to validate the simulation are
made without active termination. In the non-active
termination mode, the value of the feedback resistor Ry is
effectively infinite. Accordingly, the input impedance of
the front-end receiver Z,.(s) can be derived as follows:

1

Zing(s)= C I Ry 2)

NS
1
Zrirerna(8) = (((Zya(s)+ Rp) || Cos s) | Rp)+Rs, (3)
P
Z,(8) = (Zr/gsna () | Rppgep) + Ron ) | Rppgep- (4)
By following (4), an equivalent circuit model can be

expressed as an s-domain function Z.(s) in MATLAB,
which can then be converted into the impedance function

Z,(j2rfy).
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Fig. 4. Admittance of the L3-12 transducer.

2. Impedance Matching Network

A Smith chart allows us to find the impedance
matching network circuit that achieves maximum power
transfer. Maximum power is delivered from a source to a
load if the load impedance is the complex conjugate of
the source impedance. If the load and the source are
unmatched, impedance matching network is required to
maximize the power transfer from the source to the load.
An impedance matching network changes the source
impedance to the load impedance point by adding
capacitors/inductors in series or parallel. An inductor in
parallel moves the impedance point along a curve of
constant resistance, while a capacitor in series, which
moves the impedance point along a curve of constant
conductance.

In our case, the 128-clement Alpinion Medical
Systems’ L3-12 transducer is the source impedance. Fig.
4 shows the measured admittance of this transducer,
which has a single resonant frequency at 8 MHz. By
considering the large impedance mismatch and the
transducer response at the center frequency, the
impedance matching network was therefore chosen to
maximize the signal transfer. Fig. 5 shows how the Smith
chart is used to select two inductors and one capacitor for
the impedance matching network shown in Fig. 6. The
impedance of the transducer is 42-j48 Q and the input
impedance of the receiver is 72-j0.8 Q. The values of L,
L,, and C, are set to 914.9 nH, 26 nH, and 358.4 pF,

respectively.

3. Pulse-echo Simulation

The equivalent circuit determining the input

Fig. 5. Simith chart for impedance matching network design.
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[z ] =
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Fig. 6. Impedance matching network.

impedance of the receiver can now be modified to
incorporate the matching network. If we assume the total
impedance of the circuit shown in Fig. 3 as Z,(s), we can
change the impedance of the front-end receiver to
Z,,e(s) by introducing appropriate inductances and a

capacitance, as follows:

(Z,(s)+ Lls)(1/ Cls)
(Z,.(s)+Lls)+(1/Cls)

(s)=L2s+ 5

Zr,new

We can convert Z,,,..(s) to Z,,...(j27f,) using bode and
squeeze function in MATLAB, and then approximate the
transfer function Zy,..(j27f;) by using the rationalfit
function in MATLAB to fit a function of the transfer
function to the complex vector data [16, 17]. Finally, we
can perform Vypy(s)/Vrx(s) as mentioned in (1) to simulate
pulse-echo behavior. The generation of the high-voltage
pulse, amplification of the echo signal, and its
digitization are modeled using Simulink and so are the
high-voltage MUX switch, the T/R switch, and the
matching network circuits. For more detailed discussion

of Simulink models, the readers should consult [12].
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Fig. 7. Measured and simulated amplitudes of the high-voltage
pulse.

IV. SIMULATIONS

1. Validation and Simulation

The L3-12 transducer was immersed in a water tank,
connected to the ECUBE7 ultrasound system by a
coaxial cable, and is excited by pulses from the high-
voltage transmitter. The transducer produces ultrasound
waves which propagate through the water and are
reflected by a steel reflector. The transducer converts the
returning ultrasound waves to an electrical echo signal,
and both outgoing and incoming pulses can be viewed on
an oscilloscope. The electrical echo signal goes through
amplification, filtering, and analog-to-digital conversion.

Fig. 7 compares the measured waveform of the high-
voltage pulse with the waveform from the high-voltage
transmitter Simulink model. Fig. 8 compares the
measured and simulated echo signals, in both time and
frequency domain. For this comparison, the echo signal
is measured and simulated between the acoustic
The peak

amplitude of the echo signal in Fig. 8(a) is normalized to

subsystem and the front-end receiver.
one, and Fig. 7 and 9(a) show relative amplitudes. Fig. 9
shows both measurements and simulation of the digitized
output of the echo signal from the front-end receiver,
sampled at 40MSPS. From Fig. 9(b), the difference
between the measurement and the simulation results can
be expressed as follows:

n

D IR i = FUf P
105/20 > k=1 , (6)

P TALE

k=1
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Fig. 8. Measured and simulated amplitude of the echo signal in
(a) the time domain, (b) the frequency domain.
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Fig. 9. Digitized output of measurement, result from our
previous simulation [12], and from the proposed simulator, in
(a) the time domain, (b) the frequency domain.
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where ¢ is the error in dB, F, is the measured value of
Fy(j2xf,) at a frequency f;, and F is the simulation result
in the frequency domain. On this basis, the error in our
previos simulator [12] is -9.8 dB and the error in the
proposed simulator is -12.0 dB. Although, the input
impedance of the front-end receiver is modeled using
equivalent circuits in the proposed simulator, the
simulation result is well-matched with the measurement

and our previous simulator [12].

2. Testing a Matching Network

One crucial application of our model is the design and
test of a matching network, which can be implemented as
a parallel compensating inductance, a  series
compensating inductance, or an ‘L’ matching network
[18]. To observe the effects of a matching network, we
simulated the application of an 8 MHz sine wave to the
transducer. Fig. 10 shows the digitized output from the
model of the combined impedance of the front-end
receiver, with and without the matching network, in both

the time and frequency domain at a sampling rate of 40

MSPS. The amplitude of the output sine-wave increases
when the matching network is included. The narrow-
band signal-to-noise ratio (NBSNR) of the digitized
output with the matching network is 69.4 dB and without
the matching network is 66.7 dB. Where NBSNR is
signal power divides by sum of noise power in a 2 MHz
band around signal frequency, which is a significant
index that directly related to the performance of an
ultrasound system [12]. The simulation result shows that
the NBSNR is 2.7 dB enhanced because the impedance
mismatch is reduced by inserting the electrical matching
network in between the transducer and the front-end
receiver.

V. CONCLUSIONS

In this paper, we have presented a simulation of an
ultrasound system that models two-way pulse-echo
behavior, and allows the effect of an impedance matching
network to be observed. This is an improvement on our
previous simulator [12] because the input impedance the
front-end receiver is modeled as an equivalent circuit.
This allows a system designer to observe the pulse-echo
behavior produced by different matching circuits simply
by changing values of the components in the model,
without changing the experimental hardware. Once, the
impedance matching network is designed, we can simply
add the matching network circuit to the equivalent circuit
of the input impedance of the front-end receiver for
Results
simulator show good agreement with the measured data

impedance matched simulation. from the
[12] and better influence of the matching network is

demonstrated.
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