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Abstract—A flexible clinical ultrasound system must operate
with different transducers, which have characteristic impulse
responses and widely varying impedances. The impulse response
determines the shape of the high-voltage pulse that is transmitted
and the specifications of the front-end electronics that receive the
echo; the impedance determines the specification of the matching
network through which the transducer is connected. System-level
optimization of these subsystems requires accurate modeling of
pulse-echo (two-way) response, which in turn demands a uni-
fied simulation of the ultrasonics and electronics. In this paper,
this is realized by combining MATLAB/Simulink 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. To demonstrate
the effectiveness of our simulator, the models are experimentally
validated by comparing the simulation results with the measured
data from a commercial ultrasound system. This simulator could
be used to quickly provide system-level feedback for an optimized
tuning of electronic design parameters.

Index Terms—Behavioral modeling, design optimization,
impedance matching, MATLAB, ultrasonic imaging, ultrasonic
transducers.

I. INTRODUCTION

U LTRASOUND imaging has been applied to many
clinical applications, including obstetrics, gynecology,

orthopedics, emergency medicine, and the detection of can-
cer. Ultrasound imaging provides immediate data, facilitating
speedy diagnosis and reducing cost. The type of transducer
required varies across different applications, and transduc-
ers commonly have different impedance values and impulse
responses. For example, an annular array transducer is required
for steerable continuous-wave (CW) Doppler measurements of
the heart, whereas an array with a tight convex curvature is
required for imaging between the ribs [1].

The design of ultrasound systems capable of operating with
a wide range of transducers poses several problems. One key
challenge is the impedance mismatch which commonly occurs
because the impedance of different transducers can vary from
less than 50 Ω to 10 kΩ [2], [3], while the impedance of
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the electronics is fixed. Mismatched impedances can seriously
compromise the effectiveness of an ultrasound system, even
if the transducer and electronics individually have outstanding
performance. To maximize the efficiency with which the sig-
nal power is transferred requires a matching network, and a
different network must be designed for each configuration.

Another challenge is that the electronics need to be designed
appropriately for different types of transducers [3]. A trans-
ducer is driven by a high-voltage transmitter, which must
generate a pulse with a shape that suits the impulse response
of that transducer. The parameters of all the components in the
front-end receiver, including the gains of amplifiers, the band-
widths of filters, and the sampling-rate and resolution of the
analog-to-digital converter (ADC) will be determined by the
transducer’s two-way impulse response.

Despite these interdependencies, the transducers and the
electronics in an ultrasound system are commonly developed
independently, making it difficult to optimize performance.
This motivates our development of a pulse-echo ultrasound
system simulator. Most previous studies [4]–[14] have only
focused on the modeling of the transducer and ultrasound field
as an equivalent electrical circuit. The modeling of transducers
themselves [4]–[9] has largely been based on theoretical mod-
els, such as those of Mason [10], Redwood [11], Krimholtz,
Leedom and Matthaei (KLM) [12], and Leach [13]. These theo-
retical models, based on knowledge of the transducers’ material
properties and physical dimensions, are best suited to the
optimization of a transducer during its design and manufacture.

Alternatively, an analytical model based on experimental
measurements allows system designers to simulate transducers
without reference to their physical specifications [14]. To com-
bine a model of this sort with electronics within, an analog cir-
cuit simulator requires the transducer model to be transformed
to a lumped passive-circuit model. Moreover, system-level sim-
ulation using an analog simulator requires a time-consuming
transistor-level design of the electronics, and these circuits still
have to be redesigned to permit a full analysis of subsequent
parameter changes.

A third possibility, which allows a system designer to inves-
tigate the behavior of a pulse-echo ultrasound system from a
more complete electro-acoustic point of view, is to simulate
both the transducer and the electronics in the same high-level
environment. In this paper, we present a simulator of this type,
in which both the ultrasound components and the electronics
of a pulse-echo ultrasound system are represented by a single
MATLAB/Simulink model.

This approach supports a two-way (transmit and receive)
analysis of ultrasound system. Unlike other simulators
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Fig. 1. Block diagram of a pulse-echo ultrasound system.

[15]–[19], high-voltage pulse generation, electrical signal
conditioning, and analog-to-digital conversion can be simu-
lated with the transducer. Modeling the transducer as a transfer
function, which can be derived from pulse-echo measure-
ments made during manufacturing, makes it easy to change the
transducer in the simulation. Moreover, by inserting transfer
functions into the signal path to account for the impedances of
both the transducer and the electronics, impedance mismatches
can be analyzed and corrected.

Our simulator includes all the parameters that the design-
ers of an ultrasound system require to specify the electronics.
Thus, the best pulse for a given transducer can be determined
using the high-voltage transmitter model and, since the front-
end receiver model is based on a specific architecture, the
specifications of each component in the receiver can readily be
determined. Finite-element modeling (FEM) can also be con-
sidered to simulate the electronics. It is also a powerful tool
but with complicated and time-consuming method [20]. On the
other hand, our approach reduces the simulation time while
keeping high accuracy and it is able to provide the microelec-
tronics designers with affordable system-level feedback in a
short time [21].

We verified the accuracy of our simulator, by starting with
preliminary tests on individual subsystem models. Then, exper-
iments on the complete system were conducted using a com-
mercial ultrasound system connected to the transducer. Our
simulation of the most important signals, which are the electri-
cal pulse from the high-voltage transmitter, the echo signal from
the acoustic subsystem, and the digitized output of the front-end
receiver, showed good agreement with experimental results.

This paper is organized as follows. In Section II, we intro-
duce the architecture of a pulse-echo ultrasound system. In
Section III, the building blocks of the proposed simulator are
presented and the MATLAB/Simulink implementation of the
subsystems is described in detail. In Section IV, we present the
results of experiments designed to validate the accuracy of our
simulator. We draw conclusions in Section V.

II. OVERVIEW OF A PULSE-ECHO ULTRASOUND SYSTEM

AND OUR SIMULATION

Fig. 1 shows the block diagram of a pulse-echo ultrasound
system, consisting of a high-voltage transmitter, a transducer,
an ultrasound field, a coaxial cable, and a front-end receiver.
In transmit mode, an electrical pulse is generated by the

high-voltage transmitter, causing the transducer to produce an
acoustic pulse which propagates toward a focal point, reflect-
ing off any object in its path. In receive mode, the transducer
picks up the returning acoustic echo, which is converted into an
electrical echo signal and processed by the front-end receiver.

The front-end receiver contains a transmit/receive (T/R)
switch, which blocks the high-voltage pulses during the recep-
tion; a low-noise amplifier (LNA), which acts as a preamplifier;
a programmable-gain amplifier (PGA), which provides time-
gain compensation to allow for the way in which the returning
echo signal is attenuated by body tissues as a function of the
distance traveled; an antialiasing filter (AAF), which restricts
the bandwidth of the signal to satisfy the Nyquist-Shannon
sampling theorem over the band of interest; and an ADC,
which digitizes the electrical echo signal for subsequent image
processing [22].

The block diagram in Fig. 2 shows the main units of
the proposed simulator. A system designer can configure the
parameters of the high-voltage transmitter model to gener-
ate desired particular high-voltage pulse in transmit mode.
The front-end receiver model simulates electrical signal con-
ditioning and analog-to-digital conversion in receive mode,
taking into account the most significant nonidealities, such as
sampling clock jitter, noise, and harmonic distortion.

The acoustic subsystem that we model consists of a coaxial
cable, a transducer, and an ultrasound field. The acoustic sub-
system model is based on the electroacoustic transfer function
H(s), which represents the acoustic process which transforms
an outgoing electrical pulse Vt(t) into an incoming electrical
echo signal Vr(t). This process involves electro-acoustic con-
version of the transmitted pulse, acoustic propagation, reflec-
tion, and acoustic-electrical conversion of the echo signal. H(s)
can be expressed as the ratio between Vt(s) and Vr(s), which
are, respectively, the Laplace transforms of Vt(t) and Vr(t).

To simulate the voltage division by the impedances of the
subsystems, models of the interfacing electronics are inserted
between the models of two subsystems. In transmit mode, a
model of the transmitter (TX) interfacing electronics acting as
a voltage divider based on transfer function ZTX(S) is inserted
between the high-voltage transmitter model and the acoustic
subsystem model. The impedance Za of the acoustic subsystem
is the load impedance, as seen by the high-voltage transmitter,
and the output impedance Zt of the high-voltage transmitter is
the source impedance. Thus, the amplitude of an electrical pulse
VTX(t) from the high-voltage transmitter needs to be multiplied
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Fig. 2. Model of the pulse-echo ultrasound system shown in Fig. 1, consisting of five subsystem models. The electronic components in the system are simulated
in the high-voltage transmitter model and the front-end receiver model. The acoustic behavior of the ultrasound field and the effect of coaxial cable are modeled as
the acoustic subsystem, based on the electroacoustic transfer function H(S). To express division of the voltage by the impedances of the subsystems, the transfer
functions ZTX(S) and ZRX(S), representing the interfacing electronics, are inserted between the models of the electronics and the acoustic subsystem.

by Za/(Zt + Za), if it is to correspond to the electrical pulse
Vt(t) that reaches the acoustic subsystem.

In receive mode, a model of the receiver (RX) interfacing
electronics based on the transfer function ZRX(S) is inserted
between the acoustic subsystem model and the front-end
receiver model. The impedance Za of the acoustic subsystem
is the source impedance and the input impedance Zr of the
front-end receiver is the load impedance as seen by the acous-
tic subsystem connected to the front-end receiver. Thus, the
amplitude of the electrical echo signal Vr(t) acquired by the
transducer needs to be multiplied by Zr/(Za + Zr), if it is to
correspond to the electrical echo signal VRX(t) that is sent to
the front-end receiver.

III. MODELING SUBSYSTEMS

A. High-Voltage Transmitter Model

Most ultrasound transmitters can be classified as pulse-type
or burst-type. Theoretically, an ideal pulse-type transmitter gen-
erates a single spike, which is the waveform that produces the
best axial resolution. However, a real transducer has a band-
pass response, and the pulse that is actually generated needs to
be appropriate for the response of that particular transducer. A
burst-type transmitter generates several cycles of a square wave
or a sinusoid, modulated by a window (such as a Hamming
window). Since the amount of energy that can be transmitted
into a patient’s body is limited by medical authorities, the volt-
age generated by the transmitter needs to be lower when the
pulse train is longer.

Fig. 3 shows our model, in which the high-voltage trans-
mitter is simulated by relatively simple blocks; nevertheless,
the amplitude of the pulse, offset, period, and duty cycles are
controllable, and multiple square or sine waves can easily be
generated. The best pulse for a particular application can be
determined by examining the simulated returning echo sig-
nal for different transmitted pulse. Additionally, the multiport
switch block allows the simulated output of the high-voltage
transmitter to be replaced by measured data.

Fig. 3. Simulink model of the high-voltage transmitter.

B. Acoustic Subsystem Model and Interfacing Electronics
Model

From the description in Section II, the complete transfer
function from the transmitted pulse VTX(t) to the received echo
signal VRX(t) can be written as follows:

VRX(s)

VTX(s)
= ZTX(s)H(s)ZRX(s)

=
Za

Zt + Za
(s)H(s)

Zr

Za + Zr
(s) (1)

where VTX(s) and VRX(s) are, respectively, the Laplace
transforms of VTX(t) and VRX(t). In order to model this
transfer function using MATLAB/Simulink, we have mea-
sured the output impedance Zt(j2πfk) of the high-voltage
transmitter and the input impedance Zr(j2πfk) of the front-
end receiver at 949 frequencies ranging from 1 to 20 MHz.
To obtain the measured data, Agilent HP4194A impedance
analyzer and ECUBE7 ultrasound system are connected by
calibrated impedance probe. We have also measured the
impedance Za(j2πfk) of the transducer with the 2.3-m coax-
ial cable. The L3–12 transducer that has 128-elements and
8.5-MHz center frequency is used in this measurement. Both
ECUBE7 ultrasound system and L3–12 transducer are the com-
mercial product developed from Alpinion Medical Systems.
Values of the vectors Za(j2πfk)/(Zt(j2πfk) +Za(j2πfk))
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Fig. 4. Setup for the pulse-echo measurements required to build the electroa-
coustic transfer function H(s).

and Zr(j2πfk)/(Za(j2πfk) +Zr(j2πfk)) in the complex
plane were obtained from the measured data. The transfer
functions ZTX(S) and ZRX(S) were then computed using
the rationalfit function in MATLAB to fit a function of the
following form to the complex vector data [23], [24]:

F (s) =

N∑
k=1

residuek
s-polek

(2)

where N is the number of poles.
We also need to measure Vt(j2πfk) and Vr(j2πfk) in

the frequency domain, in order to build the transfer func-
tion H(s). We made pulse-echo measurements using the setup
shown in Fig. 4. A Panametrics NDT-5800 pulser–receiver
sends a high-voltage pulse to the transducer, which sends an
acoustic wave toward a steel reflector in a water tank, and
awaits echoes. The echoes received by the pulser–receiver are
measured using an Agilent DSO6012A oscilloscope, which
samples the echo signal every 5 ns, and transfers the digi-
tized sample to a workstation. Measurements of Vt(tk) and
Vr(tk) at sampling time tk are converted, respectively, into
Vt(j2πfk) and Vr(j2πfk), in the frequency domain, by discrete
Fourier transform. Vt(j2πfk) is the product of VTX(j2πfk)
and Za(j2πfk)/(Zt(j2πfk) + Za(j2πfk)). From this fre-
quency domain data, we can find H(j2πfk) from the ratio
Vr(j2πfk)/Vt(j2πfk). We can then compute H(s) by call-
ing the rationalfit function, as we did to obtain ZTX(S) and
ZRX(S). The transducer has its own axial intensity profile, so
the magnitude of the transfer function H(s) changes depend-
ing on the distance between the transducer and the reflector.
However, the transducer’s significant properties in the system-
level optimization, such as center frequency, bandwidth, and
impedance, are not affected by the distance. Therefore, the
overall direction of system development does not change.
In our experiment, we have measured transducer properties
with 20-mm distance that is focal depth of the transducer.
Although the distance between transducer and steel reflector
can slightly affect transfer function H(s) with the attenuation
of medium, we assume that the attenuation coefficient of water
(0.0022 dB/MHz/cm) is small enough to be neglected for our
study.

The Simulink models of the TX interfacing electronics, the
acoustic subsystem, and the RX interfacing electronics consist
of a number of transfer function blocks, together with an add
block. The poles and relevant residues of a transfer function
can be converted, respectively, to the numerator and denomi-
nator of a transfer function block in the Simulink environment,
as shown in Fig. 5. ZTX(S), H(s), and ZRX(S) has 77, 300,
and 19 poles, respectively. To ensure that every transfer func-
tion block has real coefficients, each block represents either one
real pole, or a pair of complex conjugate poles. Consequently,
each Simulink model of the TX interfacing electronics, acous-
tic subsystem, and RX interfacing electronics has 39, 151, and
11 transfer function blocks.

C. Front-End Receiver Model

Our Simulink model of a front-end receiver, shown in Fig. 6,
consists of a transfer function block, the T/R switch, and eight
subsystem blocks, which model: harmonic distortion, the LNA,
the voltage-controlled attenuator (VCAT), the PGA, the high-
pass filter (HPF), the low-pass filter (LPF), sampling clock
jitter, and the ADC.

Fig. 7 shows an equivalent circuit model of the T/R switch
[25]. The values of Rs, Rp, and Cp are 13 Ω, 100 kΩ, and
40 pF, respectively. RIN and CIN are the input resistance and
the input capacitance of the LNA. RF is a shunt feedback
resistor for an active input termination, which is preferred
in ultrasound applications because it reduces the reflections
resulting from mismatches and achieves better axial resolution
without a significant increase in noise. The input impedance
ZIN,ActiveTermination of the LNA under the active termination
approximately follows:

ZIN, Acitve Termination =
RF

1 + AV,LNA

2

(3)

where AV,LNA is the voltage gain of the LNA. The equivalent
input impedance of the LNA can be expressed as follows [26]:

ZIN(s) = ZIN, Active Termination‖RIN‖CIN

=
RINRF

RFRINCINs+
(
1 + AV,LNA

2

)
RIN +RF

. (4)

Without active termination, the value of the feedback resis-
tor RF is effectively infinite. The transfer function of the
T/R switch under the active termination configuration can be
expressed as follows:

VT/R switch output

Vfront-end receiver input
(s)=

2Rp

RsRpCps+Rs+2Rp
· 2ZIN(s)

Rs+2ZIN(s)
.

(5)

The transfer function block which models the T/R switch is
shown at the top left in Fig. 6.

Fig. 8 is a detailed block diagram which explains how the
subsystems of the front-end receiver are modeled. Fig. 8(a)
shows the model of harmonic distortion. The model is placed
between T/R switch and the LNA to express the signal
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Fig. 5. Simulink models of the TX interfacing electronics, acoustic subsystem, and RX interfacing electronics based, respectively, on the transfer functions
ZTX(S), H(s), and ZRX(S).

Fig. 6. Simulink model of the front-end receiver.

Fig. 7. Equivalent circuit model of the T/R switch under considering the active input termination.

distortion introduced by the nonlinearities of the amplifiers
and ADC in the front-end receiver. The harmonic distortion is
not shown in Fig. 7, because it is not a specific circuit but a
phenomenon from following circuits.

The parameter value of the constant block controls the order
of the harmonic distortion, and the gain changes its power.
Fig. 8(b) shows the model of the amplifier used in the LNA,
VCAT, and PGA subsystem blocks. The gain and transfer func-
tion model the amplifier’s finite gain and bandwidth. The rate
limiter models the amplifier’s slew-rate, and the saturation
block models the output swing. Our Simulink model of the
front-end receiver also includes a model of amplifier noise,
which is a crucial difference between a real and an ideal cir-
cuit. This amplifier noise is made up of current and voltage

noise, together with thermal noise from the source resistance.
Several noise-modeling blocks have been introduced into the
LNA, VCAT, and PGA subsystem blocks to simulate the band-
limited white noise of the input voltage, current noise from the
LNA, and the input voltage noise from the PGA and VCAT. The
total voltage-noise density of the output of the amplifier can be
expressed as follows:

EO =

√
e2N + (iNRsource)

2
+ 4KBTRsource (6)

where eN is the voltage noise density of the amplifier. The
term iNRsource is the product of the voltage contribution of
current-noise density and the source resistance, which has
a thermal-noise density of (4KBTRsource)

1/2. The source
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Fig. 8. Block diagram of our Simulink model of the front-end receiver: (a) harmonic distortion, (b) LNA, VCAT, and PGA with variable gain, (c) HPF and LPF
with selective bandwidth, (d) sampling clock jitter, (e) ADC, (f) input SHA in ADC, (g) MDAC in ith stage, and (h) sub-ADC in ith stage.

resistance Rsource is the impedance of the transducer, and is
therefore likely to vary widely with the type of transducer in
use. Fig. 8(c) shows the HPF and LPF subsystems, in each of
which the filter is represented by a transfer function, and this
can be changed using the multiport switch to vary the band-
width of the corresponding filter. Fig. 8(d) shows the model of
sampling clock jitter, defined as a random variation of the sam-
pling instant; the resulting noise is assumed to be uniformly
distributed. The error introduced by a sinusoidal signal x(t) with
amplitude A and frequency fin can be calculated as in terms of
the jitter deviation δ as follows [27]:

x(t+ δ)− x(t) ≈ 2πfinδA cos(2πfint) = δ
dx(t)

dt
(7)

and this equation is the basis of our jitter model. The ADC in
an ultrasound system requires a sampling-rate which is at least

40 MS/s, and a resolution between 10 and 14 bits. A pipelined
ADC architecture is known to be able to satisfy these require-
ments, and that is what we have modeled as shown in Fig. 8(e).
This ADC includes a sample-and-hold amplifier (SHA), sev-
eral stages, and an encoder for digital correction, and each stage
has a multiplying DAC (MDAC) and a sub-ADC. Fig. 8(f)–(h),
respectively, shows the block diagrams of the SHA, the MDAC,
and the sub-ADC, which is inside the ADC. The digital encoder
is described using a MATLAB script.

IV. EXPERIMENTS VERSUS SIMULATION

A. Validation of Subsystem Models

Before simulating the complete ultrasound system, we
assessed the accuracy of each subsystem model. We started
with the models of the acoustic subsystem and the interfacing
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Fig. 9. Comparison between the transfer function ZTX(S) and the exper-
imental data ZTX(j2πfk), (a) magnitude and (b) phase, both against the
frequency fk.

electronics, and investigated the accuracy of the approximate
transfer functions ZTX(S), H(s), and ZRX(S) in the same con-
text as shown in [14]. Fig. 9 compares the approximate transfer
function ZTX(S) obtained by calling the rationalfit func-
tion with the complex vector data Za(j2πfk)/(Zt(j2πfk) +
Za(j2πfk)), measured using an Agilent HP4194A impedance
analyzer at 949 frequencies in the frequency domain. The
difference between the curves can be expressed as follows:

10ε/20 ≥

√
n∑

k=1

|F0{fk} − F (s)|
2

√
n∑

k=1

|F0{fk}|
2

(8)

where ε is the error in dB, F0 is the measured value of
F0(j2πfk) at a frequency fk, and F (s = j2πf) is the approxi-
mation of the transfer function computed using the rationalfit
function. On this basis, the error in ZTX(S) is −32.18 dB.
Fig. 10 shows similar results for H(s), and here the error is
−43.83 dB. At around 17.5 MHz, there is a mismatch between
the simulated and the measured signals, but this frequency is
sufficiently distant from the carrier frequency that it contains
no meaningful information. Fig. 11 shows further results for
the transfer function ZRX(s), and in this case the error is less
than −44 dB.

Fig. 10. Comparison between the transfer function H(s) and the experimental
data H(j2πfk), (a) magnitude and (b) phase, both against the frequency fk.

We then turned to the model of the front-end receiver. We
sent a sine wave with an amplitude of 8mVPP and frequency
of 5 MHz to both the MATLAB/Simulink model and the front-
end receiver in the ECUBE7 ultrasound system. The parameters
of the front-end receiver, obtained from its datasheet [26], are
summarized in Table I. The ability of our entire simulation,
to predict system performance and image quality, depends on
accurate modeling of the noise characteristics of the front-end
receiver [3]. We can see from (6) that the controllable param-
eters related to the noise of the front-end receiver include the
source impedance, and the gain of the LNA and PGA. The
source impedance contributes to the second and third terms in
(6), which are the densities of input current noise and thermal
noise. The gain of the LNA and PGA affect the first term of
(6) which is the input voltage noise density [26]. We compared
the narrowband signal-to-noise ratio (NBSNR) of the simu-
lated and measured results for different combinations of LNA
and PGA gain, and different source impedances. The source
impedance of the front-end receiver was changed by insert-
ing termination resistors with values of 50, 120, and 240 Ω
between the input of the front-end receiver and ground. We also
compared the spurious-free dynamic range (SFDR) of the sim-
ulated and measured results to assess the accuracy with which
distortion is modeled. Tables II and III compare measured
values of NBSNR and SFDR with simulation results.
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Fig. 11. Comparison between the transfer function ZRX(S) and the exper-
imental data ZRX(j2πfk), (a) magnitude and (b) phase, both against the
frequency fk.

We assessed our model of the high-voltage transmitter as part
of our validation of the complete system by comparing the sim-
ulated output waveform of the model to measured high-voltage
pulses while inputting the same parameters to the signal gener-
ator block in the model and the high-voltage transmitter in the
ECUBE7 ultrasound system.

B. Validation of the Complete System Model

After they had been checked individually, the subsystem
models were integrated in to a system model. We then carried
out experiments on the complete system to verify correct pulse-
echo operation. The experimental setup is shown in Fig. 12.
The L3–12 transducer immersed in a water tank is connected
by a coaxial cable to an ECUBE7 ultrasound system. The trans-
ducer is excited by pulses from the high-voltage transmitter in
the ECUBE7, and produces the ultrasonic waves which prop-
agate through the water and are reflected by a steel reflector.
By exciting the transducer with a low-voltage signal (tens of
volts), it is possible to avoid the nonlinearity of the water
[28]. The same transducer converts the returning sound to an
electrical echo signal. The transmitted high-voltage pulse and
received echo signal can be visualized on an oscilloscope. The
electrical echo signal goes through amplification, filtering, and

TABLE I
FRONT-END RECEIVER PARAMETERS

IN THE MATLAB/SIMULINK MODEL

analog-to-digital conversion by the front-end receiver in the
ECUBE7.

Fig. 13 shows block diagrams of the experimental setup
with the pulse-echo ultrasound system operating in transmit
and receive modes. V (1) is the electrical pulse from the high-
voltage transmitter, V (2) is the electrical echo signal from the
acoustic subsystem, and V (3) is the digital output of the front-
end receiver. The high-voltage pulse V (1) and the echo signal
V (2) were sampled every 5 ns, and the digital output of the echo
signal V (3) was acquired every 25 ns. Agilent 10076C high-
voltage probe, which supports maximum 4-kV input voltage,
was used to measure the high-voltage pulse V (1).

We will now compare the signals obtained from experiments
and simulations. Fig. 14 compares the measured waveform of
the high-voltage pulse V (1) in Fig. 13 with the simulated wave-
form from the high-voltage transmitter model. The amplitudes
of these signals are normalized, so the received echo signal has
a peak amplitude of unity. We are able to input either the mea-
sured or the simulated version of this waveform to the acoustic
subsystem in our simulation; however, we found that this pro-
duces no appreciable difference to the received echo signal,
suggesting that the waveforms are very similar indeed.

Fig. 15 compares the waveform of the received echo signal
V (2) in Fig. 13, measured between the acoustic subsystem and
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TABLE II
MEASURED AND SIMULATED VALUES OF NBSNR OF THE FRONT-END RECEIVER FOR DIFFERENT COMBINATIONS

OF LNA AND PGA GAIN, AND WITH DIFFERENT TERMINATION RESISTORS

∗NBSNR (dB) = 10× log10 [signal power (V 2
rms)/sum of noise power in 2-MHz band around signal frequency (V 2

rms)].

TABLE III
MEASURED AND SIMULATED VALUES OF SFDR OF THE FRONT-END RECEIVER FOR DIFFERENT COMBINATIONS

OF LNA AND PGA GAIN, AND WITH DIFFERENT TERMINATION RESISTORS

∗SFDR (dB) = 10× log10 [signal power (V 2
rms)/worst spurious signal power (V 2

rms)].

the front-end receiver, with the simulated waveform from the
acoustic subsystem model. In Fig. 15(a), there is a noticeable
divergence around 46.4 µs; otherwise, the curves show satis-
factory agreement. Fig. 16 shows the digitized output V (3) in
Fig. 13 from the front-end receiver at a sampling rate of 40
MSPS.

Overall, these results suggest that our system model sim-
ulates the system-level behavior of a pulse-echo ultrasound

system with sufficient fidelity to give it a place in the design
process.

C. Discussion

One immediate application of our model is the design of
a matching network, which can be implemented as a parallel
compensating inductance, a series compensating inductance,
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Fig. 12. Photographs of (a) our experimental setup with (b) water tank.

Fig. 13. Block diagram of a pulse-echo ultrasound system in (a) transmit and (b) receive mode.

or an L matching network [29]. For example, if we use a
series compensating inductance, then we need to change the
imaginary part of the transducer impedance Za. We can do
this by adding a term 2πfkL to the measured transducer
impedance Za, recomputing the transfer functions ZTX(S) and
ZRX(S), and rebuilding the Simulink model of the interfacing
electronics.

We would expect to achieve more accurate matching than
existing simulators, which model the ultrasound field but not
the electronics. In particular, it is unsatisfactory to ignore the
impedances of the high-voltage transmitter and the front-end
receiver, and thus, selected values of the inductors may be far
from optimal in the context of the whole system. This means

that the matching network has to be redesigned for each trans-
ducer, and tested at the imaging level. Our simulator should
reduce the need for these activities.

Our simulation can also help in choosing a good shape for
the electrical pulse generated by the high-voltage transmitter,
because a designer can observe the simulated echo signal as
the shape of the transmitted pulse is changed. A designer can
also search for system parameters which improve the final SNR,
because the simulation includes the analog processes of ampli-
fication, filtering, and A/D conversion which take place in the
front-end receiver. We can determine the most appropriate com-
ponents in the front-end receiver by considering application
requirements: the maximum gain required from the amplifiers
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Fig. 14. Measured and simulated amplitudes of the high-voltage pulse V (1).

Fig. 15. Measured and simulated amplitudes of the echo signal V (2) in (a) time
domain and (b) frequency domain.

and an acceptable density of input referred noise are both deter-
mined by the depth of the target to be imaged; the resolution
of the ADC is determined by the required image quality; and
also, the bandwidth of the LNA and PGA, the cut-off fre-
quency of the AAF, and the sampling rate of the ADC all
depend on the bandwidth of the transducer used in a particular
application.

Fig. 16. Measured and simulated amplitude of the digitized output V (3) in
(a) time domain and (b) frequency domain.

V. CONCLUSION

We have presented a simulator for pulse-echo ultrasound
systems, which combines models the high-voltage transmit-
ter, coaxial cable, transducer, ultrasound field, and front-end
receiver in a single MATLAB/Simulink simulation. A system
designer can generate the high-voltage pulses that they require
by configuring the input parameters of the high-voltage trans-
mitter model. The acoustic subsystem model, which consists of
the coaxial cable, transducer, and ultrasound field, is based on
samples of the transmitted pulse and received echo. From these
samples, a transfer function of the acoustic subsystem is formu-
lated in the Laplace s-domain using the MATLAB rationalfit
function, and is then converted to a Simulink model. To express
the voltage division caused by impedances, models of the inter-
facing electronics one for transmit and one for receive mode,
are inserted between subsystems. These models are also based
on transfer functions, which are obtained by measuring the
impedance of the acoustic subsystem, the high-voltage trans-
mitter, and the front-end receiver. The model of the front-end
receiver includes the main nonidealities (i.e., amplifier noise,
harmonic distortion, and sampling clock jitter) which have the
potential to reduce system performance significantly.
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This simulator is intended to facilitate the design of matching
networks and system optimization. In particular, the availabil-
ity of a model of the high-voltage transmitter makes it easier
to discover how characteristics of the transmitted pulse, such
as its magnitude and frequency, the number of peaks, rise and
fall times, and jitter and noise will affect the received echo.
Designers can also examine the effects of the front-end receiver
parameters on the whole system. We have demonstrated that
our simulator is accurate enough to contribute to the develop-
ment of ultrasound systems by comparing the simulated results
with measured data from a commercial ultrasound system.
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