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Abstract  This study aims to propose a computer simulation method for generating blood flow ultrasound signals. It 
mainly focuses on the simulation of radio frequency (RF) of moving objects in vessels, because RF signals contain more 
information than Doppler signal simulation. This method simulates RF signal on the basis of the acoustic field calculations. 
Furthermore, the resulting signal also includes Doppler Effect. The Doppler Effect is introduced while assuming the system 
is linear time variant (LTV). That is, when a scatterer moves, its spatial impulse response changes by time. Therefore, we 
could consider the desired Doppler Effect in the signals. Different velocity of a cardiac cycle is applied to the model and 
their corresponding frequency shifts are calculated by applying fast Fourier transform. The results of study show correct 
frequency shifts in the simulated signal. We further compared our simulated signal with a RF signal recorded from human 
aorta by a longitudinal scan. According to the results, the normalized root mean square error in one cardiac cycle between 
velocity profile of the simulated and experimental signals is 13.02% and that verifies the similarity of our proposed method 
to the real data. 
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1. Introduction 
Determination of instantaneous velocity of blood flow is 

a useful hemodynamic parameter which may be used to 
diagnose the arterial diseases such as stenosis and embolus 
detection. The velocity known as Doppler ultrasound tech-
nique is obtained non-invasively through diffusion of ultra-
sound waves into vessels. In Doppler technique, the ultra-
sound wave is transmitted with a certain frequency to the 
blood vessels from a specific angle to the vessel. Given the 
movement of the blood in the vessels, the frequency of re-
turning signal will differ from that of initial transmitted 
signal. This is called Doppler shift. The Doppler shift, a 
change in the frequency of a reflected sound wave due to 
motion between a sound source and a reflector, was first 
studied by Christian A. Doppler, an Austrian physicist, in 
the 1800s[1]. The instantaneous velocity is ultimately ex-
tracted from the Doppler shifts. 

Ultrasound signal models can provide us with further 
knowledge of physical processes and improve our ability to 
design better signal analysis techniques. Different methods 
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for simulation of ultrasound signals in human tissues were 
proposed. Mo and Cobbold[2] showed that Doppler signal 
could be synthesized on a computer using a sinusoidal 
model. They also illustrated that statistical behavior of the 
simulated Doppler signal in both time and frequency do-
mains corresponded with the signals observed in human 
artery. These comparisons were made on an interval of 
0.001 second on peak systole. 

Yu Zhang et al.[3] have proposed a Doppler simulation 
model in order for detecting embolus. The sample volume 
of their study was divided into many sub-categories in both 
radial and axial directions. The Doppler ultrasound signal of 
each sub-category was then simulated by an exponential 
equation. At next stage, they estimated profile of the instan-
taneous velocity, by using Womersley’s theory as well as 
updating the location of each sub-category. 

In another study, Wang et al.[4] proposed a simulation 
model to generate Doppler ultrasound signals from pulsatile 
blood flow in the vessels with various degrees of stenosis. 
They produced the Doppler signals using cosine-superposed 
components modulated by a power spectral density function 
varying over the cardiac cycle. 

Attending to a number of moving scatterers randomly 
distributed in the vessels, Hajjam et al.[5] simulated the 
ultrasound signal. They proposed a method which was 
modified in time domain. In their study, Doppler Effect has 
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been introduced in the form of a change in the signal shape 
in accordance with a calculated value gained from the speed 
of the scatterers. As such, the simulation model is based on 
‘Field II’ simulation package developed by Jensen et al.[6]. 
Field II is a type of software which is capable of calculating 
the emitted fields and echoed pulses for both pulsed and 
continuous wave signals for large number of different 
transducer geometries. The package does not take into ac-
count the Doppler shift. 

A brief review of previous studies indicates that few si-
mulations have been based on the acoustic field equations 
and the studies mainly generate the given signal by propos-
ing a mathematical model. Researchers have mostly focused 
on the simulation of Doppler signals and RF signal simula-
tion is rarely considered[6,7]. In Field II package, the 
pulsed echo signal is calculated by the concept of spatial 
impulse responses as developed by Tupholme and Stepani-
shen[6]. Accordingly, RF is the resulting signal. Jensen[6] 
took frequent photos of scatterer’s echoes in different times 
for generating signals from blood flow. We know that when 
the signal is emitted by transducer to reach scatterers, they 
are actually moving. Therefore, a Doppler shift which cor-
responds to scatterer’s velocity must be considered in the 
simulation in order to produce a correct echo signal.  

The main purpose of our study is hence to model the re-
turning RF signal from blood flow which includes the 
Doppler shift based on instantaneous velocities of scatter-
ers.  

The proposed model in this study has two characteristics. 
First, the RF signal (instead of Doppler signal) is simulated 
based on the equations of ultrasound wave propagation in 
body tissues. Second, the Doppler Effect of the moving 
particles in the vessels has been appeared in resulting signal. 
Considering the system in the form of linear time variant 
(LTV), The Doppler Effect is introduced in current study.  

In this paper, we have initially explained our simulation 
method and how to generate the RF signal from acoustic 
field calculations. Then, LTV system considerations and the 
implementation of Doppler Effect are described. The FFT is 
applied to the simulated RF signals and it was shown that 
extracted values were highly similar to the initial input ve-
locity. Finally, the comparison of a time-frequency analysis 
between the synthesized RF signal and the clinical RF sig-
nal has been displayed. 

2. Material and Methods 
2.1. The Principles of Calculating the RF Signals 

We considered a disk transducer for transmitting signal. 
The transducer was stimulated by a hamming windowed 
sinusoidal signal. We consider the acoustic pressure in front 
of the transducer as RF signal. We used the equations of 
ultrasound wave propagation equations based on Rayleigh 
integral[8], for calculating acoustic pressure. Rayleigh 
integral describes the velocity potential of each point in 
front of an ultrasound transducer. Rayleigh integral for a 

transducer lay in plane Z=0 can be written as follows: 
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Where 
Nϕ is velocity potential; 0nv  velocity waveform; and 

0 ( , )x yξ  apodization function. Figure 1 shows the geometry 
of disk transducer and the location of scatterers in front of 
it.  

 
Figure 1.  A disk transducer lay in Z=0 plane. a is radius of disk trans-
ducer, z is vertical distance from the point of view to the transducer plane, 
and r is the distance from the center of disk transducer to the point of 
view’s projection in the plane of disk transducer. 

According to Cobbold[8] velocity potential and spatial 
impulse response are written as follow: 
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The acoustic pressure of points in front of transducer ob-
tains from: 
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Where oρ  is density. In accordance with equation (5), 
in order to obtain the acoustic pressure the impulse response 
for an arbitrary location from a transducer must be calcu-
lated. For simplification, the spatial impulse response has 
been calculated by using the Ring function, as stated by 
Cobbold[8]. 

If the scatterer doesn’t have any movement, the spatial 
impulse response and acoustic pressure could be obtained 
through equations (4) and (5). The frequency of this signal 
is the same as exciting signal. However, if the scatterer 
moves, the frequency of response signal needs to differ 
from transmitted wave. In the described method, if we 
watch the scatterer at separate time intervals and calculate 
the responses, the frequency of response signal will not 
change and we will have a series of identical response 
curves that are slightly delayed in time. But if we take no-
tice of the scatterer movement during the wave radiation, 
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we can show the frequency shift pertaining to the velocity 
of moving scatterer. In other words, in accordance with the 
scatterer velocity and its updated location, the spatial im-
pulse response at each moment could be calculated by equ-
ation (4). Then, the acoustic pressure at each moment is 
obtained from equation (5), depending on the overlap of the 
transmitted wave and the spatial impulse response. This 
means we have considered that the system is Linear Time 
Variant (LTV).  

2.2. Ltv System Properties 
LTV system is one which its impulse response changes 

by time. Therefore, the integral of linear convolution cannot 
calculate the system response. We should compute the sys-
tem impulse response at each moment to achieve LTV sys-
tem response. LTV system impulse response is displayed as 

( , )h t τ which belongs to time τ  and ( )tδ τ−  input. In 
other words, LTV system impulse response is obtained by 
applying lagged impulses at different times. The output of 
LTV system is calculated through the following equation: 

( ) ( ) ( , )y t x h t dτ τ τ
∞

−∞

= ∫         (6) 

Where x and y are input and output signals; ( , )h t τ  is 
LTV system impulse response; and τ the is the time when 
impulse ( )tδ τ−  is applied. 

Figure 2 illustrates the stages of calculating a moving 
scatterer’s response in front of a disk transducer. At each 
moment the scatterer and transmitted wave are subsequently 
transferred to new locations on the basis of their velocities. 
So the spatial impulse response and the acoustic pressure 
corresponding with new locations are calculated and the 
system output for each moment is consequently computed. 
The calculations are stopped once the transmitted wave 
passes from the scatterer.  

3. Experiments and Results 
A disk transducer with a 1cm radius for transmitting a 3.2 

MHz signal is used in the current study. Figure 2 shows the 
transducer location in relation to the scatterer in simulation. 
For exciting the transducer, a 3.2MHz sinusoidal signal 

which is multiplied to a Hamming window has been used. 
Sound velocity in tissue is 1540m/s. Because of the scatter-
er velocity is to a large extent lower than the sound velocity 
and we should find the very small frequency differences 
between the transmitted wave and the scatterer signal, sam-
pling rate from 100MHz to 1GHz and a ten-million points 
FFT for validation are considered. These frequency differ-
ences are about 100-1000Hertz as opposed to several mega 
Hertz. If the values of sampling frequency are smaller than 
those expressed, the transmitted wave will quickly pass the 
scatterer and the Doppler effect cannot appear in the final 
signal. Furthermore it is impossible to extract the frequency 
differences, when the FFT points were less than ten million. 

 
Figure 2.  Calculating the acoustic pressure of a moving scatterer in front 
space of disk transducer. When signal is emitted by the transducer, the 
scatterer actually moves and the system’s spatial impulse response changes. 
(a) The transmitted wave has not reached scatterer location. (b) The trans-
mitted wave has hit scatterer. (c) The transmitted wave has passed the 
scatterer. 

Figure 3 shows the results of simulation for a moving 
scatterer with 47cm/s velocity and its FFT diagram in com-
parison to a fixed scatterer. The corresponding frequency 
shift can be seen in Figure 3. 

 
Figure 3.  Moving scatterer signal (red line) versus fixed scatterer signal(blue line). (a)moving and fixed scatterers RF signals (b) close up shows of RF 
signals (c) Their corresponding FFT diagram. The moving scatterer spectrum has slightly shifted to left.  
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After applying FFT, we used the following equation to 
see if the velocity of simulated signals matches with the 
initial input velocity[1]: 

0
2 cos

d
Vf f

c
θ =   

              (7) 

Where, 0f  is transducer central frequency; df  Doppler 
frequency shift; c sound velocity; and V scatterer velocity. 
Table 1 shows the results of experiment for scatterers with 
different velocity as input and also the velocity obtained 
from FFT and equation (7). The results indicate high accu-
racy in generating RF ultrasound signals in vessels. 
Table 1.  The estimated velocity gained from applying FFT to simulated 
signal 

Applied Velocity (cm/s)  Estimated velocity (cm/s) 
24                              23.099 
35                              34.648 
47                              46.2 
50                              50.0047 
62                              61.597 
80                              80.846 
110                             107.8 
150                             150.14 
175                             173.24 
200                             200.19 

4. Discussion 
It has been shown that it is possible to consider Doppler 

effect in the final RF signal using a LTV model. We used an 
ultrasound RF signal recorded from a 33 years old healthy 
man’ aorta in the longitudinal scan by a B-K Medical A/S 
type 3535, to indicate that our synthesized RF signal is sim-
ilar to those found in practice. Table 2 exhibits the specifi-
cations of this practical RF signal which is downloaded 
from(http://server.elektro.dtu.dk/ftp/jaj/31655/ult_data/in-vi
vo/rf_data/). 

From Table 2 it can be understood that a 2 mm gate in the 
aorta is exposed 3500 times per second and 2.28 seconds of 
RF signal lines (8000 lines) are obtained. Figure 4 shows 
some of those RF lines.  

 
Figure 4.  Some of recorded RF lines: (a) 4000th line; (b) 7000th line. The 
data is used in 3.7 to 8.53 µs. 

At this stage, we should extract the velocity profile cal-
culated from the frequency shift. The purpose of this stage 

is to apply the experimental signal velocity profile as an 
input into our model and finally to compare both signals 
together. We used ‘Slow Time’ method for extracting fre-
quency shift[8]. If we expose the vessels to a specific pulse 
repetition frequency (PRF) and study all the received RF 
signals in a fixed instant of time, the overall shape of the 
transmitted pulse can be reconstructed which is called 
‘Sampled Amplitude’. The time interval between samples is
1

PRF . The particle velocity element is proportionate with 
the central frequency of the sampled amplitude waveform 
which is computed by equation (7). 

Table 2.  The specifications of recorded signal from a 33 years old man 

Transducer    B-K 8556, 3.2 MHz linear array probe 
Pulse repetition frequency 3.5 kHz 
Sampling frequency  15 MHz 
Depth     50 mm 
Range gate    2 mm 
RF lines    8000 
Samples per line   128 

Therefore, we applied slow time method to the practical 
RF lines and the sampled amplitude related to time 6.5µs is 
shown in Figure 5. This figure contains 2.28s of data and its 
corresponding spectrogram. It can be seen that the spectro-
gram contains 3 peaks of systole presented in time interval. 
The velocity profile obtained from the experimental data 
spectrogram, and also the specifications mentioned in Table 
2 are fed into our simulation model.  

In order to generate comparable simulation data to expe-
rimental data, we put a scatterer in front of the transducer at 
its 5cm distance and monitored its movement with different 
velocity extracted in one second from experimental spec-
trogram. Therefore, 3500 RF lines were produced and a 
cardiac cycle was obtained. At a fixed instant of time, we 
investigated all simulated RF lines signals and made the 
waveform of sampled amplitude range by slow time method. 
Then, the spectrogram of this waveform was achieved. 

Figure 6-a, 6-b are the spectrogram of simulated signal 
versus the experimental signal which are obtained by the 
slow time method. The figures show the low frequency 
components in the experimental data which does not 
emerge in simulated data spectrum. We used the mean ve-
locity profile of the experimental data which is not contain-
ing the low frequency components as an input of our model 
(Figure 6-c). Due to lack of these low frequency compo-
nents in the Figure 6-c, they are not appeared in the simu-
lated signal spectrogram. This Figure 6 verifies the similar-
ity between the spectrum analysis of both experimental and 
synthesized signals.  

To quantifying the differences between velocity values 
predicted by our model and experimental velocity values we 
used the Normalized Root Mean Square Error (NRMSE) 
according to equation (8): 

1
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Where meanV  and V̂mean  are the time-varying mean ve-
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locities of clinical and synthesized signals. The velocity 
profile of both signals is shown in Figure 6-c and 6-d. The 

NRMSE was 13.02% for our proposed model. 

 
Figure 5.  Slow time method has been applied to experimental data. (a) Four successive RF lines. (b) Sampled amplitude at a fixed instant time. (c) 
Spectrogram of sampled amplitude (instantaneous Doppler shifts). 

 
Figure 6.  Comparison of practical data and our simulated data: (a) practical data spectrogram; (b) simulated data spectrogram; (c) velocity profile ex-
tracted from experimental data and fed to the model; (d) velocity profile extracted from simulation data. 

(a) 

(c) (b) 
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5. Conclusions 
A new method is introduced for simulation of ultrasound 

RF signal containing Doppler Effect. In this study we fo-
cused on the simulation of RF instead of Doppler signal. It 
can be concluded that, the described method in current 
study can express a real ultrasound signal which is scattered 
from the moving particles in vessels. The calculations of 
spatial impulse response had been previously applied in 
Field II for simulation of fixed tissues in body. However, 
the method of spatial impulse response is not solely suffi-
cient if we want to simulate blood flow signal, because the 
frequency shift corresponding to scatterer velocity will not 
appear. We assumed the system as linear time variant. 
Therefore, the aforementioned spatial impulse response 
changes by time and we should calculate the RF echo signal 
at each moment based on its own impulse response. The 
Doppler shift was thus considered in our method. The re-
sults showed that the synthesized signal through given ve-
locity profile is greatly consistent with the practical signal. 
We intend to simulate embolic signals through this model, 
in order for further use of it. When an embolus passes a 
vessel, a stochastic signal with high amplitude and transit 
time is produced in RF echo signal which also affects the 
velocity profile. Finally, the model can be used as the signal 
simulator of Trans Cranial Doppler (TCD). 
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