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Abstract—This paper describes and tests a method for 

automatically determining the envelope of the blood flow velocity 

curve in ultrasonic Doppler imaging, which was implemented in a 

prototype of the 128-channel mobile ultrasound B-mode scanner. 

On the basis of the determined envelopes, algorithms were also 

developed for the automatic determination of the most important 

characteristic points of the Doppler blood flow spectrum in pulse 

wave Doppler imaging mode and the most relevant blood flow 

parameters. Sufficiently good repeatability and precision were 

obtained with low computational complexity. 

 

Keywords—spectral Doppler ultrasound; Color Flow Mapping 

(CFM); Pulsed Wave Doppler (PWD); blood flow velocity 

envelope; blood flow pulsation indices 

I. INTRODUCTION 

PECTRAL Doppler ultrasound imaging is one of the basic 

methods for the diagnosis of vascular disease, as it allows 

the location and evaluation of the extent of atherosclerotic 

lesions [1]. Blood flow velocity is recorded in the form of a 

Doppler spectrum, from which the envelope of instantaneous 

maximum and minimum blood flow velocity is determined, as 

well as pulsation and flow resistance indices - characteristic 

quantities indicating progressive changes in blood vessels. The 

accuracy of determining these parameters is significantly 

influenced by the accuracy of determining the envelope and 

characteristic points of the Doppler blood flow waveform. 

In the framework of the present work, a method was 

developed for the automatic determination of the envelope of 

the blood flow velocity curve in spectral Doppler imaging. It is 

characterised by sufficiently good repeatability and precision, as 

well as low computational complexity, so that the envelope can 

be determined and displayed on the fly during in vivo 

measurements. The developed method has been implemented in 

a prototype of the 128-channel mobile ultrasound B-mode 

scanner (Fig. 1), along with enhanced imaging methods that 

increase the functionality of the device and enable better quality 

images of tissues examined in vivo (both in diagnostic medical 

and veterinary applications) with high spatial resolution, 

contrast, reduction of acoustic noise, multiple reflections, and 

acoustic shadows, with the ability to mark elastic properties of 

tissues and options for determining their numerical parameters. 

To this end, in addition to Doppler imaging of blood flow in 

blood vessels, the prototype was equipped with a number of 
 

 
The research described in the paper was carried out as part of the 

POIR.01.01.01-00-1462/19 research project funded by the National Centre for 

Research and Development (NCBR) with funds from the European Union.  

 
J. Majewski and A. Wiktorowicz are with DRAMIŃSKI S.A., Poland (e-

mails: jareks@draminski.com, andrzej.wiktorowicz@draminski.com).  

other advanced methods of ultrasound imaging and tissue 

characterisation: Tissue Harmonic Imaging (THI), image 

composition for several beam deflection angles (Compound 

Imaging (CI)), 3D imaging reconstructed from standard 2D 

images acquired during manual movement or rotation of the 

ultrasonic probe, compression elastography, Coded Ultrasound 

(CU), an algorithm for contour detection of hypoechoic areas 

and the ability to determine their basic geometric parameters 

(circumference, area, rotational volume). The prototype has also 

been equipped with a telemedicine option to transmit ultrasound 

images and control the device remotely, e.g. from a tablet, 

smartphone or computer. 

 

 

Fig. 1. A view of the developed prototype of the 128-channel mobile 

ultrasound scanner with expanded imaging methods. 
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II. DESCRIPTION OF THE METHOD 

Blood flow velocity is recorded in the form of a Doppler 

spectrum (Fig. 2), from which the envelope of instantaneous 

maximum and minimum blood flow velocity is determined, as 

well as pulsation and flow resistance indices - characteristic 

quantities indicating progressive atherosclerotic changes in 

blood vessels. Figure 2 shows an example of blood flow velocity 

spectrum of the brachial artery of a human upper limb phantom, 

obtained using a SmartUs ultrasound B-mode scanner from 

Telemed and Pulsed Wave Doppler (PWD) mode (Fig. 3). The 

phantom was powered by flow using a Doppler Flow Pump 

Model 769 peristaltic pump [2]. The human upper limb phantom 

was filled with Doppler Fluid Model 769DF to mimic blood [3]. 

 

 

Fig. 2. An example of blood flow velocity spectrum of the brachial artery of a 

human upper limb phantom obtained using a SmartUs ultrasound B-mode 

scanner from Telemed with PWD mode.  

 

Fig. 3. Laboratory test blood flow velocity measurement system of a human 

upper limb phantom supplied with the Doppler Fluid Model 769DF [3] using 

the Doppler Flow Pump Model 769 [2]. 

The Doppler phenomenon describes the change in frequency 

of an acoustic (or electromagnetic) wave depending on the 

movement of the wave source and the point of the receiver. If 

the source of the wave moves toward the observer, the 

wavelength shortens, and the frequency increases. On the other 

hand, if the source moves away, the wavelength lengthens and 

the frequency decreases. This method is used in many fields, 

including medicine, to help diagnose diseases such as heart 

disease and vascular disease. This uses an ultrasound wave that 

is reflected by erythrocytes in the blood that flows through the 

veins and arteries (Fig. 4). The speed of blood flow and 

abnormalities in the circulatory system can be determined by 

changes in the frequency of the ultrasound wave, which are 

caused by the movement of erythrocytes [1],[4]. 

  
Fig. 4. Illustration of the ultrasonic measurement method of blood flow 

velocity using the Doppler phenomenon. 

Ultrasound waves, scattered on blood cells that flow in blood 

vessels, change their frequency by the so-called Doppler shift 

fD. The transducer, which acts as a transmitter, emits an 

ultrasound wave of frequency fT, after which a reflected wave of 

frequency fR reaches the receiver. The frequency shift fD 

recorded on the transducers is analysed: 

 𝑓𝑅 = 𝑓𝑇 ± 𝑓𝐷 (1) 

where the ± sign corresponds to the direction of blood flow 

relative to the transducers [1]. The Doppler frequency is 

determined by these changes, taking into account the angle of 

movement of the blood cells relative to the emitted beam (Fig. 

4) using the formula: 

 𝑓𝐷 = ±2
𝑉

𝑐
𝑓𝑇 cos 𝜃 (2) 

where V is the velocity of blood flow in the blood vessel, θ is 

the angle between the axis of the ultrasound beam and the axis 

of the blood vessel (Fig. 4), while c is the speed of propagation 

of the ultrasound wave in the blood (1570 m/s). It follows that 

if the blood cells flow in the direction towards the source, the 

frequency of the reflected wave is higher than the transmitted 

one, while the opposite effect occurs as the blood cells move 

away. The correct estimation of the angle θ has a significant 

impact on the accuracy of the Doppler frequency fD 

measurement, which is reflected in the speed of the measured 

flow. A larger deviation generates a larger measurement error. 

Therefore, it is very important to correctly operate the 

ultrasound transducer when measuring. The Doppler shift fD in 

blood flow measurements has a wide spectrum, from 

frequencies close to zero for blood cells that flow slowly near 

the walls to maximum values for those flowing in the centre of 

the vessel. The highest detection sensitivity occurs at the 

intersection of the ultrasound transmit and receive beams. 

Finally, after transformations, the formula that allows the 

conversion of Doppler frequency to blood flow velocity can be 

written in the following form:  

 𝑉 [
cm

s
] = ±78.5 ∙

𝑓𝐷 [kHz]

𝑓𝑇 [MHz]
∙

1

cos 𝜃
 (3) 

A. Calculation of the Blood Flow Velocity Spectrum 

A method based on Short-Time Fourier Transform (STFT) 

analysis with filtering using window filters [5],[6] was used to 

calculate the blood flow velocity spectrum (the so-called 
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Doppler blood flow waveform). The STFT method involves 

traversing a time window of a given length (the number of 

samples usually being a power of number 2) with a certain step 

along a Doppler signal (a filtered differential signal containing 

Doppler frequencies) and analysing the frequency composition 

of such a signal in each window. In conventional digital signal 

processing applications, the STFT is often determined only in a 

finite set of evenly spaced points along the frequency axis 

(similar to the Discrete Fourier Transform (DFT) instead of the 

Discrete-Time Fourier Transform (DTFT)):  

 𝑋(𝑛, 𝑘) = ∑ 𝑤𝑛
𝑚=𝑛−(𝑁𝑤−1) (𝑛 − 𝑚) ∙ 𝑥(𝑚)𝑒−𝑗2𝜋𝑚𝑘/𝑁 (4) 

or:  

 𝑋(𝑛, 𝜔𝑘) = ∑ 𝑤𝑛
𝑚=𝑛−(𝑁𝑤−1) (𝑛 − 𝑚) ∙ 𝑥(𝑚)𝑒−𝑗𝜔𝑘𝑚 (5) 

where x(n) - discrete Doppler signal defined for all n, w(n) - 

window of finite duration with non-zero values of n from 0 to 

Nw – 1, N - the number of discrete frequency channels used in 

STFT, Nw - length of window function. Using such notational 

conventions, the frequencies for which the STFT is calculated 

are defined as 𝜔𝑘 = 2𝜋𝑘/𝑁. The function X(n,k) is a function 

of both time and frequency, and the time and frequency 

variables are discrete. The variable n denotes the position of the 

analysis window along the time axis, and the segment of time 

bounded by the window is often called the analysis frame. The 

variable k, on the other hand, is a frequency index and is often 

referred to as a "frequency bin":  

 𝑘 = 𝑛 ∙
𝑓𝑠

𝑁
=

𝑛

𝑁∙∆𝑡𝑠
 (6) 

where n = 0, …, N-1, N - DFT length, fs - sampling frequency, 

Δts = 1/fs. The number of bins is directly related to the width of 

the DFT size, and the bin (also called line spacing) determines 

the frequency resolution. The number of bins in an FFT is 

generally half the FFT size (N/2). Referring to the definitions 

presented here in equation (4) and (5), we can think of the STFT 

as representing the DFT of the finite-duration time function 

𝑥(𝑚) ∙ 𝑤(𝑛 − 𝑚). In this context, the variable m is a dummy 

time argument, while the variable n identifies the location of the 

short segment of the original time function as it is extracted 

using the window 𝑤(𝑛 − 𝑚), which moves along the m-axis 

according to the value of n. In general, STFT can be defined in 

terms of the output of any filter bank [9]. In Equations (4) and 

(5), however, we limit ourselves to the simplest case of identical 

symmetric bandpass filters of equal frequency. The result of 

these simplifications is to allow the use of a single low-pass 

filter in the form of a window function w(n), which determines 

all the properties of the filter bank. 

From a qualitative point of view, the STFT can be defined as 

a set of fast Fourier transforms (FFTs) performed on 

overlapping time segments in which the signal has been 

previously divided by a window translation (e.g., Hamming, 

Hanning) in time (Fig. 5). To apply the FFT, the length of the 

time window is chosen short enough to guarantee the pseudo-

stationarity hypothesis for each signal segment. In this way, 

STFT is computationally efficient and allows analysing the 

Doppler signal spectrum during in vivo blood vessel flow 

studies. 

Note that the length of the time window affects both the time 

resolution and the frequency resolution of the STFT. A narrow 

window results in high temporal resolution but coarse frequency 

resolution because it has a short duration but wide frequency 

bandwidth. A wide window results in high frequency resolution 

but coarse time resolution because it has a long duration but 

narrow frequency bandwidth. This phenomenon is called the 

window effect. With STFT, high time and frequency resolution 

cannot be achieved simultaneously. In the case of a time-

invariant window, the STFT has the same time and frequency 

resolution in the entire time-frequency plane. 

   

 

Fig. 5. Illustration of a method based on short-time Fourier transform (STFT) 

analysis. 

The optimal choice of window length depends on the 

characteristics of the signal being analysed. The window length 

should be small enough so that the windowed signal block is 

essentially stationary within the window interval, and large 

enough so that the Fourier transform of the windowed signal 

block provides reasonable frequency resolution. If the spectral 

content of the signal changes slowly over time, which does not 

require exact time resolution, set the window wide. If the 

spectral content of the signal changes relatively fast, which 

requires accurate time resolution, set a narrow window. The 

time window can be moved over the analysed signal with or 

without overlap. Overlapping the sliding window makes the 

STFT smoother along the time axis, but this requires more 

computing time and memory resources. If the signal length is 

large and the spectral content in the signal changes slowly, no 

overlay is necessary. If the signal length is small, overlaying 

should be used to obtain a smoother STFT spectrum. An 

alternative solution is to use overlapping windows and add 

samples with zero values at the end window edges (zero padding 

technique) to increase the time and frequency resolution. 

B. Determination of the Envelope 

Figure 6 shows an example of a 3D Doppler frequency 

spectrum showing the distribution of individual Doppler shifts 

(amplitudes), flow directions (above and below the time axis) 

and flow velocities calculated from Doppler frequency shifts 

(equation (3)) [1]. This spectrum is usually plotted in the form 

of a two-dimensional histogram (Fig. 2). The vertical axis in the 

plane of the graph represents different flow velocities over time 

(horizontal axis) as Doppler frequency shifts. The amplitude on 

the vertical axis perpendicular to the plane of the graph 

represents the number of red blood cells moving at a specific 
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velocity (varying brightness levels in a two-dimensional 

histogram). The flow in the direction to and from the ultrasound 

transducer is processed simultaneously and represented above 

and below the baseline (zero flow velocity line - blue belt in Fig. 

6), respectively. 

 

 

Fig. 6. An example of a three-dimensional Doppler frequency spectrum [1]. 

To eliminate interfering signals from the Doppler spectrum, a 

high-pass wall filter is used to eliminate low-frequency noise 

artefacts caused by slow flow and vascular wall motion artefacts 

from the frequency spectrum. Most wall filters have a cutoff 

range of 100 - 400 Hz [1]. More sophisticated filters eliminate 

only low frequencies of high amplitude (typical of wall motion) 

or identify and eliminate typical tissue motion patterns. The 

orange coloured amplitude bars of Doppler frequencies in Fig. 

6 correspond to mean blood flow velocities determined by 

averaging the amplitudes over time intervals [10]. However, the 

waveform (envelope) of mean blood flow over time determined 

in this way is often falsified because of the averaging of various 

noise, which does not represent the movement of blood cells. In 

addition, the mean flow velocity can be erroneously determined 

here if slow flow components with low Doppler shifts have also 

been filtered out along with noise. The accuracy of determining 

the envelope and characteristic points of the Doppler blood flow 

waveform has a significant impact on the accuracy of 

determining characteristic diagnostic parameters (pulsation 

index and flow resistance) indicative of progressive changes in 

blood vessels. It should be noted that manufacturers of 

ultrasound B-mode scanners in which such functionality is 

implemented do not disclose the developed method of 

determining the spectral envelope. 

For determining the maximum and minimum envelope of the 

Doppler frequency spectrum (Fig. 2, Fig. 6), the standard 

algorithms used to determine the envelope of acoustic signals 

(such as the Hilbert transform) are not suitable, due to the width 

of the spectrum and blurring its edges at particular time 

segments (Fig. 5). The authors began their work on this issue by 

analysing the possibility of testing the efficiency of signal-to-

noise transitions using the sum of gradients when traversing the 

envelope path, as well as the possibility of using the SSA 

method (Singular Spectrum Analysis) [11]. After testing the 

SSA method, it was found to be well suited to the continuous 

component of the spectrum and very low-frequency 

components; it is computationally very complex and does not 

give conclusive results when determining the envelope of the 

Doppler spectrum. Not-satisfied results were also obtained 

using image filtering (e.g. edge filters). After preliminary 

studies, it was concluded that the quick determination of the 

instantaneous envelope of the temporal Doppler spectrum 

should be based on an easy statistical analysis of the image pixel 

values in the form of a two-dimensional histogram (Fig. 2). As 

a result, a novel method for automatic determination of 

instantaneous envelopes of the temporal waveform of the 

Doppler spectrum was developed and successfully implemented 

and tested in the present work, which is based on the selection 

of a threshold parameter of the values of the searched image 

pixels in grey shades (two-dimensional histogram as in Fig. 2) 

using analysis of variance. The Doppler spectrum envelope 

determination algorithm works by sequentially searching the 

pixel values in all N vertical lines of the two-dimensional 

spectrum histogram (Fig. 2), for different increasing thresholds 

of the Th values of image pixels. In this way, a maximum of 256 

envelopes of the Doppler spectrum VTh(t) in each time frame of 

the greyscale display image are determined. Each envelope is 

determined for the intensity of the pixels in the vertical lines of 

the image corresponding sequentially to individual or selected 

ranges of threshold values from 0 to 255 (e.g., Th ≥ 0, Th ≥ 1, 

..., Th ≥ 255). The algorithm allows us to determine the envelope 

of maximum instantaneous velocities (Max - red colour) as a 

result of searching the pixels of vertical image lines from the top 

and minimum (Min - green colour) as a result of searching the 

pixels of vertical image lines from the bottom. Then an optimal 

upper envelope (Max) and one lower envelope (Min) (Fig. 7) are 

selected based on the criterion of minimum variance 

𝑆2(𝑉𝑇ℎ(𝑡)), calculated using the formula: 

 𝑆2(𝑉𝑇ℎ(𝑡)) =
∑ (𝑉𝑇ℎ𝑖

−𝑉𝑇ℎ̅̅ ̅̅ ̅̅ )
2

𝑁
𝑖=1

𝑁−1
 (7) 

where VTh(t) – the envelope of the Doppler spectrum waveform 

in the time frame of the image displayed in greyscale for the 

pixel intensities corresponding to Th threshold values, N - the 

number of points of the envelope over time equals the number 

of pixels of the image horizontally (i.e., the number of vertical 

lines of the image), 𝑉𝑇ℎ
̅̅ ̅̅̅ – the average value of the image points 

of each envelope 𝑉𝑇ℎ(𝑡): 

 𝑉𝑇ℎ
̅̅ ̅̅̅ =

∑ 𝑉𝑇ℎ𝑖
𝑁
𝑖=1

𝑁
 (8) 

where 𝑉𝑇ℎ𝑖
 – the i value of the envelope point 𝑉𝑇ℎ(𝑡), while i = 

1, 2, ..., N. 
 

 

Fig. 7. Example results of the algorithm developed for automatic 

calculation of the blood flow velocity spectrum envelope (STFT 

spectrograms). 

Both envelopes can be determined in one of three modes: lower, 

upper, or both halves of the velocity spectrum. In the latter case, 

the envelope is determined for only one half of the Doppler 

spectrum at a time, i.e. for blood flow in one direction (Fig. 7). 

The selection of the half is done automatically by the algorithm 
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based on the statistical distribution of the velocity spectrum 

calculated for both halves. The choice of modes is made by the 

operator. The envelope determination algorithm additionally 

developed two options for envelope smoothness settings, LOW 

and HIGH (Fig. 8) realised by averaging filters. 

 

 

Fig. 8. Illustration of the envelope smoothing in the algorithm developed. 

The degree of smoothing can be adjusted by the ultrasound 

machine user to improve the algorithm experience. Fig. 9 shows 

selected upper envelopes (Max - red) and lower envelopes (Min 

- green) of the blood flow velocity spectrum determined using 

the developed algorithm for several ranges of Th threshold 

values defined in percentages from 0 to 100%, where the 100% 

threshold refers to a pixel value = 255. The Doppler spectrum 

shown in Fig. 9 was recorded using the prototype of ultrasound 

B-mode scanner (Fig. 1) in the human common carotid artery in 

vivo. 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 9. Selected upper (red) and lower (green) envelopes of the common 
carotid artery blood flow velocity spectrum, determined using the developed 

algorithm for several threshold values defined in percent: Th = 20% (a), Th = 

40% (b), Th = 60% (c), and Th = 80% (d). Arrows (red and green) indicate the 
direction in which to search for the pixel values in the lines for the upper and 

lower envelopes, respectively. 

C. Finding Characteristic Points and Indices of the Envelope 

1) Points 

The work also included the development of an algorithm for 

finding the most important characteristic points of the 

determined blood flow spectral envelope, as well as an 

algorithm for measuring heart rate (HR) based on the spectral 

analysis of the waveform envelope. The algorithm fully 

automatically determines the PSV (Peak Systolic Velocity), 

EDV (End Diastolic Velocity), and the point used to determine 

the AT (Acceleration Time) parameter (Fig. 10). 

 

AT, also known as the time of contraction build-up, is an 

important indicator for predicting arterial stenosis (e.g., carotid 

or renal artery) or for estimating the overall impact of PAD 

(Peripheral Artery Disease), as it is strongly correlated with 

ankle or finger pressure indices. 

 

 

Fig. 10. Illustration of how to automatically determine the most important 

characteristic points of the flow velocity spectrum envelope. 
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AT may even become a new diagnostic criterion for critical limb 

ischemia [12]. Determining AT from the base of the envelope 

(EDV) to its maximum (PSV) is the easiest but imprecise. In the 

algorithm developed, it was decided to use measurements 

related to the first part of the upward slope of the envelope, that 

is, the maximum acceleration (Fig. 10), because such a value 

yields better results in detecting carotid and renal artery stenosis 

[13]-[17]. Moreover, the maximum acceleration at the very 

beginning of the systolic upward slope is not affected by 

reflected waves or other interfering factors. 

 

2) Indices 

Based on the characteristic points of the envelope of the blood 

flow spectral graph, algorithms have also been developed to 

determine indicators that parameterize the recorded blood flow 

velocity curves with a single number: the PI (Pulsation Index) 

and the RI (Resistance Index) [1],[4]. 

A quantitative assessment of the change in the shape of the 

blood flow velocity curve is defined in terms of the PI, which 

expresses the relationship between the harmonic components of 

the waveform [18]: 

 PI = ∑
𝑎𝑛

2

𝑎0
2

∞
𝑛=1  (9) 

where an – the amplitude of the nth harmonic, a0 – the average 

value of the curve. Thus, the PI index expresses the ratio of the 

energy contained in the oscillatory components to the constant 

component of the flow. The algorithm for determining PI was 

developed in a simplified way, determining the characteristic 

points of the envelope of blood flow velocity, using the formula 

[19]: 

 PI =
𝑉𝑚𝑎𝑥−𝑉𝑚𝑖𝑛

𝑉
 (10) 

where Vmax – maximum flow velocity, Vmin – minimum flow 

velocity, 𝑉̅ – average flow velocity. With the increasing process 

of atherosclerotic lesions, a decrease in the pulsation of the 

curve is expected and, consequently, a decrease in the pulsation 

index. The pulsation index is independent of the frequency of 

the transmitted wave fT and, importantly, is also independent of 

the angle θ between the direction of propagation of the 

ultrasound wave and the axis of the blood vessel (Fig. 4). An 

example of how to determine the characteristic points of the 

blood flow velocity envelope to calculate the PI index is shown 

in Fig. 11 [20]. The blood flow velocity curve shows that the 

pulse wave and associated pulsatile blood flow change shape as 

it propagates along the vascular tree. The farther away from the 

heart, the smaller the pulsation and smoother the changes in the 

flow curve, while the constant component of the flow increases. 

 
 (a) (b) 

   

Fig. 11. Example of how to determine the characteristic points of the blood 

flow velocity envelope to calculate the PI index [20]: 

(a) carotid artery, (b) femoral artery. 

The effect of elasticity and flow resistance on the blood flow 

velocity curves recorded at different locations is very important 

in the diagnosis of the blood circulation system. Based on the 

modelling, total blood flow in systole and diastole has been 

shown to be defined as the sum of the blood flow volume over 

time QA corresponding to the change in aortic volume over time 

(dVA/dt) and the volume of blood flow over time Qn depending 

on the peripheral flow resistance Rn [20]: 

 
𝑆𝑦𝑠𝑡𝑜𝑙𝑒

𝑄𝐴
+ 𝐷𝑖𝑎𝑠𝑡𝑜𝑙𝑒

𝑄𝑛
= 𝐶 ∙

𝑑𝑃

𝑑𝑡
+

𝑃

𝑅𝑛
 (11) 

where C – volumetric compliance of the blood vessel, P – 

instantaneous blood pressure. In the ascending aorta, the 

resistance is very high, so virtually no diastolic flow is observed 

there. The farther away the blood circuit, the more the diastolic 

component increases, as the flow resistances Rn decrease. An 

index related to vascular resistance in large blood vessels 

(especially in the carotid arteries) was proposed in the paper [21] 

as follows: 

 RI =
(𝑉𝑆)𝑚𝑎𝑥 − 𝑉𝐷

(𝑉𝑆)𝑚𝑎𝑥
 (12) 

where (𝑉𝑆)𝑚𝑎𝑥 – maximum blood flow velocity in systole, 𝑉𝐷 – 

maximum blood flow velocity in diastole. Using this formula, 

an algorithm was developed that determines the maximum 

systolic and diastolic blood flow velocity of the blood flow 

velocity envelope (Fig. 12). 

 

 

Fig. 12. Example of how to determine characteristic points of the common 

carotid artery blood flow velocity envelope to calculate the RI index [20]. 

According to the model (formula (11)), formula (12) assumes 

that the diastolic component of the flow is proportional to the 

instantaneous blood pressure and is responsible for the constant 

component of the flow, while the systolic component is related 

to the elasticity of the blood vessel under study. The systolic 

component is much higher in young people and decreases with 

age and with the increase of atherosclerotic lesions in the 

arteries. The RI in a normal common carotid artery takes values 

from 0.55 to 0.75. An increase in RI indicates a decrease in 

cerebral flow. An excessively low RI can indicate abnormal 

arteriovenous connections or arteriovenous malformations. 

III. RESULTS 

The algorithm for Doppler imaging of blood flow in PWD 

mode with automatic determination of the envelope of the flow 

velocity spectrum and measurement of flow parameters was 

implemented in the prototype ultrasound B-mode scanner 

developed within the framework of the research project. PWD 

imaging tests were performed on an appropriately programmed 

ATS Cardiac Doppler Flow Phantom Model 523 [22] stimulated 

with a Doppler Flow Pump Model 769 [2] filled with Doppler 

Fluid Model 769DF [3] (Fig. 13).  
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Fig. 13. An example of the performance of the developed CFM+PWD 

Doppler imaging algorithm implemented in the prototype 128-channel 

ultrasound B-mode scanner. 

IV. DISCUSSION 

Table I lists the characteristic values of EDV, PSV and AT 

parameters for 5 cycles of pulsed flow, determined 

automatically from the maximum flow velocity envelope shown 

in Fig. 13, along with the percentage deviations from the 

average value.  

 

 
The standard deviations of this sample determined for particular 

parameters are: σ(EDV) = 0.00 cm/s, σ(PSV) = 0.87 cm/s, σ(AT) 

= 9.08 ms, respectively. The highest reproducible determination 

accuracy was obtained for the EDV parameter, followed by 

PSV, demonstrating the suitability of the developed method for 

determining the PI and RI indices and using them in diagnostic 

studies. The largest spread occurred for the AT parameter, 

which in turn is in line with predictions. Pulsatile flow generated 

by a peristaltic pump, such as blood flow in blood vessels, 

exhibits velocity fluctuations, which affects the shape of the 

upper and lower envelopes of the blood flow velocity. For this 

reason, a correctly determined envelope should not show 

significant deviations in the EDV and PSV measurements; 

however, extreme variations in the AT measurements based on 

the slope of maximum acceleration at the very beginning of the 

systolic upward slope can be expected. 

 

 

Fig. 14. Results of a PWD imaging test performed on an ATS Cardiac Doppler 
Flow Phantom Model 523 [22] comparing automatic (yellow) and manual 

(purple) determination of flow parameters. 

The test results showed ± 10% accuracy in volume 

measurement relative to manual measurement, as well as 

measurement of blood flow parameters with ± 10% accuracy 

relative to manual measurement, for the parameters: PSV, EDV, 

mean velocity, RI, and PI coefficients (Fig. 14).  

V. CONCLUSIONS 

As a result of the tests, the performance of the method 

developed for automatic calculation of the envelope of the blood 

flow velocity curve in spectral Doppler imaging was sufficiently 

good in terms of repeatability and precision. The low 

computational complexity of the algorithm developed, which 

was implemented in the prototype 128-channel ultramobile 

ultrasound B-mode scanner, means that it does not burden the 

memory resources and FPGAs used for the device and is fast in 

operation.  
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