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SPECTRA OF ULTRASOUND DOPPLER RESPONSE
USING PLANE-WAVECOMPOUNDING TECHNIQUE

Introduction. Within the framework of a simple model of the sensitivity function,
the Doppler spectra are considered for different ways of generating response signals using
plane wave compounding.

Methods. A Doppler spectrum is obtained for coherent compounding of signals
received at different steering angles of waves during their period of changing. Compared to
traditional diagnostic systems, the Doppler spectrum width is increased only by limiting the
duration of the signals. There is no additional increase in the spectrum width if the
compound signals are formed by adding with cyclic permutation, in which signals from each
new wave angle are compounded.

R e sults. WhenaDopplersignalis formed directly from Doppler signals at different steering
angles, the spectral width increases both in comparison with the traditional method of sensing with
stationary focused ultrasound fields and with the case of coherent signal compounding.

Conclusions. The obtained increase in the spectral width has an intrinsic physical
meaning. The increase in width is connected with a dynamic change in the Doppler angle,
which increases the interval of apparent projections of the velocities of motion of
inhomogeneities along the direction of transmitting of a plane wave without inclination.

Keywords: ultrasound; Doppler spectrum, plane wave compounding, synthetic
aperture method, spectral dispersion, projection of the inhomogeneity velocity.

Iintroduction
The general idea behind synthetic aperture in ultrasound diagnostics is that the
ultrasound response is recorded by all elements of the ultrasound transducer for a
sequence of different emitted wave fields. The response for each point in space is then
identified as a complex value for the different fields, which is coherently summed,
resulting in a high-resolution image due to the focusing at each point in space (Trots
et al., 2011, p. 3).Using the synthetic aperture method, it is possible to implement
imaging methods that use plane waves with different propagation directions or wave
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fronts with different spatial configurations (Golfetto et al., 2021, p. 1105; Montaldo
et al., 2009, p. 489; Sheina, Kiselov, & Barannik, 2020, p. 5). Moreover, it is necessary
to optimise the parameters that characterise the quality of images obtained using
aperture synthesis (Provost et al., 2015, p. 1467). There are experimental works on
new techniques within the plane wave compounding method that allow to improve
image quality in terms of lateral resolution and contrast-to-noise ratio for two-
dimensional images (Zheng et al., 2018, p. 495) and for Doppler technique (Shen, &
Chu, 2021, p. 4856). The effect of the movement of ultrasonic scatterers and the ways
to correct this impact were investigated in (Hyun, & Dahl, 2020, p. 1323).

The calculations have been implemented within the framework of the continuum
model of the biological medium and the low-frequency Doppler signal under the
pulsed mode of ultrasound.

Methods

Emission depends on the motion of the density inhomogeneities and
compressibility. It also depends on the complex sensitivity function over the
emission-receiving field which may also depend on time.

Gy (P) = G, (7, )G, (7, )b (T —"——"—‘1’“)) (1)
The time dependence is caused by small deviations of the wave vector from the wave
vector of plane waves without inclination (Sheina, & Barannik, 2022, p. 116).

In the case of the synthetic aperture technology, it is possible to generate an
ultrasonic Doppler response signal directly from discrete signal values from different
sequential angles of revolution of the wave vector. For a given range of angles &,
the ultrasonic Doppler response signals are registered for a limited period of time,
after which the registration procedure is repeated periodically. Then the power
spectrum of the Doppler signal is equal to:

4 - 2
S(wp) = (sz)3 e [ dGC(G wp — 0))|6(G + 2k, 0p) 1, (@)
where w, = 2mp/T is the Fourier expansion variable, and T is the period of
repeating a given set of deflection angles. There is another way to generate an
ultrasonic Doppler signal. Discrete values are obtained by coherent compounding of
complex signal values at different angles of rotation for the entire period of angle
change T. Then the spectrum can be written as follows:

4 - - N - 2
S(wp) = T2 3 [ 4dC(d wp)6(d + 2K,0)[, 3)
T
G(§+2k0) =2 [%G(q + 2k, t +t')dt'. (4)

2
Within the framework of our model, it follows from (3) that in this case the
sensitivity function is independent of frequency. To reduce the effect of the
rectangular window on the calculated spectra Gaussian weighting window are used.
Results
In the case of the synthetic aperture technology, it is possible to generate an
ultrasonic Doppler response signal directly from discrete signal values from different
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sequential angles of revolution of the wave vector. For a given range of angles &,
the ultrasonic Doppler response signals are registered for a limited period of time,
after which the registration procedure is repeated periodically and formula for the
Doppler spectrum:

~ N2\ 343 T2 a2 T2 2 _ 2
S((l)p) = V<(B_p) >T 1k4% ’#‘;}VZEXP {_ aZ-I‘-A;E,VZ (©p :)d) } (5)

2
Then the dispersion of the Doppler frequency spectrum equal to 62 = 2 (L + V—).

2 2
T a

There is another way to generate an ultrasonic Doppler signal. Discrete values
are obtained by coherent compounding of complex signal values at different angles
of rotation for the entire period of angle change T. The final expression for the
ultrasonic Doppler response spectrum

~ N2 _ 2,4 T2,a%(wp—w )2
S(wp) = <(B—p) >k4T 2Ty = /Zaszexp {—W} (6)

Then the dispersion of this Doppler spectrum can be written as follows

2
0% =2 (Tiz + %) and it is greater than the dispersion of the previous spectrum (5)
w

by Ac? = 2/Tj.

The reason for the increase in the width of the Doppler spectrum when forming a
signal from Doppler signal counts obtained at different steering angles is the change
in the projection of the motion velocity onto the direction of the current wave vector
due to a change in the Doppler angle, as shown in Fig 1. This situation can be
interpreted as a movement with acceleration:

V,r =Vcosd(t) = Vcos(® F @) =
V(cos9cos® = sindsin®) = Vcos9 + Vsinﬂ%t . (7

w
Aceleration is inversely proportional to the time T,,. It is clear that both during
acceleration and deceleration, the range of velocities during time T for a given range
of angles is the same, so the width of the spectrum cannot depend on the sign of the
acceleration. Because of this, in dispersion of the spectrum (6), compared to
dispersion of spectrum (5), there is a quadratic acceleration term in the form of 2/T3.
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Fig. 1. Model dependence of the wave vector deflection angle on time
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From Fig. 1, it is easy to see that the larger T and, accordingly, T,,,, the smaller the
acceleration at a given range of angles @, the smaller the range of velocities and,
accordingly, the additional dispersion of the Doppler frequency spectrum. Obviously,
such terms can be neglected when the strong inequality 1/T3 <« V?2/a? is satisfied.

Discussion and conclusions

The technology of plane wave compounding uses a periodic repetition of the
sequence of waves with different inclinations. Therefore, a periodic extension of all
time-dependent physical parameters naturally occurs, which leads to a limitation of the
duration of ultrasonic Doppler response signals. The influence of limiting the duration
of the response signals and its apodisation by weight windows on the spectral
properties of the correlator of inhomogeneity motion and the spectrum of the
sensitivity function of the ultrasonic system is determined. In contrast to the spectrum
of the correlation function, the width of the sensitivity function spectrum depends on
both the size of the measuring volume and the duration of the signals. Within the
framework of a simple model of the sensitivity function, the Doppler spectra are
considered for different ways of forming response signals using plane wave
compounding. A Doppler spectrum is obtained by coherent compounding of signals
received at different angles of inclination of waves during their repetition period.
Compared to traditional diagnostic systems, the Doppler spectrum width is increased
only by limiting the duration of the signals. There is no additional increase in the
spectrum width if the compound signals are formed by accumulation with cyclic
permutation, in which signals from each new wave angle are added. When forming a
Doppler signal directly from Doppler signals at different inclination angles, the
spectral width increases both in comparison with the traditional method of sensing with
stationary focused ultrasonic fields and with the case of coherent signal accumulation.
In terms of the internal physical meaning, the invented increase in the spectral width
is connected with a dynamic change in the Doppler angle, which increases the interval
of apparent projections of the velocities of motion of inhomogeneities along the
direction of transmitting of a plane wave without inclination.
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CIIEKTPHU CUTHAJIIB YJIbTPA3BYKOBOI'O JOIIIVIEPIBCBKOI'O BIATYKY
P BUKOPUCTAHHI TEXHOJIOTTI KOMIIAYHJIUHTY IJIACKMX XBUJIb

BcTyn. BocmahHi poku e yrempa3eykosiii diazHocmuyi ece 6inbw docaidncysaHum
i excueaHum y meduyHiii npakmuyi cmaau pi3Hi eapiaHmu mexHo.o0z2ii cunme3o8aHoi
anepmypu. I0.108H010 nepesazoio makux Memodie € nidsuujeHHs1 po3dinbHoi 30amHocmi
306pajxceHHs1 3a pAaxyHoK OuHamMiuHO20 ¢HokycyeaHHs1 nid Jiel0 8uUNPOMIiHIOBAHHSA
ybmpa3eykKy.

MeTtoau. Po3zeumok memodie KO2epeHMHO020 KOMNAYHOUH2Y  Cu2HaJie
y/1bmpaseyKkoeo2o 8id2yKy 0038041uU8 nNOKpawjumu cnekmpaJavbHi oyiHKu y chekmpaasHitl
donnsepozpadhii nopieHsaHo 3 mpaduyilinumu donnjaepiecokumu memodukamu. Memoio
po6omu € euHalideHHs Ui aHani3 donnjiepiecekKux cnekmpie ma 1020 WupuHu 3
BUKOPUCMAHHAM MeXHO102ii cuHme3068aHOi anepmypu, a came, KOMNAYHOUH2Y NAACKUX
X8UJb pi3HUMU cnoco6amu HopmMyeaHHs1 JoNNAepiecbKUX cuzHA1i8 8i02yKY.

PesyabTaTHu. Y Mmexcax npocmoi modesai ¢yHkyii yymaueocmi po32asiHymo
donnepiecbki cnekmpu 3a pi3HUX cnoco6ie d¢opmyeaHHs1 cuzHazlie 8id2yKy 3
BUKOPUCMAHHAM KOMNAYHOIH2y N1dcKuX Xeu1b. BunaiideHo donnaepiecekuii cnekmp npu
KO02epeHMHOMY KOMNayHOiH2y cucHaJ1ie, OMpUMAHUX 3a pIi3HUX Kymie Haxu/ay Xeub
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npomszom nepiody iXx noemopeHHs. BcmaHoesneHo, wo y npoyeci HopmyeaHHs
donnuepiecbko2o cuzHaay 6e3nocepedHbo 3 d0oNN/iepiecbKUX CUZHAJIi8, OMPUMAHUX Nid
Pi3HUMU paKypcamu 30HAY8AHHS NAACKUMU X8U/SMU, WUPUHA cneKmpa 36i1buyemscs,
K nopieHAHO 3 mpaduyiiiHum mMemodom 30HAY8AHHA cMAayioHAPHUMU CHOKYco8aHUMU
YAbmMpa3eyKos8uMuU NOAAMU, MAK i y eunadKy K02epeHmHO020 HaKONU4YeHHs CUZHaia.
BUCHOBKHU. 3a eHympiwHiM hi3udHUM 3Micmom euHaiideHOo 36iabUleHHs WUPUHU
cnekmpa, nog'si3aHe 3 QUHAMIYHOI0 3MIHOI0 donn/episcbko20 Kyma, sike 36i/1bulye iHmepeas
no3ipHux npoekyiti wieudkocmeti pyxy HeodHopidHocmetl y300824C HANPAMKY 8UNPOMIHIOBAHHA
njaackoi xeusai 6e3 Haxuiay. /[o00amkKkoeo20 6u84YeHHs1 nNomMpe6ye e8njaue HeMiHIliHUX 4Y/eHie
3a/1e34CHO 8i0 Yacy 8idXu/1eHHs1 X8U/ 1608020 8eKMOpPA 8i0 8eKMOpa Xeu/1b 6e3 HaxXu1y.

KnwuyoBi ciaoBa: yrempassyk, donniaepiscokuii cnekmp, Memod cuHme308aHoi
anepmypu, KomnayoduHz N/AACKUX X8U/ab, ducnepcisi cnekmpa; weudKicmes pyxy
HeodHopidHOCmell.

ABTop M. I'pHIIeHKO 3asIBIISIE PO BiACYTHICTH KOHIIKTY iHTepeciB. Unen opranizaniitnoro komitery €. bapanHuk
3asBJIS€ TIPO BiACYTHICTh KOHQIIKTY IHTEpeciB Ta HEBTPYYaHHS B MpOLeC OLIHIOBAHHS L€l CTaTTi BIANOBIAHO 10
MDKHApOJAHHMX CTaHJIApTiB MyOuikauiitHoi erku. CroHcopu He Opaji ydyacTi B po3poOJIeHHI TOCIiHKEeHHs; Y 300pi,
aHali3i 4 iHTeprpeTanii JaHuX; y HalMCaHHI PYKOIKCY; B PillIeHH ITPo MyOJTiKaIlif0 pe3y/IbTaTiB.

The author M. Hrytsenko declares no conflicts of interest. The member of the Organizing committee
E. Barannik declares no conflict of interest and has not interfered in the evaluation process of this article, in
accordance with international publication ethics standards. The funders had no role in the design of the study; in the
collection, analyses or interpretation of data; in the writing of the manuscript; in the decision to publish the results.

ISSN 3041-1491 (Print) 189



