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The influence of dynamic change in the steering angle of incident and scattered wave beams on the spectra of the ultrasonic Doppler
response is studied on the basis of the previously developed continuum model of ultrasound waves scattering in biological objects for
the case, when the Doppler response signals are averaged over the period of changing the steering angle. A general expression is
obtained, which combines the resultant spectrum of the power of the ultrasonic Doppler response signal from the region of interest,
the spectral characteristics of the ultrasound scatterers movement, and the sensitivity function of the diagnostic synthetic aperture
system. It is shown that, as compared to the Doppler response, which is a sequence of discrete values of the response signals from
different steering angles, the use of averaging allows to reduce the width of the Doppler spectra without deterioration of their
resolution. It is concluded that the achievement of better spatial resolution, when using the synthetic aperture method, is possible
without deterioration of the spectral characteristics and, accordingly, of the accuracy of Doppler measurements of diagnostic
parameters, which are determined during the ultrasound studies. The results obtained make it possible to optimize different Doppler
techniques within the framework of the general synthetic aperture method.

KEYWORDS: ultrasound, Doppler spectra, synthetic aperture technique, continuum model of scattering, sensitivity function,
dynamic focusing, response formation.

Currently, promising methods of ultrasound Doppler diagnostics of the state of the cardiovascular system and soft
biological tissues are widely used, rapidly developing and being introduced into medical practice [1, 2]. Such
methods include, in particular, spectral Doppler studies and Doppler color blood-flow mapping [3, 4], vector flow
imaging [5, 6], tissue Doppler [7], vibro- and sonoelastography [8-11], etc. One of the major advantages of
ultrasound methods, as compared to the other methods of medical diagnostics, is the possibility to obtain images in
real time, what allows visualizing the dynamic structures in the human body. To provide a correct clinical
interpretation [12] of the obtained data, ultrasound Doppler systems must meet certain requirements to the
measurement accuracy.

In conventional Doppler ultrasound methods, to obtain an image, the diagnostic system utilizes an ultrasound
transducer for sequential transmitting the ultrasonic pulses in the given direction, and for receiving the scattered waves
[1, 12]. In this case, the entire sequence of emitted pulses is characterized by the same geometry of wave fronts and
direction of their propagation. This approach has a number of disadvantages associated with limitations of the
resolution, the ability to obtain a sufficient amount of data for accurate resolution of flows velocity, and the ability to
focus, when radiating, only at one fixed depth.

The mentioned limitations can be removed by applying the synthetic aperture data acquisition technique. A
distinctive feature of the synthetic aperture method is the use of wave fronts, in particular, flat [14, 15], differing as to
the steering direction, with subsequent coherent compounding of the recorded ultrasonic responses [13, 16, 17]. The
possibility to apply the synthetic aperture technique in medical ultrasound imaging is shown by many authors [6, 13,
18-20]. This method can be realized both in systems with a single-element transducer [21, 22], where the same element
is used to transmit and receive ultrasound waves, and for systems with a multi-element transducer [17, 23, 24]. In
particular, the synthetic aperture method for a circular aperture was investigated in [25].

Synthetic aperture technique is computationally intensive. Therefore, along with methods of reducing the number
of computations [26], the synthetic aperture technique has received significant development with the advent of
ultrasound scanners, which use parallel signal processing to produce image. [19, 27-30]. As a result of the introduction
of multilinear data processing into ultrasound diagnostic systems, it became possible to visualize in-vivo blood flows
using the synthetic aperture method, which, in comparison with the conventional Doppler techniques, allowed to
improve spectral estimates [31], to determine the velocity vector [32], and to increase the sensitivity to slow velocity
flows [33]. The methods of shear wave elastography [34, 35], estimation of local pulse wave velocity [36, 37],
visualization of contrast agents [38] and of the brain activity [39] have been developed.

To date, the properties of B-images, obtained using the synthetic aperture technique, have been well studied. In
particular, the dependence of the focusing quality on the number of different steering angles of plane waves has been
established [40]. In [41], a technique for optimizing the parameters of plane wave radiation, which are essential for
obtaining high-resolution images and estimating the velocity of both fast and slow flows, is proposed. The optimal
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values of the parameters of the amount of radiation, the steering angle of the transmitted waves, and the size of the
aperture are found, with the balance between the image quality and the frame rate taken into account. In [42] different
effects, that influence the focusing in this synthetic aperture vector velocity estimation method, are investigated. They
include the effect of phase errors in the emitted spherical waves, motion effects, and the effect of various interpolation
methods in beam formation. Verification of the vector flow methods for laminar blood flows in the common carotid
artery was carried out by comparing the parameters of peak systolic velocity and volumetric blood flow, obtained by
independent methods such as Spectral Doppler [43-45] and magnetic resonance angiography [46]. In vivo the accuracy
of plane wave vector flow imaging was investigated for the quantitative assessment of the laminar and turbulent flows
dynamics [47], as well as for determining the volumetric flow rate and experimental measurement of errors in its
determination, which were described earlier theoretically [48].

To date, the theoretical description of the influence of dynamic changes in the parameters and geometry of probing
ultrasonic fields on the spectra of Doppler signals and, accordingly, on the assessment of the parameters of the
biological objects motion is less developed. In this paper, to study the influence of dynamic change in time of the
steering angle on the spectra of ultrasonic Doppler signals, we used a continuum model of ultrasonic waves scattering
by inhomogeneities of density and compressibility [49-56]. Basing on this model with stationary probing fields, used in
conventional Doppler techniques, practically important solutions were obtained for the power spectra of the Doppler
response in the cases of uniform, correlated, vibrational [50] and uniformly accelerated [51, 52] motion of the
ultrasound scatterers. These results are utilized, in particular, in ultrasound Doppler vibroelastography, spectral Doppler
studies, Doppler color blood flow mapping and other applications. In [53], the spectral characteristics of Doppler
response signals were theoretically investigated for the case, when ultrasonic probing was carried out using incident and
reflected wave beams with the propagation direction, periodically changing in time.

In the present paper, we investigated the influence of dynamic change in the steering angle at transmitting and
receiving the wave beams on the spectral characteristics of the sensitivity function of the probing system and the
spectrum of the ultrasonic Doppler response in the case, when the Doppler response signals were averaged over the
period of the change in the steering angle.

THEORETICAL MODEL
This theoretical study of the process of ultrasound scattering by blood and soft tissues is based on the assumption
that these biological objects interact with the emitter field as if they are an isotropic continuous medium [54-56]. Within
the framework of the continuum model, the scattering occurs on inhomogeneities of the density and compressibility of
the medium, and the correlation function of the ultrasonic response signals can be represented as
follows [50-52, 57-60]:

R(z)=k* [[&" DG (7.1, ) G, (7uty ) (7 = Ty )Ry, 0

R

where k and k=27/A are the wave vector and the wave number of the ultrasonic transducer field in the plane
wave approximation, respectively, A is the wavelength, ¢ is the velocity of ultrasonic waves in the medium,
G; (? ,t) is the complex function of the ultrasound system sensitivity distribution over the field, which is determined
by the shape of the probing pulses, as well as by the amplitude and phase characteristics of the incident and reflected
wave beams. The value C (}71 —70,1) is the correlation function, which describes the space-time characteristics of
fluctuations in density and compressibility. In the case of stationary motion of the ultrasound scatterers after
averaging over the statistical ensemble, this function depends only on the difference coordinate and the difference
timer =t —t,.

Regardless of the method for determining the Doppler shift frequency and the spectral characteristics of
Doppler signals, described in [61], when the synthetic aperture method is used, the sensitivity function also depends
on time. The bar in the expression (1) means averaging over the initial moment of time #, since for a complete

averaging of the autocorrelation function, it is necessary to take into account different initial steering angles at
different ¢,. Whereas for both stationary and non-stationary motion of ultrasound scatterers, the correlation function

(1) turns out, in reality, to be a function of only the difference coordinate and the difference time.
The power spectrum of the Doppler signal is the Fourier transform of the correlation function

S(m)sz(r)e"‘”dr, (2)

at calculation of which it is necessary to take into account the explicit time dependence of the ultrasound system
sensitivity function.
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RESULTS AND DISSCUSSION
There are two possible ways of generating an ultrasonic Doppler signal using responses, obtained for different
steering angles of a dynamically changing sensitivity function. In one of them, the Doppler response is a sequence of
discrete values of the response signals for a sequence of different steering angles. In this case, the resultant power
spectrum of the Doppler signal can be written as follows [53]:

G(q+21€,a)j)2

(e, ZJqua)k /)

Jj=—©

) (€))

where @, =27k /T is the variable of the Fourier series expansion, and 7 is the period of the steering angles change.
It is obvious, that in this case a change in the direction of the wave vector and the sensitivity function in time leads to
the corresponding change in the Doppler angle 3 between the wave vector and the direction of the motion velocity.
As a result, even at a constant velocity of the ultrasound scatterers V', the measured speed V cos$ also constantly
increases or decreases, depending on whether the angle & decreases or increases. This situation is physically
equivalent to the accelerated movement of ultrasound scatterers, what leads to broadening of the Doppler signal
spectrum, as shown in [52]. This circumstance is a disadvantage, as compared to the traditional methods of Doppler
ultrasound probing.

The other method of generating an ultrasonic Doppler signal is that, at which the discrete values are obtained by
summing the discrete values of the response signals for different steering angles over the entire period of changing the
angles T . In the sense, such summation means averaging over the period 7', taking into account of which the sensitivity
function G/, (7,t) is described by the expression

T/2

G, (7.t)= [ G, (F.t+t)dt'" )
-T/2

Substitution of formula (4) into (1) leads to the following expression for the autocorrelation function:

T/2 T/2

k4J'J' 21kr1 7) J' G I’b,t +Z‘)dtJA G’(1,t1+t')dt'.c(}_’i_ﬁ)ar)dﬁ)d}_ﬂi (5)

=T/2 -T/2

As in the derivation of equation (3), we assume that the registration of the ultrasonic Doppler response signals is
performed within a finite time interval 7. In the case of a periodic change in the sensitivity function, it is natural to use
for this value, in particular, this period of change. In general, the periodic extension of the sensitivity functions and the
correlation function of scattering fluctuations allows using their expansion in Fourier series:

G o) 3076 (1,250,

n=—0

G;: (’7;:[1 +t') — i e—2lzj(l1+l /TGy ( 1’2777].] i e—2zz/ t+zﬂ+r)/rG, ( 7 2;2' jj

J=—0 Jj=—0©

C(7~Fur) -

i (7 -7, S -2 zimr 2
(27[)3 Ge (A7) Z_ o2 /TC( ;mj

Here, the value C (E],2ﬂ'm/T ) describes the spectral components of the correlation function of the space-time

characteristics of fluctuations.
Substituting these expressions into formula (5), we obtain a general expression for the spectrum of the ultrasonic
Doppler response, with the averaging over the period taken into account

S(w,)= ""‘Tj.dqﬂdrldro (@28)3%)
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For convenience, we rearrange the factors in the last expression as follows:

o i ir( 27r/ 27:»1] . i(g+2k)(7-7)
S(wk):n,j,;w—(bz)} Idre J-qu.J.drld y
T/2 2t g 2 T
XG;*[_;),zﬂ' JG' (_. 272']} j el dt J‘ e T di'-e T ——(n= j)C(q,z—ﬂ-mj ©
T r ) -T2 T

Then calculating the average value over the initial moment of time leads to the Kronecker symbol

ity T2 2mity,
eT( j)zlJeT( j)dt:5.
T

=T/2

what allows summing up over one of the indices in (6):

- 4 it - 2/{,/ 27rm R S~
sto)= 3 A fard T fagffaraet
j,m=—oo(27z-)
T2 2rmijt T/2 _27!1']'2"
xG’*(rO,zﬁ ]G' (71,2—”]} J e T dt I e T dt'-C(qaz—ﬁmj
T -T/2 -7/2 T

Then, the integration over time leads to a similar outcome, as a result of which we find:

T/2 2zijt T/2 2zt
. 2
[erat|ear=1"5,

-T/2 -T/2

Given this, after summing over the index j , the expression for S (a)k) takes the form:

w 27zm
S(a)k)Z 3 4 Idre J.dqﬂ‘drd-' i(g+2k)( '0)-G:(770,0)G; (}71,0) C(C[,%m]
Besides,
. 27m
[ are T B st

as a result of which we find

S( d]ji) ll]+2k R- G,*(%,O)G;} (;‘;’O)C((_i’a)k)

By definition of the three-dimensional Fourier transform of the function, we have

jd*’q*” (7,0)=G(q +2k,0).
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Then, taking into account this Fourier transform, we obtain the final form of the power spectrum of the ultrasonic
Doppler response signal in the considered case of averaging over the period T :

2

S(@)=%T2jdqc(q,wk) ™

G(é+2l€,0)‘

In contrast to the expression obtained in [52] and expression (3), formula (7) does not contain the frequency
convolution of the correlation function of space-time fluctuations and the sensitivity function. This means that the width
of the Doppler signal spectrum is narrower than that in the first version of the ultrasonic Doppler response signal
generation. In this sense, formula (7) is similar to the integral expression for the power spectrum

g :Lquc(gj,a;)‘c(q + 219)‘2 :

(27)

which was obtained for stationary probing fields, used in conventional methods of Doppler probing [50]. In this case,
sequential radiation in the given direction of ultrasonic pulses is used, which is characterized by the same spatial
geometry of wave fronts and by the same direction of radiation. At the same time, the application of such techniques in
practice has some disadvantages. The first of them is associated with a fixed focal length at transmitting, what worsens
the spatial resolution, and the second one is caused by a long data acquisition time for imaging, thus, the attainable
frame frequency is severely limited.

Coherent compounding of response signals in the synthetic aperture method provides high resolution for radiation
in the entire range of depths. The resulting expression (7) shows that such an improvement in resolution can be
achieved also with ultrasonic Doppler probing without deterioration of spectral characteristics and, in particular, the
width of the spectrum of the ultrasonic Doppler response signals. The accuracy of measurement of the Doppler
spectrum average frequency is discussed, as a rule [55, 62], proceeding from the known Nyquist limit and the Rao-
Cramer inequality. Both of these criteria lead to the requirement for the minimum bandwidth of the Doppler signal. The
results obtained make it possible to optimize specific Doppler and spectral-Doppler ultrasound medical diagnostic
techniques, implemented by using the synthetic aperture technique.

CONCLUSIONS

To increase the efficiency of ultrasonic Doppler diagnostic methods, it is important to study the Doppler response
spectra under the given area of interest, which directly affect the accuracy of estimation of the investigated parameters
of the biological objects motions. Therefore, it is still relevant to study the influence of the factor of dynamic changes in
the parameters and geometry of probing ultrasonic fields on the spectra of Doppler signals and, accordingly, on the
estimates of the parameters of the biological objects motion.

This paper presents a general theory, which is suitable for describing the spectral characteristics of ultrasonic
Doppler signals, using the up-to-date technique of dynamic focusing of the emitted ultrasonic beams by the synthetic
aperture method. In accordance with this technique, each probing pulse of ultrasound waves is characterized by its own
direction of propagation, and coherent compounding of ultrasonic response signals, received from a set of such probing
pulses, is used for focusing the waves at transmitting and forming the image of a biological object. The influence of
dynamic change in the angle of transmitting and receiving the wave beams on the spectral characteristics of the
sensitivity function of the probing system and the spectrum of ultrasonic Doppler response, in the case, when the
Doppler response signals are averaged over the period of the change in the steering angle of probing, are studied. A
general expression is obtained, which connects the resultant power spectrum of the ultrasonic Doppler response signal,
the spectral characteristics of the ultrasound scatterers movement, and the sensitivity function of the system. The results,
obtained in this paper, show the difference between two possible strategies for collecting information while forming the
Doppler signals, and can contribute to the improvement of various Doppler techniques within the framework of the
general synthetic aperture method.
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CIHIEKTPHU IOTYKHOCTI YJIbTPA3BYKOBOT'O JOIIIIVIEPIBCBKOT O BIAT'YKY BIOJIOITTYHUX OB’€EKTIB
IIPA 3ACTOCYBAHHI TEXHOJIOT'TI CHHTE3OBAHOI AITEPTYPH
LB. llleina®, O.B. Kicenbos, €.0. Bapannuk
Kageopa meouunoi gizuxu ma biomeduunux nanomexunonoziu, Xapxiecokuii nayionanonuil ynieepcumem imeni B.H. Kapasina
M. Ceob00u 4, Xapxis, 61022, Vkpaina

Ha ocHOBi po3BHMHEHOI paHillle KOHTHHYaJIbHOT MOJIei PO3CIIOBaHHS YJIBTPAa3ByKOBHX XBHJIb y OI0JOTIYHHX 00’€KTaxX JOCIIJDKEHO
BIUTUB AWHAMIYHOI 3MiHHM paKypCiB BHIIPOMIHIOBAaHHS Ta MPUIOMY YJIBTPa3BYKOBHX IMYyYKiB XBHJIb HAa CIIEKTPH YJIBTPa3BYKOBOTO
JOMIUIEPIBCHKOTO BIATYKY Y BHIIAIKY, KOJHU MPOBOIUTHCS YCEPEIHEHHS CHUTHAIIB JOMIUICPIBCHKOTO BIATYKY 3a MEpiofoM 3MiHU
KyTiB 30HOyBaHHA. 3700yTO 3araJbHUH BHpa3, IO TOB’S3y€ MOBHUI CHEKTP MOTYXHOCTI CHTHAIy YIBTPa3ByKOBOTO
JOMNIUIEPIBCHKOTO BIATYKY 3 00JIacTi iHTEpeCy, CIEKTpalbHI XapaKTEPUCTUKU PyXy PO3CiIOBaUiB YIbTPa3ByKy Ta QPYHKI{ 4y TIIMBOCTI
JiarHOCTHYHOI CUCTEMH 3 CHHTE30BaHOI anepryporo. ITokazaHo, 10 MOPIBHSHO 3 JOIILUICPIBCHKUM BiATYKOM, KW SIBJISE COOOO
MOCIIJOBHICTh JAMCKPETHHX 3HAYCHb CHUTHAIIB BIAryKy 3 PI3HHUX PaKypcCiB, 3aCTOCYBAHHS YCEPEIHCHHs Ja€ 3MOrY 3MCHIIMTH
LIMPUHY JOMIUIEPIBCEKUX CIIEKTPIB 0€3 MOTipUIeHHs PO3AiIIbHOI 34aTHOCTI. 3p0oOJEHO BHCHOBOK HPO Te, LIO JOCSATHEHHs Kpamiol
PO3/LIBHOI 3[]ATHOCTI PH 3aCTOCYBAaHHS METOJLY CHHTE30BaHOI allepTypH MOXJIMBE Ge3 MOTipIICHHS CIEKTPAIbHUX XapaKTePUCTHK
i, BIANOBIZAHO, TOYHOCTI AOMIUICPIBCHKUX BUMIPIOBaHb [IarHOCTHYHUX NApPaMETpiB, IO BU3HAYAIOTh B XOi YJIBTPa3BYKOBHX
nociiukerb. Onepikani pe3yiabTaTd JAlOTh 3MOTY ONTHUMI3yBaTH pi3HI JONIUICPIBChKI TEXHIKM B MeXaX 3araibHOI0 METOLY
CHUHTE30BaHO]1 alepTypH.
KJIFOYOBI CJIOBA: ynbTpa3ByK, IOMIUICPIBCHKUI CHEKTP, METOJ CHHTE30BAaHOI amnepTypH, KOHTHHYalbHA MOJEIb PO3CISTHHSA,
(GyHKIIS 9y TIIMBOCTI, AMHAMIUHE (OKYCYBaHHS, (OPMYBaHHS BIITYKY

CIHIEKTPBI MOIIIHOCTH YJIBTPA3BYKOBOI'O JOMIIJIEPOBCKOI'O OTKJIUKA BUOJIOT MYECKHUX
OBBEKTOB ITPA UCITOJIb30BAHUH TEXHOJIOTMA CAHTE3UPOBAHHOM ATIEPTYPBI
N.B. lllenna, A.b. Kucenés, E.A. Bapannuk
Kageopa meouyuncxoii uzuxu u buomeouyuHcKux HaHOmMexHoA02Ull,
Xapvkosckutl hayuonanvhvlil ynusepcumem umenu B.H. Kapasuna
ni. Ceob00wl 4, Xapwvros, 61022, Yrkpauna
Ha ocHoBaHHH pa3BUTOI paHee KOHTHHYAIbHON MOJICNH PACCESHHUs YIbTPa3ByKOBBIX BOJH B OHOJIOTHYECKHX OOBEKTaX H3YUCHO
BIIMSIHUE TUHAMHYICCKOTO U3MEHEHHs PaKypCOB U3IIydeHHs U MpuéMa MydKOB BOJIH Ha CIEKTPBI YJIBTPa3ByKOBOTO JOMILICPOBCKOTIO
OTKJIMKa B Cilydyae, KOrJa MPOU3BOIMTCS YCPEAHCHHWE CUTHAJIOB [OMIUICPOBCKOTO OTKJIMKA IO MEPHOLY H3MEHEHUs YIJIOB
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3oHaMpoBanusd. [lomyueHo oOmee BBIpaKEHUE, CBS3BIBAIONIEE MONHBIM CIEKTP MONIHOCTH CUTHAla YJIbTPa3ByKOBOTO
JONIIIEPOBCKOTO OTKIMKA U3 OONAacTH MHTepeca, CIEKTpalbHbIE XapaKTEPHCTHKM JBIKEHHUs paccedBaTelel yIbTpasByKa M
(YHKIUM YyBCTBUTEJIBHOCTH IMAarHOCTHUECKOHM CHCTEMBI C CHHTE3MPOBaHHOW amepTypod. I[lokasaHo, 4TO MO CpaBHEHUIO C
JONIUIEPOBCKAM OTKJIMKOM, KOTOPBII NPEACTAaBIAET COOOH IOCIeNOBAaTENbHOCTh ANUCKPETHBIX 3HAUYEHHWI CHUTHAJIOB OTKIHKA C
Pa3HBIX pPaKypCcOB, IPUMEHEHHE YCPEAHEHUs I03BOISIET YMEHBIINTh IMMPHUHY MIOIMIUIEPOBCKHX CHEKTPOB 0€3 yXyAIIeHHs
paspematomeif cnocobHocTH. CrenaH BEIBOJX O TOM, YTO JOCTIDKEHUE JTydIleH MPOCTPAaHCTBEHHOHN pa3pelIalomeil ciocoOHOCTH IpH
HCTIONIB30BaHUH METOAa CHHTE3UPOBAHHOH alepTypsl BO3MOXKHO 0e3 yXYIIISHNs CIIeKTPATIbHBIX XapaKTePUCTUK H, COOTBETCTBEHHO,
TOYHOCTH JONIUIEPOBCKUX HM3MEPEHUH AMAarHOCTHUYECKUX IapaMETPOB, ONpPEIENseMbIX B XOJE YJIbTPa3ByKOBBIX HCCIICIOBAHUM.
[TonyueHHBIE pe3yJbTAaTHl JAIOT BO3MOXKHOCTH ONTHMH3HMPOBATH pa3HbIEe JOMIUICPOBCKHE TEXHUKH B paMKax OOILIEro Meroja
CHUHTE3UPOBAaHHOM arepTypshl.

KJIFOYEBBIE CJIOBA: ynpTpa3ByK, AONIUIEPOBCKUM CIIEKTpP, TEXHOIOTUS CHHTE3UPOBAHHON anepTypbl, KOHTHHYaJIbHAs MOJEINb
paccesHus, QyHKIHS TyBCTBUTENBHOCTH, ANHAMIYeCKoe (GoKycupoBaHue, GOPMUPOBAHNE OTKINKA



