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2-D sparse arrays may push the development of lowcost 3-D systems, not needing to control thousands of elements by expensive application-specific integrated circuits. However, there is still some concern about their suitability in applications, such as Doppler investigation, which inherently involve poor signal-tonoise ratios (SNRs).

In this paper, a novel real-time 3-D pulsed-wave Doppler system, based on a 256-element 2-D spiral array, is presented. Coded transmission and matched filtering were implemented to improve the system SNR. Standard sonograms as well as multigate spectral Doppler (MSD) profiles, along lines that can be arbitrarily located in different planes, are presented. The performance of the system was assessed quantitatively on experimental data obtained from a straight tube flow phantom. An SNR increase of 11.4 dB was measured by transmitting linear chirps instead of standard sinusoidal bursts. For a qualitative assessment of the system performance in more realistic conditions, an anthropomorphic phantom of the carotid arteries was used. Finally, real-time B-mode and MSD images were obtained from healthy volunteers.

I. INTRODUCTION

Over the last four decades, ultrasound spectral Doppler has been the method preferred by medical doctors to quantitatively assess blood flow [START_REF] Ph | Doppler ultrasound: physics, instrumentation, and signal processing[END_REF]- [START_REF] Jensen | History and Latest Advances in Flow Estimation Technology: From 1-D in 2-D to 3-D in 4-D[END_REF]. Although traditionally limited to the detection of velocities within a single sample volume, spectral analysis has also been successfully extended to multiple sample volumes aligned along a scan line (multigate spectral Doppler -MSD), for vascular investigations [START_REF] Tortoli | Toward a better quantitative measurement of aortic flow[END_REF].

In recent years, massive research efforts and technological developments have brought two breakthroughs: volumetric (3-D) imaging [START_REF] Provost | 3-D ultrafast doppler imaging applied to the noninvasive mapping of blood vessels in Vivo[END_REF]- [START_REF] Fiorentini | Maximum Velocity Estimation in Coronary Arteries Using 3-D Tracking Doppler[END_REF] and vector Doppler [START_REF] Udesen | High frame-rate blood vector velocity imaging using plane waves: simulations and preliminary experiments[END_REF]- [START_REF] Rossi | High-Frame-Rate 3-D Vector Flow Imaging in the Frequency Domain[END_REF]. Although medical doctors always need some time to fully accept new display modalities, both methodologies are mature for implementation in ultrasound machines. Furthermore, the volumetric morphological view (e.g., of plaques) could finally avoid the unfair assumptions that are often done when using pulsed-wave (PW) Doppler with 2-D scanners [START_REF] Thrush | Peripheral Vascular Ultrasound: How, Why and When[END_REF]. The possible extension of spectral-analysis-based velocity investigation to all points within an entire volume is, thus, of undoubtful clinical interest. Indeed, the support of a 3-D morphological view may facilitate the optimal probe A. Ramalli, E.Boni, C. Giangrossi, P. Mattesini, A. Dallai, and P. Tortoli are with the Department of Information Engineering, University of Florence, 50139 Florence, Italy.

positioning and the rapid identification of regions in which spectral analysis may provide valuable flow information.

3-D imaging is currently possible only through a few highend machines based on expensive 2-D transducer arrays with thousands of elements controlled by application-specific integrated circuits (ASICs) [START_REF] Savord | Fully sampled matrix transducer for real time 3D ultrasonic imaging[END_REF]- [START_REF] Mozaffarzadeh | Receive/Transmit Aperture Selection for 3D Ultrasound Imaging with a 2D Matrix Transducer[END_REF], which relax the system requirements in terms of independent channels. A cheaper alternative is represented by sparse arrays [START_REF] Davidsen | Two-dimensional random arrays for real time volumetric imaging[END_REF], [START_REF] Austeng | Sparse 2-D arrays for 3-D phased array imaging -design methods[END_REF], which can be designed to have the number of active elements equal to the number of channels available in a companion scanner. In general, the design approaches for sparse arrays can be split into two groups: deterministic [START_REF] Austeng | Sparse 2-D arrays for 3-D phased array imaging -design methods[END_REF]- [START_REF] Martínez-Graullera | 2D array design based on Fermat spiral for ultrasound imaging[END_REF] and nondeterministic [START_REF] Haupt | Thinned arrays using genetic algorithms[END_REF]- [START_REF] Diarra | Design of Optimal 2-D Nongrid Sparse Arrays for Medical Ultrasound[END_REF]. Among the latter ones, in [START_REF] Roux | 2-D Ultrasound Sparse Arrays Multidepth Radiation Optimization Using Simulated Annealing and Spiral-Array Inspired Energy Functions[END_REF], [START_REF] Roux | Wideband 2-D Array Design Optimization With Fabrication Constraints for 3-D US Imaging[END_REF], an algorithm based on simulated annealing and broadband simulations was developed. It was shown able to find the set of active elements, which optimize the beam pattern, by considering both the pressure field behavior at different depths and some fabrication constraints. A deterministic approach was followed in [START_REF] Ramalli | Density-tapered spiral arrays for ultrasound 3-D imaging[END_REF], in which the array layout was based on the Fermat's spiral, which guarantees a uniform performance for focused beams steered over a wide range of angles. Moreover, spatial density tapering of elements was proposed to decrease the sidelobe level while increasing the probe sensitivity.

A recent study compared the PW Doppler performance of a full 1024-element gridded array and a sparse 2-D array, which was obtained by selecting 256 elements out of the full array [START_REF] Roux | Wideband 2-D Array Design Optimization With Fabrication Constraints for 3-D US Imaging[END_REF]. The two array configurations were used to transmit focused beams into different directions and to Doppler process the echo-data off-line [START_REF] Mattesini | Spectral Doppler Measurements With 2-D Sparse Arrays[END_REF]. The results have demonstrated that the use of the sparse array only limits the signal-to-noise ratio (SNR), but neither the Doppler spectrum shape nor the detected mean frequency are affected by sparsity.

In this paper, a novel 3-D Doppler system based on a 256element spiral array is presented and shown able to provide, in real-time, multigate spectral Doppler profiles along lines that can be arbitrarily located in a volume. The implementation of coded transmission (TX), together with matched filtering in reception (RX), is also described, and shown capable of partially overcoming the SNR limitation of sparse arrays.

The paper is organized as follows: Section II introduces the hardware used in this study, including a 2-D array probe and the ULA-OP 256 research scanner. The methods used to evaluate the system performance are also reported. The experimental results are described in Sec. III and discussed in Sec. IV. In this work, the ULA-OP 256 research system [START_REF] Boni | Architecture of an Ultrasound System for Continuous Real-Time High Frame Rate Imaging[END_REF] was coupled to a special version of the Vermon matrix array probe (Vermon S.A., Tours, France). The ULA-OP 256 is a hardwarebased open scanner [START_REF] Boni | Ultrasound Open Platforms for Next-Generation Imaging Technique Development[END_REF], which allows implementing custom processing methods by programming computing devices such as field-programmable gate arrays (FPGAs) and Digital Signal Processors (DSPs). As shown in Fig. 1, the special version of the 2-D probe was obtained by sparsely selecting 256 elements out of the original array. It consists of 32 (x-axis) by 35 (y-axis) elements (3.7 MHz, 300 µm pitch, 70% bandwidth), but on the y-direction every ninth row is not connected. The total number of addressable elements is thus 1024. Although not easily recognizable, the selection matches, as much as possible, the layout of a 2-D spiral whose density is tapered with a Tukey window [START_REF] Ramalli | High-Frame-Rate Tri-Plane Echocardiography With Spiral Arrays: From Simulation to Real-Time Implementation[END_REF], [START_REF] Harput | 3-D Super-Resolution Ultrasound Imaging With a 2-D Sparse Array[END_REF]. Each selected element was paired to one channel of the ULA-OP 256 scanner so that it could be individually controlled both in transmission (TX) and in reception (RX).

The scanner software and firmware were modified to permit navigation in the volume of interest. B-mode images, taken on planes defined by a programmable rotational angle, are simultaneously displayed to locate non-isoplanar Doppler lines over the vessels of interest.

In the next paragraphs, the current implementation of the system is detailed.

2) Transmission

For both B-mode and Doppler imaging, the ULA-OP 256 is configured to transmit focused beams with programmable focal depth. No apodization is applied in TX since the spiral layout implemented density tapering. For each Doppler line, either tone bursts or linear frequency modulated (chirp) signals are used in TX to drive each active element with the same 35 V peak amplitude (see Fig. 2). The chirp is 5 µs long, linearly spans a band of 3 MHz centered at 3.7 MHz, and is tapered with a 10% Tukey window. In this way, the resulting -6dB signal bandwidth matches the probe bandwidth (2.7 MHz). The length of the chirp was chosen by considering a tradeoff among SNR gain, depth of the blind zone, and imaging artifacts [START_REF] Chiao | Coded excitation for diagnostic ultrasound: a system developer's perspective[END_REF]- [START_REF] Ramalli | Coded Spectral Doppler Imaging: From Simulation to Real-Time Processing[END_REF]. The tone burst, which is also used for B-mode imaging, includes 2.5 cycles of a sinusoid at 3.7 MHz. The burst is weighted by a Hamming window to obtain the same (-6dB) bandwidth and maximum amplitude of the linear chirp. The Bmode images are obtained by scanning 128 consecutive lines on 64°-wide sectors.

Fig. 3 shows sample one-way fields produced by the system when the tone bursts were transmitted and detected using the HGL008 hydrophone (Onda Corporation, Sunnyvale, CA, USA) moved in a water tank by a home-made 6-axis positioning system. Grating lobes are generally due to the sparsity of active elements, but those visible at x=3 mm on the xy-plane are due to the not connected rows of elements on the y-direction, see Fig. 1.

3) Reception

In RX, the echo signals received after each TX event are band-pass filtered (cut-off frequencies: 0.25 and 10.0 MHz), time gain compensated, and analog-to-digital converted at 78 MHz with 12-bit resolution. Then, they are dynamically beamformed with constant f-number (F# = 2) by the FPGAs onboard the ULA-OP 256. Finally, the beamformed signals are quadrature demodulated and downsampled by the available DSPs to produce up to 512 output samples. The downsampling factor can be adjusted by the user to cover the range of interest.

4) Matched filtering

The ULA-OP's DSPs are also in charge of applying matched filtering to the echo-data obtained in Doppler mode. In order to reduce the computational load, matched filtering is performed on baseband data and in the frequency-domain rather than in the time-domain [START_REF] Yoon | An efficient pulse compression method of chirp-coded excitation in medical ultrasound imaging[END_REF]. Baseband operation is not expected to produce any distortion since the chirp duration is limited to 5 µs and the active aperture is relatively small [START_REF] Misaridis | Use of modulated excitation signals in medical ultrasound. Part I: basic concepts and expected benefits[END_REF], [START_REF] Misaridis | Use of modulated excitation signals in medical ultrasound. Part II: design and performance for medical imaging applications[END_REF]. For each TX/RX event, pulse compression is thus achieved in 3 steps: 2) The resulting complex spectra are multiplied by the coefficients of the matched filter. The frequency response of this filter reproduces the complex conjugate spectrum of the TX signal. When needed, the amplitude response can be weighted by a window that partially mismatches the filter while reducing the side-lobes [START_REF] Chiao | Coded excitation for diagnostic ultrasound: a system developer's perspective[END_REF], [START_REF] Ramalli | A real-time chirp-coded imaging system with tissue attenuation compensation[END_REF], [START_REF] Misaridis | Use of modulated excitation signals in medical ultrasound. Part I: basic concepts and expected benefits[END_REF]. 3) Spectral data are transformed back to the time domain through a 1024-point inverse-FFT and the 512 valid output samples are made available for the next processing stages. It is worth noting that, for a fair comparison, matched filtering was applied to the data of both the tone burst and the linear chirp.

5) B-mode and Doppler processing

For B-mode imaging, the moduli of baseband complex data are computed and log-compressed before being transferred to the host PC. The data are finally scan-converted and displayed in grayscale by the PC real-time interface.

In MSD-mode, the slow-time, baseband, matched filtered samples corresponding to each of 512 different depths along the Doppler line, are FFT-processed by the DSP. The complex moduli of the spectra are then transferred to the host PC. Here they are displayed as color-scale images in which the horizontal axis corresponds to the Doppler frequencies and the vertical axis to the depth of the examined sample volume [START_REF] Tortoli | Toward a better quantitative measurement of aortic flow[END_REF].

The user can also select one of the MSD depths to simultaneously show the corresponding spectrogram as a colorscale image in which the horizontal axis corresponds to time and the vertical axis to the Doppler frequencies.

B. Experimental tests

Different TX/RX strategies, each dedicated to one of the experimental tests that are described in the following paragraphs, were implemented.

1) Assessment of SNR gain

In order to prove the effectiveness of real-time pulse compression in 3-D Doppler mode, experiments were conducted on a homemade flow phantom. This consisted of a straight, rigid, cylindrical tube immersed in a water tank and connected to a hydraulic circuit, through which a bloodmimicking fluid was pushed by a programmable peristaltic pump (Watson-Marlow, Falmouth, UK). Specifically:  The 70-cm long tube, having an inner diameter of 8 mm and 1-mm thick wall, was made of Rilsan ® (Arkema S.A., Colombes, France) -a polyamide and bioplastic member of the nylon family of polymers -characterized by an attenuation coefficient of 2dB/cm/MHz and sound propagation speed of 2600 m/s.  The blood-mimicking fluid consisted of 2.5 g of 10-μm particles of Orgasol ® (Arkema S.A., Colombes, France) -a polyamide powder -suspended in 2 liters of demineralized water with 1 g of surface-active agent for a uniform distribution of particles [START_REF] Ramnarine | Validation of a New Blood-Mimicking Fluid for Use in Doppler Flow Test Objects[END_REF].  The fluid flowed at a steady rate of 280 ml/min, from a reservoir into an expansion tank, then through the straight tube, and finally back to the reservoir. Acquisitions were repeated for 9 different directions of the Doppler line, corresponding to the combinations of the angles 0°, 8°, and 16° in both xz-and yz-plane.

During these tests, as sketched in Fig. 4, manual setting of the probe position was facilitated by two real-time B-mode images: the first one, reconstructed along the plane with 90° rotational angle, was used to intercept the cross-section of the tube; the second one, whose rotational angle was programmed to include the Doppler investigation line, was used to ensure a proper alignment between the tube axis and the focal depth of the Doppler line.

To allow comparing the Doppler SNRs achieved by using different TX signals, the ULA-OP 256 was programmed to interleave, at 1 kHz PRF, the following TX events:

1) Sinusoidal burst TX along a scan line of the B-mode image 1. 2) Linear chirp TX along the Doppler line. 3 Examples of experimental one-way fields produced by the 256-element sparse array. In the left panel, the beam was not steered and was acquired on the plane with rotational angle equal to 0°, i.e. the xz-plane. In the middle and right panels, the beam was steered by 8° on both lateral directions and was acquired on the plane with 45° rotational angle (center) and on a plane parallel to the probe surface at a depth of 25 mm (right).

3) Sinusoidal burst TX along a scan line of the B-mode image 2. 4) Sinusoidal burst TX along the Doppler line. Slow-time Doppler signals were acquired for an interval of 6 s. In this case, data were post-processed by a Matlab ® (The MathWorks, Natick, MA) script that replicates the real-time MSD processing implemented on the ULA-OP 256. The Doppler SNRs obtained with each of the two TX signals were computed as proposed in [START_REF] Ramalli | Coded Spectral Doppler Imaging: From Simulation to Real-Time Processing[END_REF]. Briefly, consecutive MSD frames were averaged so that smooth images, like those in Fig. 5, were obtained. Here, the region of the Doppler spectrum related to the flow (SROI), i.e. the region within the -6dB isolines, which includes 𝑛 spectra, was semi-automatically segmented. Once the position of the walls was manually pointed, an automatic algorithm fitted the borders of the -6dB isolines with a second-degree polynomial curve. The noise region (NROI) was selected in the upper portion of the image, covering 𝑛 =50 depths, where the flow was absent. The SNR was thus estimated as:

𝑆𝑁𝑅 = 10 log 𝑆 𝑁 • 𝑛 𝑁 𝑛 𝑆 (1) 
where S and N correspond to the total power measured in 𝑆 and 𝑁 , respectively. Finally, for each acquisition, the SNR gain (GSNR) was computed as the difference between the SNRs obtained with the chirp TX and with the sinusoidal burst TX, respectively.

2) MSD investigation along non-isoplanar lines

In order to prove the capability of assessing blood flow along lines located in different planes, an anthropomorphic phantom [START_REF] Lai | Design of Anthropomorphic Flow Phantoms Based on Rapid Prototyping of Compliant Vessel Geometries[END_REF] was used. Specifically, the phantom mimicked the bifurcation of the carotid artery with stenosis of the internal carotid artery (ICA). The phantom was inserted in the hydraulic circuit so that the carotid bifurcation lied parallel to the probe surface.

As sketched in Fig. 6, during these tests, two real-time Bmode images, crossing at the level of the common carotid artery (CCA), were shown: the first, coincident with the plane at 25° rotational angle, reproduced a longitudinal section including the origin of the external carotid artery (ECA); the second one, coincident with the plane with 0° rotational angle, reproduced a section including the ICA origin.

Two Doppler lines, both focused at ~30 mm depth, were set on the two imaging planes: line A intercepted the CCA, while line B was close to the origin of the ICA. The steering angles, on the xz-and yz-plane, were (𝜃 = -14.5°, 𝜃 = -6.9°) and (𝜃 = -8.6°, 𝜃 = 0.0°) for line A and B, respectively.

The ULA-OP 256 was here programmed to interleave, at 1 kHz PRF, the following TX events: Fig. 4 The reference system and the scanning planes used to facilitate the alignment of the probe with the straight tube. The probe was centered on the origin of the reference system. The first plane, with 90° rotational angle (blue), was used to intercept the cross section of the tube (yellow). The second plane (red), was used to ensure a proper alignment between the tube axis and the focusing point (black dot) of the (solid black) Doppler line, here steered at θxz= θyz=16°. Gray dotted lines represent the projection lines of the tube axis along the main planes.

B-mode images and MSD spectra were shown in real-time on the ULA-OP 256 software interface.

3) In vivo experiments

Two real-time B-mode images, which scan planes at different rotational angles, were made available to facilitate the probe positioning and to allow setting the direction of two Doppler lines during in vivo tests.

The ULA-OP 256 was thus programmed to interleave, at 3 kHz PRF, 6 TX events: In this interleaved mode, the mechanical index (MI), the thermal index for soft tissues at the surface (TISas), and the temperature rise at the probe surface (ΔT) were estimated. The MI was 0.12 and 0.10 for chirp and sinusoidal burst, respectively. The TISas was always lower than 0.01, while ΔT was 4°C, after a 30-minute continuous operation in still air. Then, preliminary acquisitions were performed on the carotid arteries of healthy volunteers.

III. RESULTS

1) Assessment of SNR gain

Fig. 5 shows two MSD images obtained by transmitting the sinusoidal burst and the linear chirp, respectively. The Doppler line was set at 𝜃 = 𝜃 = 16°. Qualitatively, the images do not show a significant difference in the spectrum shape. Also, both spectra show the same artifact due to the saturation of beamformed signals from the second wall of the plastic tube. However, an improved SNR is clearly achieved with pulse compression. Indeed, since both images were normalized to the respective overall maximum intensity, the noise level obtained with the chirp appears considerably lower than that of the sinusoidal burst. Equivalent results were obtained for all tested steering conditions and the estimated SNRs and GSNRs are summarized in TABLE I. On average (see the rightmost column), the estimated SNRs were 19.6 dB for the sinusoidal burst and 31.0 dB for the linear chirp, which corresponded to an average GSNR of 11.4 dB. The MSD profile (panel B) is parabolic-like also here but, compared to the one in panel A, it looks "full" since the Doppler angle was close to 90° [START_REF] Tortoli | Transverse doppler spectral analysis for a correct interpretation of flow sonograms[END_REF] and the spectral broadening was thus high. It is worth highlighting that, in this interleaved setting, a PRF=1 kHz corresponded to a Doppler sampling rate of 250 Hz, which was purposely adapted to get as close as possible to the aliasing limit on panel A and, hence, to exploit the whole available Doppler band.

2) MSD investigation along non-isoplanar lines

3) In vivo experiments

Fig. 8 shows two examples of the ULA-OP 256 interface frozen during real-time operation on healthy volunteers, which were extracted from the supplementary accompanying video clips. In these examples, the bi-planar B-mode volume rate, limited by the PRF (3 kHz), the number of interleaved transmission events [START_REF] Jensen | History and Latest Advances in Flow Estimation Technology: From 1-D in 2-D to 3-D in 4-D[END_REF], and the number of lines per frame (128), was 3.9 Hz, which is quite low but sufficient to support probe positioning. On the other hand, the update rate of MSD profiles was arbitrarily set to 40 Hz, which is high enough for real-time display, but, considering the computational power of the DSP, it could have been increased up to hundreds of Hz.

In the first example , Fig. 8 left, the delta between the rotational angles of the two B-mode images was set to 90°. In this way, the longitudinal and the cross-section of the CCA were scanned. The Doppler line A was steered by 10° within plane A, while line B was set perpendicular to the probe surface.

Both MSD profiles have an M-like shape, which is typical during late systole [START_REF] Tortoli | Interaction between secondary velocities, flow pulsation and vessel morphology in the common carotid artery[END_REF]. In panel B, in particular, a strong clutter from the walls is visible and the spectra look "full", down to 0 Hz, as usual when the Doppler angle is close to 90°. Vice versa, the profiles along the Doppler line A show a wider spectral window, as expected at a lower Doppler angle.

In the second example , Fig. 8 right, the delta between the rotational angles of the two B-mode images was set to 60°. To simulate a non-optimal positioning of the probe, it was slightly shifted with respect to the axis of the CCA, but both Doppler lines were roughly focused on the CCA axis. The two B-mode images show two cross-sections of the CCA, which take the form of ellipses. Both MSD profiles have a parabolic-like shape, as expected during diastole, and show a strong wall clutter. Moreover, they have opposite Doppler shifts: negative along line A and positive along line B, as expected from the schematic view sketched in Fig. 8 center-bottom. Finally, also in this case, both the MSD profiles and the sonograms are "full", due to the almost 90° Doppler angles.

IV. DISCUSSION AND CONCLUSION

In this article, we have presented the first system capable of performing real-time spectral Doppler from any of the points in the volume, scanned by a 2-D spiral array. The system was based on the ULA-OP 256 research scanner and on a prototype spiral probe, designed by selecting 256 elements from a 1024element gridded array. The MSD modality, which represents an extension of classic PW Doppler to multiple aligned sample volumes, has been implemented. We also tested the effectiveness of coded transmission and pulse compression in reception to compensate for the low achievable SNR due to the limited number of elements.

The performance of the system was quantitatively assessed on experimental data acquired from flow phantoms based either on a straight tube and on an anthropomorphic phantom of the CCA. Finally, for a qualitative assessment of the system performance in-vivo, real-time images were collected on healthy volunteers.

Different interleaving sequences, depending on the application of interest, were implemented. For example, the TX sequence for B-mode imaging was interleaved with the transmission of: (1) different Doppler pulses (i.e. a sinusoidal burst and a linear chirp) along the same investigation line, for SNR assessment; (2) chirp Doppler pulses along investigation lines within different scan planes, for a qualitative blood flow assessment in the anthropomorphic phantom and in-vivo. Together with the two B-mode images, used to facilitate probe positioning, two MSD profiles with (Fig. 8), or without (Fig. 7) the spectrograms from selected depths were simultaneously displayed. This capability could be used to observe the flow dynamics along non-isoplanar Doppler lines, e.g. to simultaneously assess the flow before and after a stenosis, an aneurysm, or an aortic stent. Also, it could facilitate the examination of tortuous arteries: the bi-plane scan could ease the optimal probe positioning and the rapid, real-time, setting of the direction of the Doppler lines of interest. [START_REF] Ph | Doppler ultrasound: physics, instrumentation, and signal processing[END_REF][START_REF] Grant | Carotid Artery Stenosis: Gray-Scale and Doppler US Diagnosis-Society of Radiologists in Ultrasound Consensus Conference[END_REF] and MSD profiles (A, B) were obtained as described in the schematic view of the carotid bifurcation phantom in Fig. 6. The dynamic range of B-mode images was 30dB, while that of MSD profiles was 24dB.

In [START_REF] Mattesini | Spectral Doppler Measurements With 2-D Sparse Arrays[END_REF] it was experimentally demonstrated, through off-line calculations, that the use of sparse, rather than full arrays, neither affects the shape nor the mean frequency of the Doppler spectrum, but it impairs the SNR. The results presented in this work have shown the effectiveness of pulse compression in SNR enhancement. Specifically, the use of a linear chirp [START_REF] Ramalli | Coded Spectral Doppler Imaging: From Simulation to Real-Time Processing[END_REF], instead of a sinusoidal burst, has brought to an SNR increase of 11.4 dB (see TABLE I), which was quite stable (standard deviation equal to 0.6 dB) for all tested steering angles. Also, in the tested conditions (B = 2.7 MHz, T = 5µs), the average SNR increase resulted in 11.3 dB, very close to the theoretical value (10 log (𝐵 • 𝑇)) [START_REF] Misaridis | Use of modulated excitation signals in medical ultrasound. Part I: basic concepts and expected benefits[END_REF]. Such gain partially compensated the limited SNR associated with the use of a reduced number of elements (here 256) typical of sparse arrays. Considering that any possible doubling of such number is expected to increase the SNR by 9 dB (6 in TX and 3 in RX) [START_REF] Mattesini | Spectral Doppler Measurements With 2-D Sparse Arrays[END_REF], the pulse compression gain here allowed obtaining a performance better than that achievable with 512 elements excited by standard pulses. In pulsed wave Doppler applications, the SNR could also be increased by exploiting long, narrowband pulses, with conflicting implications on transit time and velocity gradient broadening, respectively. Nevertheless, lengthening the pulses is not advisable in applications where the range resolution is important, e.g. in multi-gate spectral Doppler and color flow imaging. Pulse compression thus represents a good means to achieve high SNR while using wideband, i.e. high resolution, signals.

Even if, in general, the transmission of long linear chirp signals for extended exposure times might rise thermal effects [START_REF] Ramalli | Coded Spectral Doppler Imaging: From Simulation to Real-Time Processing[END_REF], on both probe and skin surfaces, this did not happen in our tests. The relatively low excitation voltage (±35 V) and the sparse distribution of the active elements most likely facilitated heat dissipation. Therefore, the excitation voltage could be further increased, but in our case, we preferred to stay below the maximum voltage limit (±45 V) suggested by the probe manufacturer.

In this paper, a sparse spiral array was associated with a 256channel research system to detect, in real-time, the flow profiles along non-isoplanar investigation lines in phantom (Fig. 7) and in vivo (Fig. 8). The profiles, as expected, show different shapes, depending on the Doppler angle and investigated region. In vivo, in particular, although tissue attenuation further impaired the SNR, the sonograms and the profiles exhibited the expected spectral windows and the same physiological trend that can be observed with linear arrays [START_REF] Tortoli | Interaction between secondary velocities, flow pulsation and vessel morphology in the common carotid artery[END_REF].

All benefits and limitations of 2-D spectral Doppler can be extended to 3-D. For example, quantitative information on blood flow velocity could be, to some extent, obtained through simple angle correction or through vector flow imaging techniques that exploit either the Doppler bandwidth [START_REF] Newhouse | Three-dimensional vector flow estimation using two transducers and spectral width[END_REF], [START_REF] Tortoli | Accurate Doppler angle estimation for vector flow measurements[END_REF], multiple transmission/reception beams [START_REF] Ricci | Real-Time Blood Velocity Vector Measurement Over a 2-D Region[END_REF], [START_REF] Overbeck | Vector doppler: Accurate measurement of blood velocity in two dimensions[END_REF], [START_REF] Dunmire | Cross-beam vector Doppler ultrasound for angle-independent velocity measurements[END_REF], or speckle tracking [START_REF] Holbek | 3-D Vector Flow Estimation With Row-Column-Addressed Arrays[END_REF], [START_REF] Rossi | High-Frame-Rate 3-D Vector Flow Imaging in the Frequency Domain[END_REF].

The results also highlight some limitations of the current system. The MSD images in panels A, B of Fig. 7, present secondary profiles whose depth and frequency are slightly shifted with respect to the main Doppler profile. These profiles can be attributed to the characteristics of the transmitted fields, which, in addition to the main steered beam, also show relatively high (up to -20dB) grating lobes, as visible in Fig. 3. Furthermore:

1) The probe characteristics were not ideal for the investigation of superficial vessels: the central frequency was too low and the aperture size too small (<1 cm) to achieve good spatial resolution.

2) The relatively wide elements and the big average pitch limit the probe steering capability, in terms of reduced sensitivity and increased grating lobe level, respectively. This, in turn, limits the effective size of the region of interest.

3) The navigation system based on two B-mode images, although capable of working at reasonably high frame rates, does not facilitate the detection of the vessels of interest, as a full 3-D rendering could do. For clinical examinations of shallow vessels, wider apertures, linear scans, and higher frequencies would be preferable. The presented configuration might be suitable for the investigation of the carotid artery or the jugular vein as well as for echocardiography [START_REF] Ramalli | High-Frame-Rate Tri-Plane Echocardiography With Spiral Arrays: From Simulation to Real-Time Implementation[END_REF] and abdominal vascular applications. Nevertheless, to make the system suitable for clinical tests, the following features should be included:

1) Integration of in-probe pre-amplifiers to further improve the SNR and penetration depth [START_REF] Boni | On the efficacy of in-probe pre-amplifiers for piezoelectric 2D arrays[END_REF]. 2) A better navigation system, which could include a Cmode display and, possibly, an automatic system to determine the rotational angles of the imaging planes, adapting them to the specific anatomy of the subject (e.g. based on machine learning [START_REF] Østvik | Real-Time Standard View Classification in Transthoracic Echocardiography Using Convolutional Neural Networks[END_REF]). In conclusion, considering the above aspects, the results of this paper are really encouraging and confirm that sparse arrays are a feasible option for the implementation of 3-D imaging/Doppler systems. At a relatively cheap cost, they may allow physicians to simultaneously assess the dynamics of blood flow within an entire volume of interest, at a high temporal resolution, and on multiple non-isoplanar directions simultaneously. Moreover, the 3-D morphological view will provide more degrees of freedom and less room for errors in probe positioning.
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 1 Fig. 1 Layout of the special version of the Vermon matrix array probe. Each selected element (black) was paired to one channel of the ULA-OP 256 scanner.

Fig. 2

 2 Fig.2The excitation signals (left panels) and their power spectra (right panel). On the left panels, the dashed gray lines represent the envelope of the tapering windows.
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 1 Up to 512 (fast-time) beamformed, quadrature demodulated, and downsampled data are transformed, after zero-padding, to the frequency domain through a 1024-point Fast Fourier Transform (FFT).
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  Fig.3Examples of experimental one-way fields produced by the 256-element sparse array. In the left panel, the beam was not steered and was acquired on the plane with rotational angle equal to 0°, i.e. the xz-plane. In the middle and right panels, the beam was steered by 8° on both lateral directions and was acquired on the plane with 45° rotational angle (center) and on a plane parallel to the probe surface at a depth of 25 mm (right).

1 )

 1 Sinusoidal burst TX along a scan line of the B-mode image 1. 2) Linear chirp TX along the Doppler line A. 3) Sinusoidal burst TX along a scan line of the B-mode image 2. 4) Linear chirp TX along the Doppler line B.

Fig. 5

 5 Fig. 5 Examples of averaged MSD images highlighting the regions of the Doppler spectrum related to the flow (SROI) and to the noise (NROI). The examples refer to the case with 𝜃 = 𝜃 = 16°. On top, the MSD image obtained with the sinusoidal burst; on bottom, the one obtained with the linear chirp.

1 )

 1 Sinusoidal burst TX along a scan line of the B-mode image 1. 2) Linear chirp TX along the Doppler line A. 3) Linear chirp TX along the Doppler line B. 4) Sinusoidal burst TX along a scan line of the B-mode image 2. 5) Linear chirp TX along the Doppler line A. 6) Linear chirp TX along the Doppler line B. B-mode images, MSD profiles, and spectrograms from a selected depth were shown in real-time on the ULA-OP 256 software interface.

Fig. 7

 7 reports a screenshot of the ULA-OP 256 interface obtained during experiments conducted on the carotid artery bifurcation phantom. The sector sketched in Fig. 6 is here shown as a B-mode image in Panel 1. It reproduces a region from the origin of the ECA (on the left) to the bulb in the CCA (on the right). Correspondingly, a slight increase in the vessel diameter can be observed. The (red) Doppler line here intercepted the beginning of the CCA bulb, producing MSD profiles like the one in panel A, showing a parabolic-like shape in the direction of positive Doppler shifts. The B-mode sector shown in Panel 2 reproduces the phantom from the origin of the ICA (on the center-left) to the external wall of the CCA (on the center-right). The (yellow) Doppler line was steered on the origin of the ICA just before the stenosis.

Fig. 6

 6 Fig. 6 Schematic view of the carotid bifurcation phantom, placed parallel to the probe surface at roughly 30-mm depth. B-Mode images were obtained along planes 1 and 2. Doppler lines were steered along directions A and B.

Fig. 7

 7 Fig.7Screenshot of the ULA-OP 256 interface during real-time operation. B-Mode images (1, 2) and MSD profiles (A, B) were obtained as described in the schematic view of the carotid bifurcation phantom in Fig.6. The dynamic range of B-mode images was 30dB, while that of MSD profiles was 24dB.

Fig. 8

 8 Fig.8Two examples of the ULA-OP 256 interface during real-time in-vivo operation on the common carotid artery of healthy volunteers (left and right). B-Mode images (1, 2), MSD profiles and related sonograms (A, B) were obtained as described in the schematic views (center), where the common carotid artery is sketched as a gray cylinder. The dynamic range of B-mode images was 30 dB, while that of MSD profiles was 24 dB.

TABLE I

 I 

					ESTIMATED SNR AND GSNR					
		𝜽 𝒙𝒛		0°			8°			16°		Avg±Std
		𝜽 𝒚𝒛	0°	8°	16°	0°	8°	16°	0°	8°	16°	values
	SNR [dB]	Sinusoidal burst Linear chirp	19.5 30.4	20.0 31.6	18.8 29.9	21.9 33.2	20.9 32.3	19.2 30.4	19.9 31.1	18.8 31.6	17.2 28.6	19.6±1.3 31.0±1.4
	GSNR [dB]	10.9	11.6	11.1	11.3	11.4	11.2	11.2	12.8	11.4	11.4±0.6