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Abstract 
In the field of quantitative ultrasound (QUS), evaluation of tissue-anisotropy plays a key role in 
the description of the tissue microstructure. Several studies have been conducted to 
parameterize the tissue-anisotropy by measuring the angular dependence of the backscatter-
coefficient. The seminal works were carried out by using a single element transducer, and 
more recent ones using ultrasound linear array probes. However, the performance of the probe 
imposes a limit for the maximal angle to which measurements can be performed.  For instance, 
the element directivity and cross-talk are probe features that affect the probe performance, 
independently of the imaging strategy used, either the focused beam steering or the plane 
wave imaging. In this work we present a comparative analysis between a Capacitive 
Micromachined Ultrasonic Transducer (CMUT) probe and a commercial piezoelectric probe, 
in which the BSC is measured using the focused beam steering imaging strategy on an 
isotropic tissue-mimicking phantom along different beam steering angles. The results show 
that the CMUT probe exhibits better performance than the piezoelectric probe in terms of larger 
usable bandwidth and wider angular range in which the BSC measurements can be performed. 
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I. Introduction 
Quantitative ultrasound (QUS) techniques based on the parameterization of the backscatter 
coefficient (BSC) [1,2] are now routinely used in tissue characterization. A scattering model is fit 
to the estimated BSC and the fit parameters can provide a meaningful description of the tissue 
microstructure (i.e., scatterer size, shape, scattering properties and spatial organization). Most 
of QUS approaches assume that the tissue under characterization is homogeneous and 
isotropic [3,4]. However, some biological tissues, such as flowing aggregating blood [5,6], bicep 
muscles [7] and myocardium [8] show angle-dependent acoustic properties (BSC and/or 
attenuation coefficient). Garcia-Duitama [6] and Guerrero [7] recently proposed anisotropic QUS 
parameters by using reference phantom method to compensate for the electromechanical 
system response when performing plane wave imaging beamforming or conventional focused 
beam steering with a linear array. One of the limitations remains the maximum angle to which 
the BSC measurements can be performed, which is defined by the probe steering capability 
that depends on element directivity (array design) and cross-talk noise (technology). In this 
work, a performance comparison is carried out between a Capacitive Micromachined 
Ultrasonic Transducer (CMUT) probe and a piezoelectric probe to measure the BSC from an 
isotropic tissue-mimicking phantom using the focused beam steering imaging strategy. Then 
the spectra and BSC results for different beam steering angles are compared. 
 
II. Methodology 
II.1 Tissue-mimicking phantoms 
Two tissue-mimicking phantoms consisting of embedded polyamide particles in an agar-agar 
gel background were used in this study. The tissue-mimicking phantom to be characterized( 
referred as the sample) contains 11 µm -diameter polyamide particles (orgasol 2001 EXD NAT 
1, Arkema, France) with longitudinal speed of sound 𝑐" = 1505.6𝑚/𝑠 and power-law 
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attenuation coefficient 𝛼" = 0.0155dB/cm/𝑀𝐻𝑧4 with b=1.57, whereas the reference tissue-
mimicking phantom contains 6 µm -diameter polyamide particles (orgasol 2001 UD NAT 1, 
Arkema, France) with longitudinal speed of sound 𝑐567 = 1504.5𝑚/𝑠 and power-law 
attenuation coefficient  𝛼567 = 0.0214dB/cm/𝑀𝐻𝑧4 with b=1.34. 
 
II.2 Experiments 
The ultrasound open scanner ULA-OP [9] was used to drive the ultrasound probe and collect 
ultrasound radio-frequency (RF) data. The probe was excited with a one-cycle sinusoidal burst 
at 10 MHz. In transmission, the beam steering angles were varied from -30º to 30º in steps of 
5º, by keeping the focusing depth at 15 mm and using an aperture of 32 elements. In reception, 
dynamic receive beamforming was performed to each transmitted beam steering, using an 
aperture of 64 elements and a f-number of 1.18. The probe was placed at 10 cm from the 
tissue-mimicking phantom interface and raw RF data for all the beam steering angles were 
acquired from 10 uncorrelated frames of RF echo signals for both tissue-mimicking phantoms. 
The experiments were carried out by using two linear probes, the piezoelectric probe LA435 
(ESAOTE, Florence, Italy) (fc=11 MHz, pitch=0.2 mm), and the HF3 CMUT [10] prototype probe 
(fc =9.5 MHz, pitch=0.2 mm). The raw RF data were then post-processed by using the 
MATLAB software. 
 
II.2 Spectral parameter estimation 
For each acquired B-mode frame, a region-of-interest (ROI) was selected around the focal 
zone. The ROIs corresponded to 100 echo lines laterally and 27 wavelengths axially, gated 
with a rectangular window. Each ROI provides an estimated power spectrum, which is 
computed by averaging the squared fast Fourier transform of all the echo-lines in the ROI. 
Then the power spectra from the ROIs is averaged to obtain the spectrum used to compute 
the BSC. The BSC was then estimated using the reference phantom method [11], for which the 
power spectra of the sample and of the reference phantom,  𝑆";(𝜃, 𝑓) and 𝑆567; (𝜃, 𝑓), are 
estimated from backscattered data obtained using the same imaging settings to compensate 
the system-dependent effects. The  𝐵𝑆𝐶 is estimated as 
 

𝐵𝑆𝐶"(𝜃, 𝑓) = 𝐵𝑆𝐶567(𝑓)
CDE(F,7)
CGHI
E (F,7)

𝑒KLM(ND(7)ONGHI(7)),  
(1) 

where 𝜃 is the transmitted and received beam steering angle, and  𝑧P is the depth of the ROI. 
The last term in Eq. (1), i.e. the exponential function, compensates for attenuation effects. The  
𝐵𝑆𝐶567(𝑓) is the known BSC of the reference given by Eq. (2) in Franceschini et.al. [12] using 
the Faran model [13]. 
Finally, the integrated backscatter coefficient (iBSC) was computed as 
 

𝑖𝐵𝑆𝐶(𝜃) = R
ST ∫ 10𝑙𝑜𝑔RY(𝐵𝑆𝐶(𝜃, 𝑓))𝑑𝑓ST ,  

(2) 
where BW corresponds to the analyzed bandwidth.  
 
III. Results and discussion 
Figure 1 shows the power spectra of the sample using both piezoelectric and CMUT probes 
for different beam steering angles. The piezoelectric probe has 73% -6dB fractional bandwidth 
centered at fc=11 MHz. The CMUT probe shows a broader bandwidth, i.e., 84% bandwidth 
centered at fc=9.5 MHz, with respect to the piezoelectric probe, as demonstrated in different 
studies [10]. In addition, the power spectra from the CMUT probe are symmetrical with respect 
to the center frequency fc, for all the considered beam steering angle, whereas, the power 
spectra from the piezoelectric probe exhibit distortion that increases as the beam steering 
angle increases. This frequency distortion may come from 1) the high ultrasonic pressure 
produced by the piezoelectric probe (in comparison with the CMUT probe) that produces 
nonlinear distortion of the ultrasound signal, and/or 2) the alteration of the beam pattern as 
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reported by Ramalli et al. [14]. When using piezoelectric probes, Ramalli et al. [14] demonstrated 
that the cross-talk between neighbor elements produce beam deformation, accompanied by 
the reduced beam steering angle. Further studies need to be conducted to deeply investigate 
the origin of the observed frequency distortion. 
 

 
Figure 1. Power spectra for different beam steering angles for both piezoelectric and CMUT probes. The dashed 

represents the -6dB bandwidth. 

Figure 2 presents the BSC obtained from both piezoelectric and CMUT probes for different 
beam steering angles. For both probes, there is a good agreement between the BSC curves 
whatever the studied beam steering angles. When considering the piezoelectric probe, no 
impact due to the power spectra distortion observed in Fig. 1 is observed on the BSC curves. 
These results suggest that the reference phantom technique allows to compensate for the 
frequency distortion. However, the acoustic properties (sound speed, attenuation, nonlinear 
B/A parameter) from the reference and sample phantoms are very similar. We should verify 
that the compensation for the frequency distortion is still efficient when the properties of the 
reference phantom (especially the nonlinear B/A parameter) differs from the sample. 
 

 
Figure 2. Frequency-dependent BSCs for different beam steering angles for both piezoelectric and CMUT probes. 

 
Figure 3. The integrated backscatter coefficient versus beam steering angles for two different bandwidths 8-

13MHz and 7-14MHz.  

Figure 3 presents the iBSC as a function of the beam steering angle for two different 
bandwidths: 8-13 MHz and 7-14 MHz. The maximal difference in the iBSC is about 0.5 dB. 
This result agrees well with the averaged normalized backscattered power difference 
(mBSPD≈0.41 dB) measured from an isotropic tissue-mimicking phantom (see Guerrero et 
al.[7], Fig. 8). Given that measurements were taken from an isotropic phantom, the same value 
for all the beam steering angles is expected in the iBSC. Similar iBSC values were obtained 
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for all the beam steering angles ranging from -30° to 30° (with difference less than 0.15 dB) for 
the CMUT probe and for the beam steering angles ranging from -15° and 15° (with difference 
less than 0.6 dB) for the piezoelectric probe. 
 
IV. Conclusion 
We have compared the performance of CMUT and piezoelectric probes to measure the BSC 
from an isotropic tissue mimicking phantom using the beam steering approach. For beam 
steering angles ranging from -15º to 15º, both CMUT and piezoelectric probes present similar 
iBSC values for the two analyzed bandwidths 8-13 MHz and 7-14 MHz. For wider steering 
angles, the iBSC was more accurately estimated with the CMUT probe. Moreover, the CMUT 
probe presents a wider usable bandwidth in comparison with the piezoelectric probe. The 
results of this analysis allows us to conclude that the typical features of CMUT probes, i.e. 
large bandwidth and low crosstalk, offer advantages over piezoelectric probes in measuring 
the BSC, which can be exploited either to perform conventional on-axis BSC measurements, 
as well as BSC measurements in wide angular ranges. 
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