
  

  

Abstract— In this paper, the recently developed method of, 

Filtered Delay Euclidian-Weighted Multiply and Sum (F-

DewMAS), is newly investigated for Conventional Focused 

Beamforming (CFB) technique. The performance of F-

DewMAS method was compared with the established Delay and 

Sum (DAS) method and the popular non-linear beamforming 

method of F-DMAS. The different methods of F-DewMAS, F-

DMAS, and DAS were compared in terms of the resulting 

image quality metrics, Lateral Resolution (LR), Axial 

Resolution (AR), Contrast Ratio (CR) and contrast-to-noise 

ratio (CNR), in experiments on Nylon point scatterer and CIRS 

Triple modality Abdominal phantoms. Experimental results 

show that F-DewMAS resulted in improvements of AR by 

35.56% and 25.33%, LR by 42.97 % and 31.05 % and CR by 

119.94% and 61.46% compared to those obtained using DAS 

and F-DMAS, respectively. The CNR of F-DewMAS is 46.33 % 

more compared to F-DMAS. Hence, it can be concluded that 

the image quality is improved appreciably by F-DewMAS 

compared to DAS and F-DMAS.  

 
Keywords— Apodization, Beamforming, Contrast Ratio, 

CNR, DAS, DMAS, Euclidian, F-DMAS, Hanning, Resolution, 

Ultrasound. 

 
Clinical Relevance—The developed method can improve the 

resolution and contrast of the image, which results in better 

visualization of finer details and thus may aid in better 

diagnosis. 

I. INTRODUCTION 

ULTRASOUND (US) imaging is widely used for clinical 
applications as it is a safe and real-time modality. The 
beamformer is one of the most essential units of the US 
machine, which majorly affects the final reconstructed image 
quality. The primary purpose of the beamformer is to achieve 
a narrow main lobe with reduced side lobes since the 
resolution is related to the width of the main lobe, and 
contrast is related to the level of side lobes [1]. However, it is 
difficult to achieve both of them simultaneously, due to the 
trade-offs involved. One of the important steps during the 
process of beamforming is ‘Apodization’, where the delayed 
raw RF data is multiplied with weights, which reduces the 
side lobes with a slight increase in the width of the main-
lobe, thereby, either improving or achieving desirable final 
reconstructed image quality [2]. In the literature, several 
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works report the effect of different window functions (for 
example, Hanning, Hamming and Tukey, etc.) on the final 
reconstructed image quality [2-4]. Also, some works are 
reported on dual-apodization strategies, which tried to 
address the trade-offs in the main lobe and side lobe to 
further improve the final image quality [5, 6]. Further, 
adaptive and coherence-based beamformers were proposed, 
which change the weights for the receive aperture 
dynamically based on the received data statistics, or utilize 
spatial coherence to improve the image resolution, but with 
an increased computational complexity [7-11]. 

Recently, a non-linear beamforming method was 
proposed, called as Filtered Delay Multiply and Sum (F-
DMAS), which utilized combinatorial processing to improve 
the quality of the final reconstructed image [12, 13]. In 
addition, several methods have been proposed to improve the 
F-DMAS methodology like, Double stage DMAS, Base 
Band DMAS (BB-DMAS), sDMAS, p-DAS [14-18]. Most 
recently, a weighted non-linear beamformer was proposed, 
namely, Filtered Delay weight Multiply and Sum (F-
DwMAS) which utilized the advantages of both, Non-linear 
beamforming and apodization [19-23]. In F-DwMAS window 
coefficients raised to a certain power (‘r’) are multiplied to 
the delayed raw RF data before the process of combinatorial 
processing, which resulted in the improvement of resolution 
and contrast of the final reconstructed image for synthetic 
aperture based techniques [19-20]. However, F-DwMAS 
needs prior calibration for a new excitation technique, which 
is a disadvantage. To overcome this problem, Filtered Delay 
Euclidian weighted Multiply and Sum (F-DewMAS) was 
proposed and evaluated in the context of Synthetic Aperture 
Technique [21]. In this paper, we are newly implementing F-
DewMAS beamformer for Conventional focused 
beamforming (CFB) to study the improvement in the final 
reconstructed image quality, viz-a-viz, the established Delay-
and Sum and the recent non-linear beamformer of F-DMAS.   

II. MATERIALS AND METHODS 

A. Linear (DAS) and Non-linear (F-DMAS) beamforming 

methods: 

In DAS beamforming, in order to reconstruct a point in 
the medium, the raw RF data acquired over the receive 
aperture is delayed to make them in phase and summed, 
whereas, in DMAS, it is combinatorially coupled and 
multiplied before being summed [12]. Equation (1) and (2) 
give the final beamforming equations of DAS and DMAS, 
respectively.  

DAS(t) = ∑ 𝑤𝑖(𝑡)𝑑𝑖(𝑡)                              (1) 

𝑛

𝑖=1
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DMAS(t) = ∑ ∑ 𝑑𝑖(𝑡)𝑑𝑗(𝑡)                        (2)

𝑛

𝑗=𝑖+1

𝑛−1
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where, di(t) and di(t) are the delayed RF signals received 
by the ith and jth transducer elements, wi(t) is the apodization 
window coefficient multiplied to di(t), and n is the number of 
transducer elements in receive aperture.  

Further additional steps of sign preservation, 
dimensionality reduction and bandpass filtering were 
introduced in DMAS to develop filtered DMAS (F-DMAS) 
[12].  

B. Euclidian-Weighted Non-linear (F-DewMAS) 

beamforming method: 

In the recently proposed Filtered Delay Euclidian-weighted 
Multiply and Sum (F-DewMAS) beamforming method, an 
extra stage of weighting is introduced after the delay stage. In 
F-DewMAS, the combinatorial combinations of the window 
coefficients obtained after the multiplication stage are raised 
to the power of ‘Euclidian distance’ [21]. In general, these 
operations can be mathematically represented as in (3). The 
sign of the signal is preserved in (4), while (5) gives the final 
beamforming equation for F-DewMAS. 

𝑥(𝑖, 𝑗) = 𝑑(𝑖)𝑑(𝑗)(𝑤(𝑖)𝑤(𝑗))
|𝑖−𝑗| 

              (3) 

𝑦(𝑖, 𝑗) = 𝑠𝑖𝑔𝑛(𝑥(𝑖, 𝑗)). √|𝑥(𝑖, 𝑗)|                   (4) 

𝐷𝑒𝑤𝑀𝐴𝑆(. )  = ∑ 𝑦(. )                         (5)

𝑛2−𝑛
2
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where, d(i) and d(j) are the delayed RF signals received by 
the ith and jth transducer elements, respectively. x(i,j) is the 
weighted combinatorially coupled data, y(i,j) preserves the 
sign and finds the square root x(i,j) 

All the other beamforming parameters, like apodization, 
F-number, etc., are explained in detail in reference [21]. Also, 
a further detailed explanation of F-DewMAS beamforming 
method can be found in reference [21]. In this paper, Hanning 
was chosen as the window function without loss of 
generality; however, one can select any other window 
functions as well.  

The filters applied for the various methods are listed in 
Table I, along with the cut-off frequencies, where the 
transmit frequency was 9.5 MHz.   

TABLE I.  FREQUENCY CUT-OFFS OF THE BP-FILTER WINDOWS FOR 

VARIOUS METHODS  

METHOD Pre-filter on RF 
signals 

Post-filter after 
beamforming 

DAS 5-14 MHz 5-14 MHz 

F-DMAS 5-14 MHz 8-26 MHz 

F-DewMAS 5-14 MHz 8-26 MHz 

 

 

 

The pre-filter cut-offs are chosen based on the transducer 
Bandwidth. Whereas, the Post-filter frequencies are selected 
in order to attenuate the DC and higher frequency 
components, while keeping the one centered at ‘2×center 
frequency’ almost unaltered [12]. The post-filters were 
applied to the interpolated data since the sampling frequency 
was 40 MHz. 

 

C. Experiments: 

Experimental data were acquired with SonixTouch Q+ 
(Analogic Corporation, USA) Scanner using L14-5/38 
transducer operating at 9.5 MHz sampled at 40 MHz. To 
perform the resolution study, a wire phantom was constructed 
and imaged. This phantom used a set of 12 wires made of 
Nylon having a diameter of 0.1 mm each. The wires were 
arranged in two columns along the depth, each column 
having 6 of them. This complete setup was immersed in a 
water bath and the cross-section of the wires was imaged. 
The image contrast was evaluated in experiments on 
commercially available ‘Triple Modality 3D Abdominal 
Phantom (Model 057A)’ (CIRS, USA) 

D. Evaluation Metrics: 

Axial Resolution (AR) and Lateral Resolution (LR) were 

estimated as the FWHM value (-6 dB) from the axial and 

lateral profile across the point scatterer, respectively. The 

Contrast Ratio (CR) and Contrast to Noise Ratio (CNR) 

were computed using (6) and (7), respectively, from a 3 mm 

x 3 mm square region of interest. CR and CNR were 

computed on post filtered beamformed data before log 

compression.  

CR =  20 log10 (
𝜇𝑡

𝜇𝑏

)                                   (6) 

CNR =
|𝜇𝑡 − 𝜇𝑏|

√σt
2 + σb

2
                                    (7) 

where, 𝜇𝑡 and 𝜇𝑏 are the mean values of target and the 

background respectively,  σt
2 and σb

2  are the corresponding 

variance. 

III. RESULTS AND DISCUSSION 

Fig. 1 shows the B-mode images from experiments 
performed on a phantom containing Nylon wire targets 
immersed in water. The images obtained using the different 
reconstruction methods of DAS, F-DMAS, and F-DewMAS 
are compared. It can be observed that the spread of the points 
in the images reconstructed using F-DewMAS is less 
compared to DAS and F-DMAS. In particular, the 
improvement is significant, both in lateral and axial 
directions, in the case of F-DewMAS due to the effect of 
weighting methodology.  
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Fig. 1. B-mode images of the Nylon wire phantom immersed in water 

reconstructed using (a) DAS, (b) F-DMAS and (c) F-DewMAS, for data 

acquired using CFB technique. 

Fig. 2 shows the mean and standard deviations of the 

estimated AR and LR from the point scatterers located along 

the depth (for both points at that depth) for twelve 

independent experimental renditions, thus corresponding to 

24 values. From Fig. 2 (a), it can be observed that AR of F-

DewMAS is better compared to DAS and F-DMAS. From 

Fig. 2 (b), it can also be observed that the LR of F-DewMAS 

is also better compared to all other methods, especially, the 

improvement is more at greater depths. The reason for the 

improvement in the LR values at greater depths is due to the 

effect of added weighting, which reduces the contributions 

of the undesired signals to the spread of the point, which is 

indirectly related to the signal-to-noise ratio (SNR) levels. 

Also, Euclidian-based weights are further responsible for the 

reduction in the spread, which gives more weightage to the 

combinations that have more spatial correlation over others, 

thus improving the resolution.  

 

Fig. 2. Bar plots of (a) AR and (b) LR estimated from the experiments done 

on twelve Nylon wire targets located at different depths for various 

reconstruction methods.  

Fig. 3 shows the B-mode images obtained from 

experiments on CIRS Abdominal phantom. We can observe 

that the cyst and the blood vessels are better contrasted with 

respect to background and are clearly visible with reduced 

noise levels in the images reconstructed with F-DewMAS, as 

compared with those obtained using DAS and F-DMAS. 

 

 
Fig. 3. B-mode images of CIRS Abdominal phantom reconstructed using 

(a) DAS, (b) F-DMAS and (c) F-DewMAS, for data acquired using CFB 

technique. 

Fig. 4 shows the mean and standard deviation of the 

estimated CR and CNR of cyst and blood vessels present 

along the depth from twelve independent experimental 

renditions. It can be observed from Fig. 4 (a) that F-

DewMAS have better CR compared to DAS and F-DMAS. 

It can be observed from Fig. 4 (b) that F-DewMAS has a 

CNR comparable to DAS, but it is better than that from F-

DMAS. 

 

Fig. 4.  Bar plots of (a) CR and (b) CNR obtained from the cyst and blood 

vessels located at different depths in the CIRS Abdominal phantom for 

various reconstruction methods is shown.  

Results from experiments on phantoms show that, for the 

CFB technique, the F-DewMAS resulted in improvements of 

AR by 35.56 % and 25.33%, LR by 42.97%, and 31.05 % 

and CR by 119.94 % and 61.46 % compared to those 
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obtained using DAS and F-DMAS, respectively. Also, CNR 

of F-DewMAS is 46.33 % more compared to F-DMAS, 

respectively. 

IV. CONCLUSION 

Recently introduced beamformer F-DewMAS is newly 

implemented for CFB technique. It was demonstrated that 

this method yields significantly improved image quality in 

terms of Axial Resolution, Lateral Resolution, Contrast, and 

Contrast to Noise Ratio compared to that obtained by either 

DAS or F-DMAS.  
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