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Abstract—High-resolution ultrasound imaging with lower
computational complexity remains a key research objective
in medical diagnostics. Linear beamforming techniques such
as DAS are attractive for their computational efficiency, but
they are fundamentally limited by poor resolution and low
contrast. Nonlinear beamformers, like DMAS and COBA, have
shown to outperform DAS by providing improved resolution
and contrast, thereby enabling enhanced visualization of deeper
tissue structures. More recently, the double-stage DMAS (DS-
DMAS) algorithm has demonstrated further improvements over
DMAS, albeit with a computational complexity of O(M?). In
this work, we introduce DOPCON (DOQOuble-Pass CONvolution),
a novel nonlinear beamformer that achieves superior image
quality compared to DAS, DMAS, COBA, and DS-DMAS,
while reducing the computational complexity to O(M log M).
The proposed formulation also incorporates apodization,
further enhancing image quality metrics. Field-II simulation
studies demonstrate that DOPCON offers improved sidelobe
suppression, contrast, and resolution. Furthermore, we present
an optimized variant of DOPCON that reduces one of the
key computational block from O(M log M) to O(M), making
the approach particularly well suited for resource-constrained
handheld ultrasound systems with high-resolution imaging.

Index Terms—Ultrasound imaging, DAS, DMAS, COBA, DS-
DMAS, nonlinear beamforming, convolution, apodization, hand-
held ultrasound, Field II simulator

I. INTRODUCTION

The delay-and-sum (DAS) beamforming algorithm [1] is one
of the earliest and remains the most widely adopted receive-
beamforming techniques. Its appeal lies in its simplicity of
coherently averaging appropriately delayed received signals
to enhance the signal-to-noise ratio (SNR). Despite its com-
putational efficiency, DAS suffers from inherent limitations,
including restricted spatial resolution and low contrast ratio
(CR), leading to reconstructions of only moderate quality. To
overcome these drawbacks and achieve improved image con-
trast and resolution, various nonlinear and adaptive beamform-
ing strategies have been proposed. Among these, the minimum
variance distortionless response (MVDR) beamformer [2] is
a well-known approach; however, its reliance on covariance
matrix estimation and inversion introduces substantially higher
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computational complexity. Several variants of the MVDR
beamformer have been proposed [3], [4]; however, their high
computational complexity makes them unsuitable for deploy-
ment on low-power, resource-constrained handheld imaging
platforms. While prior studies have investigated handheld
ultrasound systems [5]—[8], these efforts have predominantly
relied on DAS, sub-aperture, or other linear beamforming
strategies, as well as image post-processing techniques, to
improve image quality.

Nonlinear and adaptive beamforming approaches have been
extensively investigated for their ability to achieve higher
image resolution than conventional linear methods without
relying on post-processing. Among these, Matrone et al. [9]
introduced the delay-multiply-and-sum (DMAS) algorithm,
which computes correlations of square-rooted signal samples
at each sampling instant. Although DMAS requires higher
computational complexity, in the order of O(M?) compared
to O(M) in DAS, it remains practical for handheld hardware
implementations since the correlations are limited to a single
instant. To further enhance computational efficiency, simpli-
fication strategies have been proposed to adapt DMAS for
very large-scale integration (VLSI) systems [10]. However, the
simplification constrains the operation of DMAS with intrinsic
apodization only. Since apodization plays a critical role in
sidelobe suppression and artefact reduction, Vayyeti et al. [11],
[12] extended DMAS with extrinsic apodization, achieving
improved sidelobe rejection, which resulted in enhanced lateral
resolution. This modification, however, substantially increased
the computational demands, limiting the practicality of such
methods for handheld ultrasound systems.

A recent advancement in nonlinear beamforming is the
double-stage delay-multiply-and-sum (DS-DMAS) algorithm
proposed by Mozaffarzadeh et al.and further extended in
subsequent works [13]-[16]. DS-DMAS yielded significant
improvements in SNR, contrast ratio (CR), and lateral res-
olution. However, this improvement comes at a computational
cost of O(M?), requiring nearly four times more operations
than conventional DMAS.



II. PROPOSED METHOD

We propose a novel beamformer, Double-Pass CONvolution
(DOPCON), which performs a double-pass convolution on
the received time-compensated samples, across the receive
aperture. For the time-compensated received digital samples
z, from a receive aperture of M elements, a double-pass
convolution beamformer can be mathematically represented
by

15 pass 274 pass [ 1°¢ pass
R — A —
Sp = | Up * Up * Up, * Uy, (1)
S S

where u,, = sign(x,,)-1/|Zn], | - | denotes the absolute operator
and * denotes the convolution operation across M elements.
Eq.(f) can be broken down to Eq.(2) and Eq.(3), expressing
first pass and second pass convolution, respectively.

Eq.(2) represents the first-pass convolution of the input signal
uyp,. The first pass of self-convolution on w,, generates 2M — 1
intermediate terms, denoted by s,.

min(k,M—1)

>

£=max(k—M+1,0)

Sn(k) = Up (€) up (k — L) )
Here, 5, e R?M-1 4, e RM ke Z 0<k<2M —2.
The second pass of the convolution, denoted by s, is given
by Eq.(3)

min(j,2M —2)

>

p=max(j—2M+2,0)
where 5, = sign(3,,) - \/|3n|, $ € R*™M =3 for j € Z, 0 <
j<4M —4.
In the absence of any extrinsic apodization, the reconstructed
signal of DOPCON, %,, € R, is given by

4M -3

In= Y ulp) “

p=0

5n(p) 8n(j — ) (3)

Eq.(4) generates dc, 2fy, and 4f; spectral components, of
which the 2nd harmonic component is chosen to generate the
image. A double convolution intrinsically generates a post-
beamforming apodization, which gives more weightage to
the correlated terms than the individual terms, giving better
suppression of the sidelobes. Eq.(4) denotes reconstructed
output without any extrinsic apodization. Additionally, we
include apodization in our complete formulation of DOPCON,
which has been stated in Algorithm 1. The first convolution
stage produces a triangular window, which is then square-
rooted and convolved again to generate the final intrinsic
post-beamforming apodization. Ideally, to have a sole effect
of extrinsic apodization, the final intrinsic post-beamforming
apodization should be nullified before applying the extrinsic
apodization. For a user-defined extrinsic apodization window

wg, the post-beamforming apodization is calculated as follows,
~ Wi
wy = — )
Wq
where w, = <\/-(1M * 1M) 5\ /-(1M % 1M)>, /- denotes
the element-wise square root operation.

The complete algorithm of DOPCON is given in Algorithm
1. A few key observations on the algorithms are discussed.

Algorithm 1 DOPCON

Input: Sampled and delayed set RF signals {z,,} acquired in
the n*" sampling instant across aperture M.
1: Compute the sign-preserving square root

Un(é) = Sign(xn(é)) Y |xn(€)|

2: Calculate first stage convolution

3: Take sign-preserving square root for second stage convolu-
tion
Sn = sign(8,) -/ |5n|
4: Calculate second stage convolution
Sn =8, * 5,
S
5: Apply Apodisation
4N -3
o= g sn(k)
k=0
6: Filter out the 2f; component with h,,
In = hp x g(n)
n

Output: Beamformed output 4,

Firstly, the necessity of step 3 arises from the requirement
to preserve the dimensionality in units of volts. Secondly,
the first-stage convolution generates 3, € R2?M~1  thereby
increasing the effective aperture of acquisition to 2M — 1.
After the second stage, the effective aperture for 3,, expands
further to 4M — 3, which contributes to enhancement in
the lateral resolution of the image. Moreover, the second-
stage convolution produces both 2f; and 4f;, components.
In terms of spectral magnitude, the 4 f, component contains
less energy compared to the 2 fy component. Additionally, the
4 fy component introduces stronger speckle noise, leading to a
lower CNR. Therefore, we retain only the 2f; component to
generate the beamforming output denoted by ¢,,. It should be
noted, in absence of any extrinsic apodization, i.e. 1 € 1M,
Yn and g, are same.

The double-stage convolution produces 4M — 3 terms, which
require additional storage and, more importantly, computations
of the order of O(M?) on the extented aperture. This becomes
a bottleneck, since performing such a large number of compu-
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tations within one sampling instant would demand extensive
parallelization, which exceeds the resource limitations of an
FPGA typically used in handheld systems. However, operating
in the Fourier domain allows the convolution blocks to be
efficiently implemented using FFT (fast Fourier Transform)
and IFFT (inverse fast Fourier Transform), thereby reducing
the complexity to O(M log M). This provides a significant
computational advantage of DOPCON over DS-DMAS, which
still requires O(M?) computations. Thus, DOPCON is well-
suited for implementation in FPGA based systems, leveraging
the built-in FFT and IFFT blocks. Finally, we consider a
special case of DOPCON with only intrinsic apodization, i.e.
Wy, € 1M, Tt can be proven that:

2M -2

> s (6)

£=0

gn =Yn =

By applying Eq.(6), steps 4 and 5 in Algorithm 1 are reduced
to only 2M — 2 additions and a single multiplication. This
simplification of the DOPCON substantially decreases the
computational complexity of the second-stage convolution
from O(Mlog M) to O(M). Such a reduction in overall
computation is particularly advantageous for FPGA-based
handheld systems, where efficiency and resource optimization
are critical.

III. RESULTS AND DISCUSSION

Field-II simulations [17], [18] were performed, followed by
image reconstruction in MATLAB® for five beamforming
methods—DAS, DMAS, DS-DMAS, COBA, and DOPCON—
with the first four serving as benchmark algorithms. The image
quality was evaluated in terms of lateral and axial resolution,
as well as contrast, using both scatterer and cyst phantoms.
Both intrinsic and extrinsic apodizations were evaluated for
DOPCON.

Results show that DOPCON outperformed DAS, DMAS,
COBA, and DS-DMAS in lateral resolution, primarily due
to enhanced sidelobe suppression and an extended synthetic
aperture from the double-pass convolution. Moreover, non-
linear beamformers are expected to achieve superior axial
resolution owing to the synthetic frequency component at
2 fo. However, DAS achieved superior performance in axial
resolution, indicating that the synthetic frequency does not
influence axial resolution. In fact, the presence of a bandpass
filter in the axial signal reconstruction restricts the usable
frequency content, thereby limiting the axial resolution of the
nonlinear beamformers. Similar observations have also been
reported by Matrone et al. [9]. Among the tested methods,
DOPCON with w;. as Kaiser window demonstrated the best
lateral resolution and sidelobe suppression. The correspond-
ing results are summarized in Table 1. Notably, DOPCON
with intrinsic apodization also outperformed the benchmark
algorithms in terms of lateral resolution, thereby enabling an
efficient implementation, as described in Eq. 6, for handheld
imaging systems requiring higher resolution. The CR, CNR,

TABLE I: Metrics for computational complexity and image, cal-
culated for different linear and nonlinear beamformers considered in
this study. ’n.d” stands for not detected, which occurs when the main
lobe vanishes due to the appearance of side lobes.

Tnirinsic Apodisation Kaiser Hann
METRICS DAS _ DMAS __ COBA__ DS-DMAS _ DOPCON DOPCON
Compuational Complexity ) ) o S I o o
D 1/ clemonts O(M)  O(M?) O(MlogM) OM?)  O(MlogM) | O(Mlog M) O(M log M)
SideLobe ) —2008 —34.2 —34.2 —42.3 —45.4 -49.6 ~36.7
Suppr
Latoral @—6dB 396 384 331 311 367 329 367
Reopution | @=20dB | 747 683 683 606 568 568 576
) @-40 dB nd nd nd 847 811 811 840
fm @-50 dB nd. nd nd nd 1007 922 nd
Axial @—6dB 181 513 512 195 195 195 527
Resolution | @-20dB | 761 967 968 999 999 999 999
) @-40dB | 1008 1238 1237 1278 1278 1278 1278
Contrast | CR@B) | —777 —108§  —1044 —103.9 —1%6 127 —126
g by CNR 112 063 0.69 0.56 0.39 0.35 0.40
8 GONR (0-1) | 0.87 0885 0.884 0.88 0.89 0.88 0.89
DOPCON
DMAS COBA DS-DMAS DOPCON (Kaiser)
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Fig. 1: Reconstructed images from Field-II simulations of
scatterers using different algorithms displayed over a dynamic
range of 70 dB. The scatterer at 50 mm is used to evaluate lateral

resolution. A zoomed view is shown below the reconstructed
images for visual inspection.

90

and GCNR metrics were evaluated for both hyperechoic and
hypoechoic targets, as shown in the figure. DOPCON achieves
higher CR due to improved sidelobe suppression, with further
gains when wy was selected as Hann window. In contrast,
CNR decreases because the double convolution operation
enhances speckle contrast. Nevertheless, GCNR shows a slight
improvement over DS-DMAS and remains the highest among
all benchmarked algorithms.

IV. CONCLUSION

In this work, we introduced a novel nonlinear beamforming
algorithm, DOPCON, which achieves substantial sidelobe sup-
pression and improved lateral resolution through a double-
pass convolution formulation. DOPCON inherently provides
intrinsic apodization, and we further proposed an extended for-
mulation with extrinsic apodization to enhance image quality.
Field-1II evaluations demonstrated that DOPCON consistently
outperformed DAS, DMAS, COBA, and DS-DMAS in image
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