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ABSTRACT
Point-of-Care Ultrasound System (POCUS) has gained sig-
nificant attention in recent years due to its portability, afford-
ability, and suitability for point-of-care applications. How-
ever, the imaging resolution is limited, especially in hand-
held POCUS devices, primarily because conventional linear
beamforming techniques such as delay-and-sum (DAS) are
used. Although advanced nonlinear beamformers such as
delay-multiply-and-sum (DMAS) and the convolution beam-
forming algorithm (COBA) deliver superior image quality
in high-end systems, their deployment in handheld POCUS
has been challenging due to high computational complexity.
In this paper, we introduce a handheld POCUS prototype
equipped with a computationally efficient, novel nonlinear
beamformer, Weighted Sum and Multiply (WSAM), de-
signed to enhance resolution in resource-constrained hand-
held systems. The proposed beamformer, although nonlinear,
achieves linear computational complexity similar to DAS
and offers improved lateral resolution, demonstrated through
Field-II and Verasonics evaluations. The WSAM-equipped
handheld POCUS prototype has a lateral resolution that is
enhanced by 40% compared to DAS.

Index Terms— Nonlinear beamforming, Convolution, Apodiza-
tion, POCUS, Field-II, FPGA.

1. INTRODUCTION

The DAS beamforming algorithm, one of the earliest algo-
rithms, remains the most widely used receive-beamforming
techniques due to its simplicity and ability to coherently av-
erage appropriately delayed echo signals, thereby improving
the signal-to-noise ratio (SNR). However, despite its low
computational requirements, DAS is limited by low contrast
and average lateral resolution, resulting in moderate image
quality. However, owing to its simple implementation, this
approach has been widely adopted in handheld POCUS, often
resulting in limited spatial resolution. Prior work on handheld
ultrasound systems [1, 2] has predominantly relied on DAS,
sub-aperture techniques, or other linear beamforming strate-
gies, frequently complemented by post-processing methods to

improve image quality. To enhance the image quality directly
at the beamforming stage, several nonlinear and adaptive
beamforming methods have been explored. Among them, the
minimum variance distortionless response (MVDR) beam-
former [3] and its variant [4] are prominent strategies, but
their dependence on covariance matrix estimation and inver-
sion imposes significantly higher computational complexity,
making them unsuitable for handheld POCUS. Matrone et
al. [5] introduced the DMAS algorithm, which computes
correlations of the square-root of the received samples at
each time index, resulting in a computational complexity
of O(M2), making them unsuitable for handheld POCUS.
Strategies to improve computational efficiency have been
proposed to adapt DMAS for very-large-scale integration
(VLSI) [6], facilitating its use in handheld POCUS. However,
these strategies restrict DMAS and other nonlinear beam-
formers, such as 2-DAS [7] and NL-2-DAS [8], to intrinsic
apodization, limiting sidelobe suppression. F-DwMAS [9]
and COBA [10] allow extrinsic apodization, but incur high
computational complexity—O(M2) and O(M log2 M), re-
spectively, rendering them unsuitable for low-power hand-
held, FPGA-based ultrasound systems. The high computa-
tional complexity of existing nonlinear beamformers moti-
vates the development of a new beamformer, targeted for
handheld POCUS, that supports static extrinsic apodiza-
tion and enhances resolution while maintaining a computa-
tional complexity of O(M). While COBA and DMAS use
a multiply-and-sum architecture, we develop a beamformer
with a sum-and-multiply architecture, thereby reducing the
computational complexity and simplifying implementation.
In this paper, we introduce a high-resolution handheld POCUS
prototype with a novel nonlinear beamformer, WSAM, with
computational complexity O(M), M being the number of
elements in the receive aperture. As per our knowledge, this
is the first nonlinear beamformer-based handheld POCUS
prototype.

2. HANDHELD POCUS PROTOTYPE

A dedicated handheld POCUS prototype system was devel-
oped for evaluating the proposed beamformer (as detailed in

20
26

 IE
EE

 2
3r

d 
In

te
rn

at
io

na
l S

ym
po

siu
m

 o
n 

Bi
om

ed
ic

al
 Im

ag
in

g 
(IS

BI
) |

 9
79

-8
-3

31
5-

77
63

-6
/2

6/
$3

1.
00

 ©
20

26
 IE

EE
 |

 D
O

I: 
10

.1
10

9/
IS

BI
61

04
8.

20
26

.1
15

15
66

6

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on June 01,2026 at 17:31:32 UTC from IEEE Xplore.  Restrictions apply. 



Section 3). The system comprises three physically separated
boards — the Ultrasound Imaging Board (UIB), the Com-
munication and Control Board (CCB), and the Power Supply
Board (PSB) — to ensure robust signal and power integrity.
The UIB and CCB are fabricated following the design re-
ported in [11]. The UIB integrates two TX7332 transmitters,
a transducer connector, and two AFE5832 receiver ICs with
integrated analog front-end and Analog-to-Digital Converters
(ADCs), enabling simultaneous acquisition from 64 channels.
A Xilinx Artix-7 FPGA serves as the primary processing unit
and performs the operations in the entire pipeline from trans-
mission to final log-compressed image reconstruction using
our proposed WSAM beamforming. High-throughput data
transfer for real-time imaging is achieved using a USB 3.0
interface. The PSB is powered via USB-C and delivers up
to 15 W with 80% efficiency, generating ±5 V, 2.5 V, and
±70 V rails. It supports transmit voltages from ±5 V to
±70 V, enabling compatibility with Piezoelectric Microma-
chined Ultrasound Transducer (PMUTs) and Capacitive Mi-
cromachined Ultrasound Transducer (CMUTs). The system’s
sampling rate and transmission voltage is set at 40 MHz and
±70 V, respectively. The ATS529 phantom scatterers are im-
aged using the handheld POCUS prototype. The prototype
system modules and the testing setup are shown in Fig 2c.

3. WSAM BEAMFORMING

To enable high-resolution imaging with our handheld POCUS
prototype, we propose a Weighted Sum And Multiply (WSAM)
beamforming technique. Our formulation is based on spatial-
domain convolution rather than the frequency domain. Let
un(ℓ) denote the appropriately time-compensated square-root
measurement derived from the digitized samples, xn(ℓ), at
the nth time instant and received by the ℓth array element,
where ℓ = 0, 1, 2, . . . ,M − 1, and M is the number of ele-
ments in the receive aperture. The spatial self-convolution of
un(ℓ) can be expressed as

sn(k) =

min(k,M−1)∑
ℓ=max(k−M+1,0)

un(ℓ)un(k − ℓ) (1)

where un(ℓ) = sign(xn(ℓ))
√
|xn(ℓ)|, sn(k) ∈ R2M−1 is the

convolved output, k = 0, 1, 2, . . . , 2M − 2. To calculate sn
in Eq. (1), O(M2) computations are incurred. Consequently,
an apodized beamformed output ypostn , with O(M2) compu-
tations, is given by

ypostn =

2M−2∑
k=0

wpost(k) · sn(k), where wpost ∈ R2M−1 (2)

Also, it can be verified that
2M−2∑
k=0

sn(k) =

(
M−1∑
ℓ=0

un(ℓ)

)
·

(
M−1∑
ℓ=0

un(ℓ)

)
(3)

Algorithm 1 Weighted Sum and Multiply (WSAM) Beam-
forming Algorithm
Input: Sampled and delayed set of RF signals {xn} acquired
in the nth sampling instant across the aperture M .
1: Compute un(ℓ) = sign(xn(ℓ)) ·

√
|xn(ℓ)|

2: Compute the product of the weighted sum

s̃n =

(
M−1∑
ℓ=0

wa
pre(ℓ) · un(ℓ)

)
·

(
M−1∑
ℓ=0

wb
pre(ℓ) · un(ℓ)

)

3: Filter out the 2f0 component using hn: ŷn = hn ∗
n
s̃n

Output: Beamformed output ŷn

Based on Eq. (3), we formulate WSAM, by transforming
post-beamforming apodization, wpost in Eq. (2), to two sets
of pre-beamforming weights, wa

pre and wb
pre. To determine

wpre, we define ypren as follows:

ypren =

(
M−1∑
m=0

wa
pre(m) · un(m)

)
·

(
M−1∑
m=0

wb
pre(m) · un(m)

)

where un, w
a
pre, w

b
pre ∈ RM . The objective is to identify a

set of weights wa
pre and wb

pre such that the difference between
ypostn and ypren is minimized for a given set of wpost, which is
posed as follows:

min
wa

pre,w
b
pre

1

N

N−1∑
n=0

(
ypren − ypostn

)2
(4)

The post-beamforming apodization weights wpost are com-
puted as described in [10].
To determine wpre corresponding to a given set of wpost, we
use synthesized data comprising a set of time-compensated
sampled signals vn, corrupted with Gaussian noise wn(ℓ),
to model the noisy observation x̃n(ℓ) in Eq. (5). The sign-
restored square-root x̃n(ℓ), models ũn(ℓ) in Eq. (6), which
serves as the input (un(ℓ)) to the optimization problem
Eq. (4). Mathematically, x̃n(ℓ) and ũn(ℓ) is defined as:

x̃n(ℓ) = vn + wn(ℓ), (5)

ũn(ℓ) = sign(x̃n(ℓ)) ·
√

|x̃n(ℓ)| (6)

In our experiments, we set the noise power to 10 dB. The
nonlinear least-squares optimization is solved in MATLAB®

to compute wpre for a chosen wpost. Algorithm 1 outlines
WSAM, including bandpass filtering of the 2f0 component
with filter hn, f0 being the center frequency of the transducer.

4. METHODS AND EXPERIMENTS

Field-II simulations followed by image reconstruction in
MATLAB© were conducted for six beamforming methods:
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DAS, DMAS, COBA, NL-p-DAS, 2-DAS, and WSAM, with
the first five used as benchmarks. Image quality was evalu-
ated using lateral and axial resolution on simulated scatterer
targets. A 127-element array was simulated in Field-II, with
each element having a width of 250 µm, height of 5 mm,
and a kerf of 50 µm, resulting in a pitch of 300 µm. Both
transmission and reception used the full 127-element aper-
ture, with a transmit focal depth of 50 mm. The excitation
consisted of a Hamming windowed, two-cycle sinusoidal
burst at 3 MHz. Eighty one scan lines were acquired, radially
spanning a lateral field of view of ±5 degrees. As WSAM
produces a frequency component at 2f0, a minimum over-
sampling rate of 4f0 is required. Hence, all reconstructions
used a sampling frequency Fs > 4f0, where Fs is the sam-
pling frequency. Experimental validation of WSAM and DAS
was also performed on a Verasonics 64LE system using the
ATS539 phantom to assess spatial resolution. A 128-element
curved array transducer was employed, with the central 64
elements active for reception. A total of 127 scan lines were
acquired, spanning approximately 75 degrees. For the eval-
uation of our prototype, fixed-point versions of both WSAM
and DAS in Verilog© were implemented on the Artix-7 FPGA
in the handheld POCUS prototype. The sampling rate of the
system was set to 40 MHz. A VERMON 128-element, 6 MHz
linear array transducer, of which 64 elements were engaged
in plane-wave imaging mode.

5. RESULTS AND DISCUSSION

WSAM requires a one-time offline computation of the pre-
beamforming weights wpre (i.e., wa

pre and wb
pre), which

correspond to the desired post-beamforming apodization
window wpost. The quantitative results from the Field-II sim-
ulations are summarized in Table 1, and the corresponding
reconstructed scatterer images are shown in Fig. 1. WSAM
achieves superior lateral resolution compared to other bench-
marking algorithms, primarily due to its higher sidelobe
suppression and the extended synthetic aperture resulting
from the multiplication operation. Axial resolution remains
comparable across all beamformers, consistent with the ob-
servations reported by Matrone et al. [5]. When evaluated
on the Verasonics system, WSAM demonstrated improved
lateral resolution by 32% (boxed and zoomed scatterer in
Fig. 2a) compared to DAS. Our proposed handheld POCUS
prototype, with WSAM, also confirmed a 40% improvement
in lateral resolution of the scatterer (circled and zoomed in
scatterer Fig. 2b) compared to DAS. Although not reported
in this paper, improved contrast could be observed in the
image outputs. A detailed contrast evaluation of the cyst will
be conducted and reported separately. The key advantage
of WSAM lies in its summation-and-multiplication architec-
ture, unlike the multiply-and-sum structure of DMAS and
COBA, enabling O(M) complexity instead of O(M2) or
O(M log2 M). The linear computational complexity makes

the implementation of WSAM feasible on the resource-
limited Artix-7 FPGA in our handheld POCUS prototype.
WSAM used only 27% of the resources (Look-Up-Tables
and registers) on the Artix-7 FPGA, compared to 16% for
DAS. The total power consumption of the sysetm remained
below 6 W during imaging.
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Fig. 1. Reconstructed images from Field-II simulation data of scat-
terers using different algorithms displayed over a dynamic range of
40 dB. The scatterer at 50 mm is used for evaluation. A zoomed-in
view of the reconstructed images is also shown.

Table 1. Metrics for computational complexity and image quality,
calculated for different linear and nonlinear beamformers evaluated
in this study, including WSAM. The boxed values indicate the best
metric performance among the beamformers.

Metrics Intrinsic Apodization Kaiser Hann Uniform
DAS DMAS NL-2-DAS 2-DAS COBA WSAM

Compuational Complexity
with M elements O(M) O(M2) O(M) O((M) O(M log2M) O(M) O(M) O(M)

SideLobe
Suppression(dB) −29 −34 −34 −36 −34 −38 −36 −30

Lateral
Resolution

(µm)

@−6 dB 396 602 384 384 367 404 396 340
@−20 dB 747 683 683 684 598 720 706 568
@−30 dB 927 820 820 820 820 842 820 738

Axial
Resolution

(µm)

@−6 dB 481 602 512 581 601 603 −603 599
@−20 dB 778 1001 968 980 1001 1001 1001 1000
@−30 dB 906 1179 1179 1166 1180 1175 1178 1174

6. CONCLUSION

We presented a high-resolution handheld POCUS proto-
type enabled by a novel nonlinear beamforming algorithm,
WSAM, which achieves strong sidelobe suppression and im-
proved lateral resolution with a computational complexity of
O(M), and consuming about 6 W of power. Theoretical eval-
uation using Field-II simulations showed that WSAM outper-
forms benchmark beamformers, including DAS, DMAS,
NL-p-DAS, COBA, and 2-DAS, in lateral resolution. Ex-
perimental validation on both the Verasonics 64LE system
and the proposed prototype further confirmed these resolu-
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Fig. 2. (a) Image reconstruction of ATS539 scatterers from Vera-
sonics system. (b) Image reconstruction of ATS539 scatterers from
the proposed handheld POCUS prototype, showing improved lateral
resolution. (c) Test setup showing different modules (UIB, CCB,
PSB), VERMON transducer, and ATS539 phantom.

tion gains, demonstrating the feasibility of high-resolution,

FPGA-based handheld POCUS systems.

7. COMPLIANCE WITH ETHICAL STANDARDS

The numerical study was carried out on simulation data and a
phantom for which no ethical approval was required.
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