Proceedings of the 101" World Congress on Electrical Engineering and Computer Systems and Sciences (EECSS'24)
Barcelona, Spain — August 19 - 21, 2024

Paper No. ICBES 153 (The number assigned by the OpenConf System)

DOI: TBA

Comparative Analysis of Complexity-lmage Quality Trade-offs in
Ultrasound Systems for Efficient Hardware Implementation

Zahraa Alzein', Ali Ibrahim? Marco Crocco?®, Marco Merlanti®, Daniele D. Caviglia!
!DITEN Department, University of Genova
Via All 'Opera Pia 11a, Genova, Italy
zahraa.alzein@edu.unige.it ali.ibrahim@liu.edu.lb
2 EEE Department, Lebanese International University (LIU)
Mouseitbeh, Beirut, Lebanon
daniele.caviglia@unige.it
3Esaote S.p.A
marco.crocco@esaote.com marco.merlanti@esaote.com

Abstract - This paper presents a comprehensive investigation into the hardware design considerations for focused transmit
ultrasound systems, focusing on the trade-off between image quality and computational efficiency. Five distinct channel
configurations were simulated, and the results were validated with real-time images acquired from an ultrasound scanner at
two different center frequencies. Image quality was assessed using resolution measurements employing both axial and lateral
metrics for both simulated and real images. The findings reveal that lower channel count configurations can be viable for
balancing portability, cost-effectiveness, and acceptable image quality for specific diagnostic applications. . This study
provides valuable insights into the optimal hardware design for linear array ultrasound systems, demonstrating that higher
frequencies can improve image quality even with fewer channels, thereby reducing computational costs and hardware
complexity.
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1. Introduction

Ultrasound is a safe and non-invasive diagnostic modality that employs advanced imaging techniques considered the
preferred method for examining various diseases [1]. B-mode ultrasound (US) imaging is one of the most frequently used
diagnostic tools in a wide range of clinical applications [2]. B-mode images are available in real-time offering minimal health
risks to patients with relatively low scan costs compared to other imaging modalities.

Image quality is a critical metric in healthcare imaging systems. However, achieving high image quality often results in
high costs, large sizes, and significant power consumption and requires high channel numbers in the entire design of the
ultrasound machine. In the context of a high number of channels, Kidav et al. [3] proposed 128-channel transceiver hardware,
and Assef et al. [4] introduced a 128-channel FPGA-based ultrasound imaging beamformer, offering enhanced control and
programmability for signal processing. In handheld ultrasound imaging, Roa et al. [5] developed a low-power 16-channel
Analog Front-End, reducing power requirements and extending battery life. Fournelle et al. [6] presented a portable, low-
cost ultrasound research system that allows access to pre-beamformed channel data from 32 channels, showing promising
imaging performance for research and clinical settings. Low-channel ultrasound systems have advantages like reduced power
consumption, longer battery life, and cost-effectiveness for point-of-care applications. However, they may have limitations
in spatial resolution and image quality. Researchers have explored techniques like synthetic aperture imaging and adaptive
beamforming to enhance image quality in low-channel systems [7][8]. However, a drawback of these approaches is the
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computational cost associated with these methods, which can significantly increase the system's processing time and
resource requirements.

From this perspective, this study aimed to evaluate the trade-offs between image quality and computational cost to
give insights into the adequate hardware design for a linear array ultrasound system utilized in B-mode imaging. The
main contributions of this study are summarized as follows:

e Implementing a focused transmit linear array ultrasound system for simulation: Field 11 [10-11] was used to generate

B-mode images with five different channel configurations.

e Generate real-time B-mode images of a cyst phantom with the same channel configurations and same center
frequencies using a MyLab9 ultrasound scanner and a linear array L3-11 transducer.

e Provide a quantitative analysis of the ultrasound system size by evaluating axial and lateral resolution and complexity
and then illustrate the related results.

2. Materials and Methods

This study aims to analyse the impact of channel count on image quality and computational cost in focused transmit
ultrasound systems. To achieve this, the planned scenario consists of designing a simulation system and then validating the
simulation with real images. To this end, two different experiments have been performed: 1) the first using simulated data
generated from Field Il [9, 10] simulator considering different channel configurations and center frequencies, and 2) the
second based on real-time B-mode images of a cyst phantom and evaluated using an ultrasound scanner with the same
channel configurations and center frequencies as the ones used in the simulation. The channel count ranges from 32 to 192,
considering both small-scale and large-scale ultrasound systems. Two distinct frequency settings i.e. high resolution and high
penetration are to be used to adjust the center frequency (fO) of the transmitted signal.

To ensure alignment with the generated real-time B-mode images, the frequencies in the simulated and real images were
adjusted to 5 MHz and 8.33 MHz, based on the capabilities of the transducer used. In this paper, image quality for both
simulated and real images is evaluated through quantitative analysis of axial and lateral resolution at -6 dB at two focal
points, 50 mm, and 100 mm, and by the ultrasound scanner for experimental images. However, the computational complexity
is assessed by measuring the processing time and the number of floating-point operations required to generate the B-mode
image with multi-scatterers located at different depths.

2.1. Simulation Setup

The linear-array ultrasound system used for the simulation is shown in Fig 1. The system aims to produce B-mode
images using five different channel configurations: 32, 64, 96, 128, and 192, where all channels are used in reception.
A linear array transducer was modelled in MATLAB using a Field Il simulator [9,10]. The transducer comprises 192
elements with a kerf of 30 um and pitch equal to lambda. The elevation focus is fixed at 40 mm. The number of channels
was then adjusted to different values, and during transmission, the transducer generated a 2-cycle sinusoidal burst with
a Hann window shaping the pulse envelope. The transmitted signal's center frequency (f0) was adjusted to 5 MHz and
8.33 MHz. Then, Delay and Sum Beamforming (DAS) [11,12], the standard technique used for image reconstruction in
ultrasound, is implemented for transmission and reception. Each transducer element in the array has a specific associated
time delay calculated based on the distance between each element and the focal point. The delayed signals from each
transducer were then summed, resulting in a focused ultrasound beam. A dynamic apodization with a F-number equal
to 0.7 using the Blackman harries window is used to apply weighting coefficients across the transmit signal and received
RF data to reduce the effects of side lobes.

During reception, the transducers switch to detecting echoes applying time delays again to synchronize signals from
various depths. A sampling rate equal to thirty times the central frequency is applied. The beamformed signals undergo
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envelope detection using the Hilbert transform followed by dynamic logarithmic compression. Finally, the resulting signals
create and display the 2-D B-mode image over a dynamic range of 60 dB.
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Fig.1: Block Diagram of Linear Array Ultrasound System

2.2 B-Mode Image Acquisition with CIRS Phantom

Real-time B-mode images of the CIRS Model 040GSE multi-tissue phantom [13] were acquired using a MyLab9 ultrasound
imaging system (Esaote, Genova, Italy) equipped with a linear array L3-11 transducer. The L3-11 transducer is a 192-element
probe with a central frequency of 5.8 MHz. The imaging parameters were set to a region of interest (ROI) with a depth of
176 mm and a transmission focal depth of 40 mm. B-mode images were acquired at two distinct frequencies, 5 MHz and
8.33 MHz, using identical channel configurations as those employed in the simulation. The data acquisition sampling rate
was stet to 50 MHz.

3. Results and Discussion:

3.1. Simulated PSFs at Different Depths

The PSF lateral profiles with several point scatterers, placed side by side at different depths (from 0 to 150 mm with a 5 mm
step) along the x =-10 mm, x = 0 mm, and x = 10 mm axial directions, as represented in Figure 2, reveal that a higher center
frequency (8.33 MHz) leads to demonstrably enhanced lateral resolution, evidenced by narrower PSFs and a reduction in
side lobes compared to a lower center frequency (5 MHz), even with low channel counts such as 64 and 96.We can still
achieve clear scatterers at shallower depths, i.e., 40 mm and 50 mm. This can be attributed to the improved spatial resolution
inherent in higher frequencies, which allows for tighter focusing and reduced signal spread. However, when using 5 MHz,
the scatterers are well seen even at deeper depths, i.e., 100 mm and beyond. This implies a potential trade-off between lateral
resolution and penetration depth, where lower frequencies might offer advantages for deeper imaging applications.

From a quantitative point of view, the -6 dB axial resolution does not exhibit a noticeable change with varying channel
numbers, remaining between ~0.32 mm and ~0.37 mm for both 5 MHz and 8.33 MHz frequencies as we increase the number
of channels from 32 to 192. However, the main impact is on lateral resolution, as quantitatively illustrated in Figure 3, where
the lateral resolution for two focal points (50 mm and 100 mm) is measured using FWHM. Notably, contrast resolution
appears to benefit from higher frequencies irrespective of the number of channels employed, particularly at shallower depths.
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This offers advantages in applications that do not require high penetration depths, such as superficial applications, emergency
applications, and point-of-care settings. This suggests that the frequency-dependent improvement in contrast may be a
dominant factor, potentially due to increased signal-to-noise ratio at higher frequencies
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Fig. 2 : PSFs obtained by using different channel configurations (32, 64, 96, 128, 192) at a frequency of a)5 MHZ and b)8.33 MHz.
The images are arranged from left to right in ascending order of channel count. Images are displayed over a 60 dB dynamic range

3.2. Cyst phantom Images
Real-time B-mode images acquired by the ultrasound scanner presented in Figure 4 showcase a cyst phantom imaged at
two distinct frequencies (5 MHz and 8.33 MHz). Consistent with the PSF analysis, the 8.33 MHz frequency yields high-

resolution B-mode images at shallower depths. These images exhibit detailed and uniform cyst structures (Fig. 4).
Conversely, the 5 MHz images acquired at this depth display a slight decrease in resolution compared to the 8.33 MHz
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Fig.3 : Lateral Resolution Using 5SMHZ and 8.33MHz for Different Channel Configurations for Simulated Images

images. However, at greater depths, the cyst remains visible in the 5 MHz images, highlighting the effectiveness of lower
frequencies in penetrating deeper tissues.

The number of channels employed in the ultrasound scanner significantly influences image clarity. As the number of channels
increases, visualization and uniformity of cyst structures improve. The quantitative measurements on the impact of channel
configuration on lateral resolution are presented in Figure 5, demonstrating the same trend consistent with the simulation
results. This reinforces the notion that the number of channels primarily affects lateral resolution, with minimal influence on
axial resolution. Axial resolution changes only slightly, ranging from ~0.53 mm to ~0.67 mm as the number of channels
increases from 32 to 192. The highest lateral resolution is achieved with the 192-channel configuration at 8.33 MHz and a
shallower depth (50 mm), aligning with the findings from the simulations. Furthermore, utilizing 8.33 MHz still allows for
acceptable lateral resolution even with a lower number of channels (e.g., 64 channels) at sllower depths, i.e., 50 mm.

3.3 Computational Complexity

The computational load associated with B-mode image generation was evaluated using a CPU with the following
specifications: 12th Gen Intel(R) Core (TM) i9-12900K 3.20 GHz, 16.0 GB RAM (Table I). The results demonstrate a
significant increase in execution time and floating-point operations (FLOPS) for configurations with a higher channel count,
considering that the same imaging grid is used for all channels. As the number of channels decreases, processing time and
FLOPs decrease significantly with the 192-channel configuration exhibits the highest computational load. Furthermore,
employing many channels necessitates a higher memory capacity and more hardware resources. For example, on Field-
Programmable Gate Array (FPGA) implementations, more pulser and front-end boards are required to manage high channel

ICBES 153-5



counts. Conversely, lower channel configurations (e.g., 64 channels) require fewer resources, allowing for a more portable
and cost-effective ultrasound scanner design suitable for emergency applications.

Fig.4: B-mode Images of Cyst phantom acquired using different channel configurations (32, 64, 96, 128, 192) at a frequency of a) 5
MHz and b) 8.33 MHz the images are arranged from left to right in ascending order of channel count.

Notably, a remarkable reduction of over 90% in processing time and a 74.98% reduction in FLOPSs can be achieved with a
64-channel configuration, while still maintaining acceptable image quality at shallower depths, incomparable to the 192-
channel configuration that achieves the highest image quality.
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Fig.5 : Lateral Resolution at 50mm and 100 mm Using 5MHZ and 8.33MHz for Different Channel Configurations for Images Acquired
by the Ultrasound Scanner

We can further consider employing dynamic apodization, where each focal point (FP) requires an apodization window. For
example, let's assume we have 500 FPs. Each apodization window necessitates 192 distinct values, corresponding to the
number of transducer elements. Therefore, for a 12-bit representation, the total size of the required coefficients is
approximately 221 Mbits (12 * 192 * 192 * 500). These coefficients must be calculated on the fly and stored in Block RAM
(BRAM) memories [14], which adds more expenses to the design of the machine and incurs additional costs. However, it is
worth noting that this size can be reduced to approximately 24 Mbits when using a 64-channel configuration, providing a
more efficient use of resources and potentially lowering costs.

Table I: Execution Time and FLOPS for Different Channel Configurations

Number of channels Processing time (seconds) FLOPS (x10"8)
192 119.24 9.75
128 53.80 7.93
96 29.42 5.49
64 13.78 2.44
32 3.86 0.61

4. Conclusion :

The choice of hardware design for an ultrasound system involves a trade-off between image quality, complexity, and cost. It
is essential to achieve good image quality while keeping costs and complexity at acceptable levels. While this study primarily
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focused on resolution measurements, future investigations should incorporate additional key image quality metrics such as
signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR). These metrics can be evaluated through the simulation of
synthetic phantoms and further validated with experimental analysis using an established CIRS model. Building on the
observed trade-off between computational cost and image quality, this study demonstrates that utilizing a lower channel
count configuration can be a viable approach for achieving a balance between portability, cost-effectiveness, and acceptable
image quality. This approach is particularly effective when employing a higher center frequency since higher frequencies
offer improved image quality even with fewer channels. However, the optimal channel count will depend on the specific
application requirements and the desired level of image quality. Future research will investigate advanced signal processing
techniques, leveraging the quantitative analysis presented in this paper for comparisons. Additionally, exploring novel
hardware architectures holds promise for further advancing the capabilities of focused transmit ultrasound systems, enabling
them to achieve high image quality with a reduced number of channels. This ongoing research aims to enhance the
performance and cost-effectiveness of ultrasound systems paving the way for improved diagnostic capabilities in various
clinical applications.
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