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A flexible multichannel FPGA and PC-Based ultrasound system for 
medical imaging research: initial phantom experiments
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Abstract  Introduction: In this paper, we present the initial results of a fully programmable 128-channel FPGA and PC-based 
system that has been developed for medical ultrasound (US) imaging research in our University laboratory 
(Federal University of Technology - Paraná, Brazil). Methods: In order to demonstrate the feasibility of the 
US research system, two applications involving unfocused plane wave transmission and conventional B-mode 
beamforming were evaluated using a commercial tissue-mimicking phantom and a 3.2 MHz 128-element convex 
array transducer. Results: Testing results show that the hardware platform is able to synthesize arbitrary pulses 
up to 100 Vpp with second order harmonic distortion below 80 dB. For the first application, a 41-tap digital FIR 
bandpass filter was applied to the acquired RF echoes, sampled at 40 MHz with 12-bit resolution, to improve 
the noise suppression. In the second application, after offline apodization weighting, filtering, delay-and-sum 
processing, envelope detection, log compression and scan conversion, the reconstructed B-mode image is displayed 
over a 50 dB range. Conclusion: The presented results indicate that the open US imaging system can be used 
to support different ultrasonic transmission and reception strategies, which typically cannot be implemented in 
conventional data flow architectures that are mainly based on hardware. 
Keywords: Ultrasound research, Open-Platform, Beamforming, FPGA.

Introduction
Although the ultrasound (US) imaging modality 

is considered a well-established and one of the 
most important tools in diagnostic medicine, novel 
approaches based on modern signal and image 
processing methods are constantly being proposed by 
research laboratories with the goal of improving the 
image quality and diagnostic accuracy. Unfortunately, 
most of the commercial US scanners, traditionally 
used for experimental tests and evaluation of new US 
modes, are very expensive and do not always fit the 
requirements for data access and extensive control 
over imaging and systems parameters (Saniie et al., 
2012; Wilson et al., 2006).

Due to the interest of scientific research in such 
areas for, e.g., transmission or reception of US, aperture 
control, focusing, apodization, beamforming, and 
other general digital signal and imaging processing, 
some research groups and laboratories have proposed 
innovative approaches to the challenges in US image 
formation (Boni et al., 2012; Qiu et al., 2010). Other 
imaging researchers have met their demand for data 
access by purchasing a multi-purpose US system with 
available research interfaces or by working with a 
manufacturer to make custom hardware modifications 
for acquisition and transfer of the ultrasonic RF data.

In this paper, we present the initial results of a fully 
programmable 128-channel FPGA (Field-Programmable 
Gate Array) and PC-based US imaging research 
system, which has been completely developed in 
our University laboratory in the city Curitiba/PR, 
Brazil. The main features of the ultrasonic pulse-echo 
imaging system include its capability for simultaneous 
arbitrary waveform generation, digital access to the 
raw radio frequency (RF) data and flexible software 
back-end processing.

Methods
The multichannel US system architecture can be 

separated into two segments: the FPGA-based hardware 
platform and the PC-based control and processing 
unit. The hardware platform (Figure 1) was previously 
described by Assef et al. (2012) and consists of eight 
16-channel dedicated transmitter/receiver (Tx/Rx) 
boards, controlled by two low-cost EP3C16Q240C8N 
FPGAs (Cyclone III, Altera Inc., USA) each. 
A backplane board used for connections to US array 
probes completes the rack.

The transmit beamforming control (channel enable, 
aperture, 8-bit amplitude apodization weighting, pulse 
selection, phase angle adjustment and time delay 
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for focusing on transmission) was implemented on 
the first FPGA Tx. In this design, high-end devices 
MD2131 (Supertex Inc., USA) beamformer source 
drivers were chosen. These arbitrary waveform 
generators (AWGs) are capable of synthesizing 
high-voltage and wideband excitation signals with 
transmit resolution of 4ns and center frequency of 
up to 25 MHz. The second FPGA Rx was used to 
acquire the digitized RF echoes sampled at 40 MHz 
with 12-bit resolution from two analog front-ends 
AFE5805 (Texas Instruments Inc., USA), through 
serial low voltage differential signaling (LVDS) 
interfaces. Moreover, it controls the ramp pattern 
applied to the digital-to-analog converters (DACs) 
for time gain compensation (TGC), wherein each 
AFE chip are programmed with a maximum gain 
of 50 dB.

During the reception process, each acquired 
ultrasonic RF-A-scan trace with 2048 samples 
was buffered into separate FIFO (first-in first-out) 
allocated on the FPGA Rx. Once the buffers are 
filled, the individual channel acquisition data are 
transferred to the host computer through a USB 
2.0 channel, in which a graphical user interface 
(GUI) has been developed based on Matlab (The 
MathWorks, USA) programming environment. 
This software application presents a user-friendly 
interface to facilitate its interaction with the hardware 
system. The user can select and upload the hardware 
front-end operating parameters, control the frame 
trigger sign to the embedded modules and visualize 
the graphical output results from the back-end offline 
signal processing.

Initially, the functionality of the MD2131 
transmitter was tested by generating an arbitrary 
pulse with the Gaussian profile and 35% relative 
bandwidth, using the method presented by Assef et al. 

(2013). In order to demonstrate the feasibility of the 
US research system, two applications are illustrated 
below. An unfocused plane wave transmission 
demonstrates the versatility for 128-channel arbitrary 
waveform generation in addition to direct access 
to the 128-channel raw RF data. Conventional 
B-mode beamforming emphasize the flexibility 
of the hardware-based Tx and the software-based 
Rx beamformers to perform image reconstruction 
while preserving the ability for data access to any 
stage of the image processing chain.

The performance of the imaging system was 
evaluated with a single plane wave excitation 
method (i.e., an unfocused transmit beam) with 
all the 128 channels transmitting and receiving. 
Data acquisition was performed without time delay 
between the channels. For the traditional B-mode 
imaging, a group of 8 piezoelectric elements (active 
aperture) were fired with the appropriate time 
delays to generate a narrow and focused US beam. 
The focusing delays were calculated from the work 
of Jensen (1999) according to the geometry of the 
transducer and applied in both transmission and 
reception for a focal depth of 25 mm. These values 
were converted to FPGA Tx clock cycles, which runs 
at 250 MHz (waveform clock rate), and previously 
uploaded to the hardware system for the transmission 
procedure. A Hanning apodization was applied to the 
received RF signals, which were digitally filtered 
through a bandpass filter and then aligned properly 
and summed up coherently to achieve a better 
spatial resolution and SNR. After the delay-and-sum 
processing, the aperture was shifted and the process 
was then repeated to form adjacent scan lines until 
the end of array elements. Finally, envelope detection 
based on Hilbert transform (followed by absolute 
value), log compression and scan conversion were 
applied to form the B-mode image using built-in 
Matlab functions.

A 3.2 MHz (70% bandwidth) 128-element convex 
array probe AT3C52B (Broadsound Corporation, Taiwan) 
was employed during pulse-echo imaging experiments 
carried out on a commercial multipurpose tissue-cyst 
mimicking US phantom (Model 84-317, Victoreen 
Inc., USA). The phantom contain precision-spaced 
groups of nylon monofilament targets embedded in 
a medium with a speed of sound of 1540 ± 6 m/s 
and an attenuation coefficient of 0.5 dB/cm/MHz. 
The RF data sets were acquired with the transducer 
positioned at the top of the phantom and aligned 
with a group of embedded wires spaced 1 cm apart 
in a vertical plane (position C - see the user manual 
for details).

Figure 1. Hardware platform overview. Two EP3C16Q240C8N 
FPGAs are used on each 16-channel ultrasonic board to control the 
transmitters and analog front-ends embedded.
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Results
Figure 2 shows a 100 Vpp 3-cycle 3.2 MHz 

arbitrary pulse with the Gaussian envelope produced 
by one Tx channel and recorded by an oscilloscope 
MSO6034A (Agilent Technologies, USA). The calculated 
spectrum of the output pulse has a 6 dB absolute 
bandwidth of 1.19 MHz, which is equivalent to a 

Figure 2. High-voltage 3.2 MHz central frequency arbitrary pulse 
with the Gaussian envelope and its spectrum with a 6 dB absolute 
bandwidth of 1.19 MHz (relative bandwidth of 37.19%).

Figure 3. Normalized radio-frequency echo signals acquired from 
individual elements of the 128-element convex array probe.

Figure 4. Reconstructed B-mode ultrasound sector image of the 
tissue mimicking phantom (50 dB dynamic range).

relative bandwidth of 37.19% and suitable for B-mode 
imaging. As expected, the magnitude of the second 
order harmonic distortion is less than 80 dB.

Figure 3 shows the individual received response 
from the 128-element convex array transducer where 
all elements were fired simultaneously (in phase) to 
produce a flat-focus transmitted pulse. The image depth 
is 39.42 mm (assuming a sound speed of 1540 m/s). 
A 41-tap digital FIR bandpass filter in the bandwidth 
of the probe was applied, achieving more than 40 dB 
of noise suppression.

As a preliminary example of software-based 
back-end processing, Figure 4 shows the B-mode 
image of the phantom. The image is constituted by 
121 adjacent scan lines (total number of elements 
minus the number of the active aperture plus 1) in 
the same region of interest (ROI) of the plane wave 
evaluation and displayed over a 50 dB dynamic 
range. A Matlab-based scan conversion algorithm, 
recently presented by Assef et al. (2014), has also 
been applied to convert the processed data captured 
from polar coordinates (r,θ) to cartesian coordinates 
(x,y) suitable for displaying on the computer monitor.

Discussion
The initial phantom experiments conducted in 

this study demonstrate the flexibility of FPGA and 
PC-based system architecture. The system design uses 
the same concept of high-end commercial research 
systems, such as Verasonics Vantage Research US 
System (Verasonics Inc., USA) and Ultrasonix Sonix 
RP (BK Ultrasound, Canada), in which hardware and 
software-based technologies are combined to provide 
a flexible platform for US imaging research.

As an example, comparing to the Verasonics 
US system, the main differential of our platform 
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are: (1) capability to independently control all Tx 
parameters to generate arbitrary waveforms with 
the Gaussian profile, while the commercial system 
generates arbitrary pulses of Tri-state transitions 
(Verasonics, 2015); (2) direct digital access to the 
128-channel raw RF signals (without any processing, 
such as filtering, apodization, and others); (3) use 
of Matlab-based open source code for evaluation of 
new beamforming algorithms, while Verasonics uses 
proprietary Matlab-based software technologies and 
patented algorithms to perform image reconstruction 
(Verasonics, 2015).

On the other hand, the Verasonics US system has 
the ability to perform real-time imaging using 8 PCI 
Express 3.0 lanes to transfer data to the host computer 
with a sustained transfer rate of up to 6.6 GB/s. 
This is the main drawback of our approach, since the 
front-end hardware was built to transfer the acquired 
raw RF signals to the PC by the USB port, which 
is limited to a rate of 35 MB/s. Unfortunately, this 
feature makes it impossible to process and generate 
image in real-time, due to the massive amount of data, 
USB latency and throughput combined with the time 
required for Matlab computation.

The presented results using a conventional 
delay-and-sum beamforming are in good agreement 
with those found in literature. For instance, Qiu et al. 
(2010) and Hu et al. (2011) developed real-time digital 
beamformers using high-end FPGAs. In both studies, 
computer was used only for displaying the resulting 
B-mode image and the quality of the design system 
was evaluated by tungsten wire phantoms.

Comparing to the reconfigurable arbitrary waveform 
generators presented by Ricci et al. (2007) and Qiu et al. 
(2012), we can list the following advantages of the 
Tx beamformer design of this study: (1) the capacity 
for carrying out synthetic aperture algorithms with 
independent control of the excitation amplitude up to 
256 levels (maximum of 200 Vpp/3 A peak output); 
(2) an angular resolution of 7.5° for focusing phase 
adjustment with the total range of 48 steps; (3) a fully 
parallel excitation control of up to 128 transducer 
elements without the use of multiplexer circuits.

In conclusion, we have successfully developed and 
evaluated an open multichannel system suitable for 
US research and teaching applications. The presented 
results indicate that the open US imaging system can 
be used to support different ultrasonic transmission 
and reception strategies, which typically cannot be 
implemented in conventional data flow architectures 
that are mainly based on hardware. In addition, we 
believe that our system has the potential to be useful 
in a large range of medical US imaging and NDT 
(Nondestructive Testing) applications, including test 

of novel transmission and reception methods and 
sequences, excitation amplitude and aperture control, 
apodization windowing, beamforming techniques 
and others.
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