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Abstract

imaging. The individual study is unique in nature and requires different utilization of the imaging system, such as different 

transducer characteristics, data acquisition strategies, signal processing methods, and image reconstruction, display and 

for customized high resolution ultrasound imaging studies. The system was based on high-speed field programmable 

multi-modality imaging for high resolution biomedical applications.

Keywords ultrasound; high resolution imaging; open system; FPGA; real-time imaging



1 Introduction

High-resolution, noninvasive visualization of living 
tissues is an indispensable technique to observe 

associated with small human structures such as eye, skin, 

this technique can also facilitate preclinical researches 
of small animal models of human diseases in mice, 
rats, zebrafish, etc. Preclinical studies of small animal 
models can improve the knowledge and understanding of 
physiological and functional mechanism of pathologies 
and treatment strategies. Current high-resolution imaging 
modalities include micro-CT (computed tomography)[1],
micro-MRI (magnetic resonance imaging)[2], micro-
PET (positron emission tomography)[3], optical coherent 
tomography (OCT)[4], and high-resolution ultrasound 
imaging[5-6].

High-resolution ultrasound imaging, also known as 
micro-ultrasound (micro-US) or ultrasound biomicroscope 
(UBM), has made it possible to delineate small structures  
with fine spatial resolution on the order of tens of 
microns[7]. It is clinically used for ophthalmology[8],
dermatology[9], and intravascular diseases[10]. Preclinical 

tumor diagnosis [11-12],  cardiac diseases [13-14],  and 
embryonic developmental biology[15-16]. Recently, it has 
been combined with optical method such as OCT or 
fluorescence spectroscopy as a dual-modality imaging 
technique and demonstrated great potentials in biomedical 
studies[17-19]. Other advanced imaging techniques also take 
the advantage of high-resolution ultrasound imaging and 

imaging[20-21], contrast enhanced imaging [22], modulated 
[23] [24], elastography 

imaging[10,25], and harmonic imaging[26]. Each study is 
unique in nature and requires different utilization of 
the ultrasound imaging system. Imaging systems(eg: 
vevo 770, vevo 2100, Visualsonics, Inc., Canada) with 

data acquisition strategy, signal processing method, 

preclinical study requirements. Researchers need a highly 

important to scientific discovery. Therefore, an open 

researchers to customize for individual biomedical study 
is necessary.

In this paper, the development of an open imaging 

described to satisfy various biomedical investigations. 
This open system incorporated a high-voltage arbitrary 
waveform generator, a programmable imaging receiver, 
high-precision servo motors, and high-performance 
transducers. FPGA was served as the core processor and 
replaced hardware circuitry for fast processing speed and 
programmability. Moreover, low-noise and high-speed 
analog electronics was used to achieve high signal-to-
noise ratio (SNR) and high sensitivity. A PCIE bus, as a 
high-speed data transmission interface, was incorporated 
in this platform for image data or RF raw data transfer 

operation. Nevertheless, all the electronics such as 

FPGA were incorporated in a single PCB for compactness 
and cost-effectiveness. It was demonstrated that B-mode 

and intravascular imaging were realized in this system.

2 System Description

The designed open system included a high-frequency 
pulse generator, a high-speed ultrasound imaging receiver 
with analog front-end electronics and digital back-end 
unit, and a high-speed mechanical scan probe. The block 
diagram is shown in Fig.1. The pulse generator employed 

effect transistors (MOSFETs) to achieve high-voltage 
pulse generation. A high-speed imaging receiver was 

and high-speed computer interfaces, which allowed to 
process the images in real-time with high programmability 

image display and data storage for further investigations. 
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1 giga-samples per second (GSPS) was employed to 
convert digital arbitrary waveforms to analog signals at a 
frequency higher than 100 MHz. Two stages of high-speed 

Camarillo, CA) was employed in the third stage for high- 

2.2 High-speed Digital Receiver

The center frequency of high-resolution ultrasound is 
usually from 20 MHz to 80 MHz. So the echo receiver 
should have the capability to process this high-frequency 
ultrasound signal. In the developed open system, high- 

real-time image processing, and fast data transfer 
were achieved in the high-speed imaging receiver. It 

amplify and digitize the small ultrasound echo signal, 
respectively. Raw RF data which were acquired by the 

directly by the high-speed FPGA for fast imaging and 

(SMA231, Tyco Electronics Co., Berwyn, PA) was used 

further 20 dB amplification. A low-pass filter (RLP83+, 
Mini-Circuits, Brooklyn, NY) with a cut frequency of 

Graphical user interface software was programmed in 
Visual C++ to process real-time ultrasound images. A 
PCIE bus utilization supports high-speed data transfer and 
real-time imaging.
2.1 Pulse Generator

The designed pulse generator for this open system 
incorporated a bipolar pulse generation scheme and an 
arbitrary waveform generator. A programmable FPGA 
component (Cyclone III, EP3C16F484C6N, Altera 
Corporation, San Jose, CA) was employed to control the 
timing and spectrum characteristics of the high voltage 
short pulse. Therefore, the pulse generator could be 
easily adjusted to support transducers with different 
center frequencies as well as match with the spectrum 
of individual transducer to acquire the optimized 
performance. Two MOSFET drivers (EL7158, Intersil 
Corporation, Milpitas, CA) were employed to accomplish 

Sunnyvale, CA). The MOSFET pair could offer more 
than 150 Vpp breakdown voltages and a 2A output peak 
current, which made it suitable to produce a high-voltage 
pulse for ultrasound imaging. 

usually requires amplitude and frequency modulation 

programmable high-voltage arbitrary waveform generator 
was designed to generate various arbitrary waveforms 

Figure 1. The block diagram of the high-resolution open system
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was utilized for data converting. After the digitization, 
the digital signal was transferred to FPGA through the 

Corporation, San Jose, CA) with great signal integrity 
was employed, which could support data processing 
at an adequate speed. This component included 39 

algorithms. It demonstrated up to 287 MHz high order 

was used for temporary buffering of data. Various 
programmable algorithms could be achieved in the FPGA 
including band pass filter, compression filter, envelope 
detector, and digital scan converter for modulated 

data acquisition. Both processed image data and raw RF 
data could be transferred to a computer through PCIE 

CA) for displaying or post-processing.
2.3 Imaging Algorithms

achieve various functionalities traditionally realized by 
hardware circuitry. Moreover, the functions could easily 
be changed or modified by reprogramming the FPGA 
without change of hardware. Thus, the FPGA technology 

Fig. 2 shows the representative structure of implemented 
algorithms for real-time B-mode imaging and directional 

For B-mode imaging, three steps were adopted for data 

filter (BPF), digital time gain compensation (TGC) and 
envelope detection. After removing noises by BPF, the 

to compensate for ultrasound attenuation loss in tissues 
called TGC. The acquired envelop data then underwent 

logarithm compressor were all reconfigurable by users 

BPF was also employed but with different coefficients 

information from the echo signal. The data were then 
saved in the dual port RAM for gate selection. When a 

image data or spectrogram data were sent to a computer 
through PCIE bus for display and storage.
2.4 Evaluation Method

The performance of the open system electronics was 
tested by a 240 MHz function generator (AFG 3251, 

(LeCroy wavepro 715Zi, LeCroy Corp., Chestnut Ridge, 
NY), a signal generator (HP8656B, Hewlett Packard), 
a spectrum analyzer (HP8591E, Hewlett Packard), and 
a series of attenuators (Mini-Circuits, Brooklyn, NY). 
The signal generator and the spectrum analyzer were 

electronics. The noise level of the system was tested 
by measuring the minimum detectable signal level and 
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dynamic range. Five-cycle sinusoidal signal generated 
by the function generator was attenuated by a series of 
attenuators and then sent to the imaging receiver. After 
passing through the front-end electronics, the amplitude 

background noise determined the minimum detectable 

(2 Vpp), the dynamic range could be derived from the 
gain and the minimum detectable signal level. 

A wire phantom consisting of five 20 μm diameter 
tungsten wires (California Fine Wire Co., CA), was used 
to evaluate the image resolution. A tissue mimicking 
phantom was fabricated to further test the image quality 
of the open platform. The phantom fabrication procedure 
followed Madsen’s method[27]

of deionized water, high-grade agarose, preservative, 

generate tissue mimicking attenuation and backscattering. 
Anechoic spheres were fabricated separately and 
dispersed in the phantom to test the system resolution. 
The size of the anechoic spheres was in the range of 180-
280 μm controlled by a dedicated sieve (Fisherbrand 

3 Results

The system prototype for the proposed open system was 
shown in Fig. 3. Fig. 3(a) showed the arbitrary waveform 
generator in an eight-layer PCB. Fig. 3(b) showed the 
programmable imaging receiver with an eight-layer PCB 

3.1 Electronics Performance

Table 1 summarized the performance of the open system 
electronics. The highest amplitude of bipolar pulse was 
160 Vpp with adjustable center frequency and bandwidth 

of the front-end electronics is 47 dB with good linearity 

10 MHz and 90 MHz. The minimal detectable signal 
level of the system receiver is less than 25 μV. Given the 

can allow a 51 dB dynamic range at 35 MHz center 

frequency.
The software-based band pass filter (BPF) was 

programmed in the FPGA to further remove the noise 
and improve the signal SNR. Quantitative analysis 

was achieved after applying the BPF, which increased 
the system dynamic range to 55.8 dB. The algorithmic 
scheme implemented in the FPGA could achieve high- 
speed imaging by pipe-line signal processing. The data 

interface. At the image size of 512×
rate can be higher than 200 images per second for PCIE. 
Current frame rate is limited by the motor, and it can be 

(a)

(b)

Figure 3. (a)Photographs of the designed open system including a 
programmable pulse generator (b) and a high-speed imaging receiver 

Table 1. Electronics performance of the open system



significantly improved if a faster motor is used. With 
the current utilization of FPGA resources, much more 
complicated signal processing may be implemented to 
acquire useful information than vessel morphology, such 
as the virtual histology (tissue characterization based on 
ultrasound raw RF data).
3.2 B-mode Imaging

The image quality of this system was evaluated by a 
customized wire phantom. The wire phantom consisted 
of five 20 μm diameter tungsten wires (California Fine 
Wire Co., CA) of which distance intervals along vertical 
and horizontal directions were 1.6 mm and 1.0 mm 
respectively. The ultrasound image of this wire phantom 
was shown in Fig. 5 with a dynamic range of 50 dB. 

transducer was employed. (Characteristics: focal length 
13.6 mm, bandwidth 88%, f-number 2.7). No visible 
noise was noticed in this image.

Fig. 6 showed the ultrasound image of the tissue phantom 
acquired by this system prototype. The black circular 
dots appearing in the images were the anechoic spheres 
producing no detectable echoes. The diameter of the spheres 

a 50 MHz lithium niobate (LiNbO3) transducer with focal 
length of 9.3 mm and bandwidth of 47%.
3.3 Flow Imaging

Fig. 7 showed an in vivo spectrogram acquired from a 
vein in the back of a human hand. A needle transducer 
(42.5 MHz) was placed close to the vein coupled by 

Figure 4. High-voltage bipolar monocycle pulse with 35 MHz center 
frequency, 150 Vpp amplitude, and 56 MHz 6dB bandwidth.

Figure 5. Wire phantom image of the open platform.

Figure 6. Image of tissue phantom with anechoic spheres. The 
dynamic range for this test is set at 48 dB. The trigger pulse is single 

cycle 150 Vpp bipolar pulse.

a human hand.



40

A seven-cycle 40Vpp sinusoidal pulse was generated 
with PRF of 1.95 KHz. The blood moving away from the 
transducer confirmed the negative velocity profile. The 
cyclic pattern of the spectrogram correlated well to the 

measured from the spectrogram agreed with the heart rate 

3.4 Modulated Excitation Imaging

Fig. 8 showed in vivo ultrasound images of the dorsal 
skin of a human hand acquired by the short pulse imaging 

system. The dynamic range was set to 52 dB in both 

method was much larger. The penetration depth has been 
significantly improved by the chirp-based modulated 

clearly visible in the short pulse imaging, while the noise 

Figure 8. In vivo images of the dorsal skin of a human hand 
(a) The image of short pulse imaging. (b) The image of chirp-based 

3.5 Intravascular Imaging

The designed open system supports various applications 
for micro-ultrasound techniques. Intravascular ultrasound 
imaging was also achieved by replacing the transducer 
with IVUS transducer. The motor was also changed with 
a rotary motor. In vitro coronary artery specimen was 
used for system evaluation. The ultrasound image of 

The result from a multi-modality imaging combining 
IVUS and photoacoustics was shown in Fig. 9(b). An 

System, Spectra-Physics, Santa Clara, CA) operating 
at 532 nm wavelength generated very short laser pulses 

after the acquisition of photoacoustic signal. The echo 
intensity of ultrasound imaging slightly increased in 
bottom right corner of the tissue. This difference could 
be clearly visualized in photoacoustic image which  
indicated the change of tissue composition. Combined 
image showed the complementary nature of ultrasound 
imaging and photoacoustic imaging that could be useful 
for the diagnosis of intravascular diseases. This in vitro 

Figure 9. In vitro imaging of human coronary artery   (a) IVUS image. 

(b) Combined image of IVUS and photoacoustics.

4 Conclusions

In this paper, a programmable open system for real-time 
high-resolution ultrasound was developed and evaluated 
based on a high-speed FPGA. It was implemented in 
a compact and cost-effective PCB scheme. This open 
system demonstrated a high image quality with a good 
spatial resolution for preclinical small animal imaging. 

system suitable for various biomedical studies.
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