
  

 
Abstract— Ultrasonic 3D imaging is an important tool in NDE 

applications for quality control, flaw detection, and material 
characterization. However, ultrasonic 3D images often 
encompass immense amounts of data, making it very challenging 
for volumetric image analysis, transmission and storage. In this 
study, a fast and scalable data compression System-on-Chip 
(SoC) architecture based on Discrete Wavelet Transform (DWT) 
is proposed. This compression SoC can process A-Scan, B-Scan 
and C-Scan signals and images in real-time and reduce the data 
and bandwidth requirements substantially without degrading the 
signal fidelity. A volumetric image of 128x128x2048 samples is 
compressed by 96.9% in less than one second by the proposed 
compression system implemented on a Virtex-5 FPGA. 
 

Index Terms—Field programmable gate arrays, 3D 
compression, signal processing, wavelet transforms 
 

I. INTRODUCTION 

EVERAL methods such as Embedded Zero-Tree Wavelets 
(EZW) [1], Set Partitioning in Hierarchical Tree (SPIHT) 
[2], and JPEG2000 [3] have been applied to ultrasonic 

data compression giving varying results. This is due to the fact 
that these methods designed primarily for photographic 
images, don’t take into account the ultrasound signal 
properties where data is acquired through a pulse-echo system. 
These methods lead to low compression ratios as well as poor 
signal fidelity. In this study, compression of 3D ultrasound 
data is achieved using Discrete Wavelet Transform (DWT). 
Different wavelet kernels for the axial direction representing 
the A-scans are analyzed in term of energy compaction. An 
array of processing engines (PE) is implemented on a Virtex-5 
FPGA to compute multiple wavelet transforms in parallel, 
reducing the computation time significantly.  

DWT has been used for ultrasonic compression applications 
due to its high energy compaction properties. In [4], parameter 
estimation techniques have been examined and DWT has been 
compared to other transform based compression methods in 
[5].  Non-uniform DWT for 3D image compression has been 
used in order to reduce computational complexity [6], [7], [8]. 
Different wavelet filters are applied to ultrasonic axial 
direction and spatial directions. Using this technique, the 
processing time and hardware requirements are reduced while 
achieving better compression results. 

In the following sections, we briefly discuss the non-
uniform 3D wavelet transform, the experimental setup and 
results. Finally, we describe the hardware realization and 
implementation of a 3D compression system on a Virtex-5 
FPGA that will process and compress massive amount of data 
in real-time. 

II. THREE DIMENSIONAL WAVELET TRANSFORM 

The DWT is a unitary and orthogonal transform. Any 
function that satisfies the admissibility conditions is a wavelet 
kernel. The implementation of the wavelet transform can be 
done using lifting steps factorization [9] and it requires a 
perfect reconstruction filter bank. The filter bank operations 
can be repeated for multi-level wavelet decomposition. At 
each level of decomposition, the signal frequency spectrum is 
split. The transformed signal contains both spatial and 
frequency information from the original signal, hence 
compression can be done by eliminating redundant 
information.  

In 3D ultrasonic data compression, data sets (slices) are 
grouped into a 3D block of data (Figure 1) and 3D DWT is 
performed to remove inter-slice redundancy. This transform 
decomposes the signal in multiple frequency subbands with 
varying energy content. Most of the energy is concentrated on 
the lower frequency subband which is the convolution 
outcome of  low-pass filter only. The implementation of the 
3D DWT is done by applying 1D wavelet transform for each 
coordinates. Figure 2 shows the block diagram of the non-
uniform 3D wavelet decomposition where the same set of 
wavelet filters (low-pass filter  and high-pass filter  in 
y direction) are used for the spatial directions (y and z 
directions) and a separate wavelet kernel (low-pass filter  
and high-pass filter ) is used for the axial direction (x 
direction). Subbands  and  represent lowest and highest 
frequency subbands of the original signal respectively. In 
order to reduce the hardware requirements and computation 
time, high-order wavelet kernels are used for the axial 
direction (A-Scans) for improved data compaction and Haar 
transform is used for the remaining two spatial directions. In 
order to characterize the compression performance and find 
the best matching wavelet kernel, Haar, Daubechies 2, 
Daubechies 3, CDF5/3, and CDF9/7 have been utilized and 
compared for compressing A-Scans.  
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Fig. 1.  3D block of data. 
 

 
Fig. 2.  Non-uniform 3D wavelet transform. 

 

III. EXPERIMENTAL SETUP AND RESULTS 

Figure 3 illustrates the ultrasonic data acquisition setup in 
laboratory. Experimental setup includes a water tank with two 
steps motors mounted on it. A 5MHz ultrasonic transducer, a 
pulser/receiver Model 5052 PR, and an HP 54616C 
oscilloscope are used to acquire, digitize and display the 
received echo. Finally the data are processed by an image 
analyzer and data compression unit. A volumetric image of 
128*128*2048 samples is used for the analysis of results. This 
experimental data was generated using a steel block test. 
Figure 4 shows five consecutive A-Scans for z =1 and y =1 to 
5 representing the microstructure scattering signals within the 
steel block. Table I shows the energy contents of the 
individual subbands with respect to the total energy for 
multiple wavelet kernels after the DWT operation. CDF9/7 
wavelet provides the most compact representation with 61.7% 
of the total energy in a single subband ( ). If subbands  and 

 are kept then a compression ratio of 35% is achieved with 
94.9% of the total energy. A better compression ratio can be 
obtained by using multilevel decomposition on each axis 
(Figure 5). Table II shows the energy contents of the 
individual subbands with respect to the total energy for 
multiple wavelet kernels after the transform operation. 
CDF9/7 wavelet provides the most compact representation 
with 44.8% of the total energy in a single subband ( ). If 
subbands    ,  and  are kept then a compression ratio of 
59.4% is achieved with 92.6% of the total energy. Figure 6 
shows an A-Scan (z = 1 and y = 1), the 3D reconstruction of 
that data using the subband  and 3D reconstruction using the 
subbands ,  and . 

Fig. 3.  Ultrasonic experimentation setup. 
 
 

 
 

Fig. 4.  Steel block A-Scans for z =1 and y =1 to 5. 
 

TABLE I. Energy results for subbands in percentile. 

 Haar Db2 Db3 CDF5/3 CDF9/7 
59.1 61 61.3 60.8 61.7 
2.5 2.6 2.6 2.7 2.6 
32 33.4 33.7 34.3 33.2 
6.4 3.0 2.4 2.2 2.5 

 

TABLE II. Energy results for subbands. 

 Haar Db2 Db3 CDF5/3 CDF9/7 
38.4 41.2 42.5 40.5 44.8 
1.3 1.5 1.6 1.7 1.6 
1.0 1.2 1.2 1.3 1.2 

12.9 14.9 15.7 17.2 15.9 
25.4 29.9 31.5 34.6 31.9 
14.6 8.3 5.0 2.9 2.0 
6.4 3.0 2.5 1.8 2.6 
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Fig. 5.  Non-uniform 3D wavelet transform with 2-level decomposition. 

 

 
 

Fig. 6.  Top is original signal, middle is reconstructed signal using 
subbands ,  and , and bottom is reconstructed signal using subband . 

 
It can be seen that the reconstructed signal using only the low-
pass subband  gives acceptable results with an important 
increase in term of compression ratio compared to the other 
reconstructed signal.  Hence the decomposition Figure 5 will 
be used and implemented on a FPGA and only the subband  
will be kept. 

IV. HARDWARE REALIZATION  

The 3D wavelet transform has been designed and 
implemented on a Virtex-5 FPGA.  Haar transform has been 
used for spatial decomposition.  Figure 7 shows the hardware 
realization of the Haar wavelet kernel based on lifting scheme 
decomposition. The hardware realization of the CDF9/7 is 
given Figure 8 [10]. For both wavelet kernels, 2-level 
decomposition is performed.  Input data width for the CDF9/7 
transform is 8 bits and output width is 16 bits. For Haar 
transform, both input and output widths are 16 bits. An 
overview of the 3D compression system is given Figure 9. 

The embedded system is composed of a MicroBlaze 
processor used for debugging purposes only, a UART for 
communication between the FPGA and a computer, a General 
Purpose Input/Output (GPIO) register used to specify the 
starting address of the data to be compressed by the hardware 
blocks, and a Multi-Port Memory Controller (MPMC) used to 
access the external memory available on the board. The 
memory available is a 256Mb DDR2 memory running at 
200MHz. 

  ( ) = 00 1/ 10 1 1 0−1 1  

        where = 0.5,  = √2 
 

Fig. 7.  Lifting factorization and implementation of Haar wavelet kernel. 

 
  ( ) = 00 1/ 1 (1 + )0 1 1 0(1 + ) 1 1 (1 + )0 1 1 0(1 + ) 1  

where = −1.5861343,  = −0.052980,  = 0.882911,  = 0.443507, = 1.1496044 
 

Fig. 8.  Lifting factorization and implementation of CDF9/7 wavelet kernel. 
 
 

 
 

Fig. 9.  Overview of the 3D compression system. 

 

1/
 

 

 D

D D 

 

 

D D

  

1/
  

  

 

 

 

 

 

 

 

 

 

 

2 ( ) 
2 

2 

2 

2 

696 2009 IEEE International Ultrasonics Symposium Proceedings
Authorized licensed use limited to: Illinois Institute of Technology. Downloaded on October 02,2020 at 05:54:28 UTC from IEEE Xplore.  Restrictions apply. 



  

 
 

Fig. 10.  Data set compression process  
 

 

Fig. 11.  Compression processing block. 
 
For case study, of a volumetric image of 128*128*2048 (8 

bits) samples (~33Mbytes) will be compressed to 32*32*512 
(16 bits) processed words (~1048Kbytes) using the proposed 
3D wavelet transform giving a compressed ratio of 96.9%. 
Figure 10 shows the steps involved in the 3D compression 
process.  CDF9/7 kernels have been used to process the A-
Scans. Only the low-pass coefficients of the second stage are 
kept (2048 samples of 8 bits are compressed into 512 samples 
of 16 bits). When all the data have been processed, the Haar 
transform is performed in the spatial direction (y and z 
directions). 

Three processing blocks are used to compress the data set in 
all directions. Each processing block is composed of one or 
multiple wavelet kernel units, FIFOs and a control unit (see 
Figure 11).  Three Native Port Interfaces (NPI), one for each 
axis, have been used for data transfers between processing 
blocks and external memory. The NPI control logic initiates 
the read and write requests for the NPI of the MPMC so that 
data can be sent and retrieved to/from the external memory. It 
is composed of different Finite State Machines (FSMs) based 
on the datasheet of the MPMC [9]. The main control logic 
specifies the number of read and write requests that need to be 
done by the NPI control logic blocks, in order to process all 
the data for a specific wavelet kernel. 

V. IMPLEMENTATION RESULTS AND SPEED 

The system has been implemented on a Virtex-5 FPGA; 
Table III gives the synthesis results in term of registers, LUTs, 
Block RAMs/FIFOs, and DSP48Es. Nevertheless, the resource 
usage can be reduced by a significant amount if the extra 
hardware added for debugging is removed. The 3D 
compression system uses about 30% of the FPGA, hence more 
complex wavelet tree decompositions and other techniques 
can be used to increase the compression ratio.  

TABLE III. Synthesis results of 3D compression system. 

Resource Type Used Available Percent 
Slices Registers 19486 69120 28% 

Slices LUTs 18500 69120 26% 
Block RAMs/FIFOs 53 148 35% 

DSP48Es 3 64 4% 
 

The system takes 210 ms to compress ~33Mbytes of data into 
~1048Kbytes.  This is equivalent to 96.9% data reduction.  
The custom NPI interface allows a very high throughput, 
significantly less than one second, for this 3D compression 
application. 

VI. CONCLUSION 

In this study, 3D ultrasonic data compression has been 
analyzed with different DWT kernels. Non-uniform DWT 
gives more flexibility in terms of the wavelet kernels used for 
spatial and axial directions. This property can be used to 
reduce the hardware requirements and computation time by 
using simple transform such as Haar transform for the spatial 
directions. An example hardware realization based on CDF9/7 
and Haar transforms shows a very high computational speed 
using a limited number of resources. This 3D compression 
system compresses the volumetric images by 96.9% in less 
than one second. 
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