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Abstract

Ultrasonic propagation imaging (UPI) has shown great potential for detection of impairments in complex structures and can be 

used in wide range of non-destructive evaluation and structural health monitoring applications. The software implementation 

of such algorithms showed a tendency in time-consumption with increment in scan area because the processor shares its 

resources with a number of programs running at the same time. This issue was addressed by using field programmable gate 

arrays (FPGA) that is a dedicated processing solution and used for high speed signal processing algorithms. For this purpose, 

we need an independent and flexible block of logic which can be used with continuously evolvable hardware based on FPGA. 

In this paper, we developed an FPGA-based ultrasonic propagation imaging system, where FPGA functions for both data 

acquisition system and real-time ultrasonic signal processing. The developed UPI system using FPGA board provides better 

cost-effectiveness and resolution than digitizers, and much faster signal processing time than CPU which was tested using 

basic ultrasonic propagation algorithms such as ultrasonic wave propagation imaging and multi-directional adjacent wave 

subtraction. Finally, a comparison of results for processing time between a CPU-based UPI system and the novel FPGA-based 

system were presented to justify the objective of this research.
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1. Introduction

Ultrasonic propagation imaging (UPI) systems with various 

damage visualization algorithms such as ultrasonic wave 

propagation imaging (UWPI) and adjacent wave subtraction 

(AWS) have shown promising results for the non-destructive 

evaluation and structural health monitoring applications. In 

UWPI, flaws in any material or structure are detected when 

processed signals are translated into a movie to model the 

ultrasonic wave propagation over the area under inspection. 

Whereas, in AWS, the structural discontinuity or damage 

is highlighted by subtraction of waves generated from two 

adjacent scan points after adjusting their amplitude and 

arrival time. This technology has the advantage of non-

contact measurement, no requirement for any reference data, 

single scan processing, and ability to successfully examine 

complex geometrical structures [1-5]. Due to the significance 

of such technique, the focus of this technology is on safety 

crucial applications for example, aerospace structures. The 

real-time inspection of any structure with the size as big as an 

aircraft is a challenging task in terms of time. To successfully 

inspect such huge structures, not only high speed scanning 

system is required but we also need a fast data processing 

unit. Therefore, it is highly desirable to develop a system that 

can placate the high speed demand for the inspection of 

larger structures.
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The previous UPI system is predominantly based on 

software implementation. In it, a CPU has been used for 

damage evaluation algorithm implementation and signal 

processing [4, 5]. The ability of CPU to perform many tasks 

within processor centric system in fact compromises its 

performance by sharing its resources with many processes [6, 

7]. For this reason, processing time required by such systems 

increases significantly when dealing with the manipulation 

of large data. Therefore, a powerful hardware solution is 

required to reduce the processing time when larger area 

dimensions need to be inspected. Field programmable gate 

arrays (FPGA) are the best suited solution for challenging 

applications due to their ability of parallel processing. It 

has many advantages over other technologies such as: 

(1) inherent ability to replicate tasks to perform in parallel 

fashion; (2) flexible routing capabilities; (3) provision of 

pipelining mechanism; and (4) opportunity to reconfigure 

and adapt its architecture to user specific demands [8, 

9]. FPGA computing has shown remarkable results for a 

complex class of DSP algorithms as compared to CPU and 

General-purpose Computing on Graphics Processing Units 

(GPGPU) [10, 11]. 

FPGA technology has been adapted by variety of real time 

applications. For example, an implementation of rendering 

algorithm for 3D medical applications shows that FPGA 

produced accelerated results [12]. Additionally, FPGA-based 

DAQ has been developed to reduce reconstruction time 

of mapped data for 3D ultrasound computer tomography 

where adapted matched filtering algorithm has been 

realized in FPGA to observe the processing performance 

[13]. Another example is stereoscopic 3D reconstruction, 

where reconfigurable hardware has been utilized to speed 

up the system performance. The system architecture with 

sobel edge detection algorithm synthesized in Virtex2 Pro 

FPGA achieved real-time performance by generating 75 

frames per second [14]. 

Previously, a study has been performed for post processing 

implementation of UWPI in FPGA. The already stored data of 

ultrasonic signals in the CPU were transferred to FPGA device 

via PCIe communication where they were processed for data 

mapping to obtain UWPI results. More stable response and 

significant development in terms of less processing time was 

observed when compared with software implementation of 

the system. The results were obtained for various scan areas 

and up to 87.55% of time reduction in result generation was 

achieved as shown in Fig. 1 [15]. Although, the data mapping 

generated by FPGA showed remarkable achievement in 

producing faster results but processing single algorithm 

does not fully utilize the parallelism offered by FPGA. In 

addition, data acquisition using an independent digitizer 

was another limitation and a redundant process which 

required unnecessary hardware, time, and effort. Instead of 

saving the ultrasonic signal data from sensing system to the 

PC and then writing it to FPGA, it would be best if we could 

implement FPGA based analogue to digital converter (ADC) 

for direct acquisition of data during inspection and process 

it in FPGA device to produce real-time results. Therefore, an 

innovation was required to observe the processing results 

for more than one damage visualization technique and work 

was continued to implement other established algorithms to 

explore the parallel architecture of FPGA device. Moreover, 

another upgradation in the system was needed for data 

acquisition to meet the real world application requirements. 

By incorporating the data acquisition with the processing 

unit we can step into another level to produce real time 

processing results.

In this study, a FPGA board plays a role for both data 

acquisition and image processor to develop a real-time 

FPGA-based UPI system. For this purpose, we have 

developed a firmware architecture to perform data 

acquisition and process multiple algorithms in FPGA board. 

This firmware design was synthesized for Virtex 6 FPGA 

device. Using integrated data acquisition, the ultrasonic 

signals from the sensing system were directly transferred 

to the FPGA based processing unit which makes the overall 

system independent for structural health monitoring (SHM) 

and non-destructive evaluation (NDE) applications. A set 

of damage visualization algorithms such as: UWPI and 

multi-directional AWS damage were implemented in the 

novel UPI system. Multiple damage detection techniques 

were tested for FPGA-based processing in comparison with 

CPU based system. Results showed that the acceleration 

offered by FPGAs shortened the movie generation time 

by more than 68,800 ms when compared to software 

implementation of the system. The target of this work is to 

show that improvement in the inspection time by hardware 
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Fig. 1. Result comparison of FPGA-based and C# LabView-based systems for post processing UWPI 

result generation. 

 

In this study, a FPGA board plays a role for both data acquisition and image processor to develop a 

real-time FPGA-based UPI system. For this purpose, we have developed a firmware architecture to 

perform data acquisition and process multiple algorithms in FPGA board. This firmware design was 

synthesized for Virtex 6 FPGA device. Using integrated data acquisition, the ultrasonic signals from 

Fig. 1.  Result comparison of FPGA-based and C# LabView-based sys-
tems for post processing UWPI result generation.
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implementation has great potential for examination of huge 

aerospace structures. These results justified the objective of 

the study to reduce the processing time of damage detection 

for structure under observation and meet the requirement 

for large scale inspection.

2. FPGA-Based Real-Time Imaging System

2.1 System Architecture

The novel UPI system uses FPGA based DSP board for 

data acquisition and image/signal processing. The data 

are acquired using a laser scanning system [5] which uses 

a Q-switched laser (QL) and a laser mirror scanner (LMS). 

These ultrasonic signal data are fed into a high speed ADC. 

Data processing is done inside Virtex 6 FPGA and two DDR3-

SDRAM of 512 MB are used to store the data and provide 

access to the user program to read and write from the storage 

location. During the acquisition, 2048 samples per signal are 

acquired with a scanning speed in kilohertz regime that is 

triggered by Q-switched Laser (QL) controller. This takes 

around a few seconds for the scanning to finish for 100x100 

mm2 with an interval of 0.5 mm. Fig. 2 shows the complete 

block diagram of the designed system. Each block in Virtex 6 

FPGA device represents a top module integrated together to 

develop a complete firmware design for the present imaging 

system.

Signal processing for UWPI and horizontal AWS algorithms 

is performed concurrently while scanning and the processed 

data are stored in the memory. Once scanning is finished, 

a read command initiates the address generation to fetch 

the corresponding mapped data from the DDR3 memory 

which are then sent to the PC through direct memory access 

(DMA) transfer via PCIe interface where a graphical user 

interface application generates a video of intensity maps of 

the inspected area for each of the imaging algorithms. This 

read process takes the decimated version of the 2048 points 

mapped data translated into 512 sample points. Fig. 3 shows 

the complete flow chart of FPGA based real time imaging 

system.

2.2 Data Acquisition 

Data acquisition (DAQ) is performed by 14 bit 250Msps 

ADC FPGA mezzanine card (FMC) installed on a FMC carrier 

support offered by FPGA based DSP board. Sampling clock is 

provided by an internal clock source from a flexible and high 

performance clock architecture. Incoming analog signals is 

acquired by ADC channel right after the external trigger is 
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Fig. 2. Block diagram for DAQ and integrated real-time imaging system. 
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detected by a contact ultrasonic sensor installed on the opposite side of the structure. This signal is 
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received. This external trigger is provided by QL controller 

depending on the pulse repetition frequency (PRF). On each 

trigger pulse 1-D ultrasonic wave signal is acquired. The 

ultrasonic signal is produced when a laser beam impinges 

the target surface of structure under inspection. The wave 

propagates over the target surface which is detected by a 

contact ultrasonic sensor installed on the opposite side of 

the structure. This signal is passed from a filter and amplifier 

to DAQ card where it is digitized based on the sampling 

frequency provided by the internal clock generation. 

Integrated firmware design makes use of data from the 

DAQ channel and performs intended signal processing 

operations. The firmware design of DAQ consists of three 

main modules (AD9510, FMC10x_ctrl and ADS62149) as 

shown in Fig. 4. 

Here, AD9510 is a controlling block responsible for 

regulating phase-locked loop (PLL) and clock distribution. 

It provides voltage controlled oscillator (VCO) frequency 

between 50 MHz to 250 MHz range. Whereas, for our data 

acquisition we sometimes require lower sampling rate 

depending on the PRF of the scanning system. To achieve 

lower sampling rate the VCO frequency is again divided by 

a certain factor to produce desired sampling clock inside 

the FPGA. This is performed in FMC104_ctrl module to 

control sampling for given number of burst and samples per 

burst. Whereas, ADC channels are controlled by ADS62P49 

module. The 14 bit channel data is left justified to 16 bits and 

concatenated to deliver 64 bit output. This 64 bit ADC output 

is streamed to external logic for data processing and damage 

evaluation algorithm implementation.

2.3 Ultrasonic Wave Propagation Imaging  

In UWPI, ultrasonic signals acquired during scanning 

are translated into a 3D data structure to show the results 

in movie or image form. The resultant mapped data are 

visualized in terms of intensity maps to show the amplitude 

of signal for each impinging point in the inspected area 

along the time axis [2, 5]. If the ultrasonic signal captured 

after each scan point is denoted by a vector denoted by:
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Now, S(i)mappeddata represents the freeze frame for the intensity map at ith sample point and Tp is the 
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VHSIC hardware descriptive language (VHDL) is used to program and implement the imaging 

algorithms in FPGA. VHDL is a strongly typed language with suitable FPGA library support and its 

design is mostly based on IEEE 1164 standard design package [16]. To implement UWPI data 

mapping the following sub modules are used: (i) address generator to produce addresses for the 

incoming raw data from DAQ; (ii) traffic controller for regulating the incoming data traffic relative to 

memory controller; and (iii) data read controller to receive the mapped data from DDR3 memory and 

generate control signals for further data transfer. Fig. 5 shows the block diagram for UWPI realization 

on FPGA. Data are mapped during read process when the addresses for the desired memory locations 

are generated to fetch the frame of mapped data for all sample points. Memory controller shown in 

Fig. 5 translates the memory addresses and provides the mechanism to store corresponding sample 

data from user design to DDR3 memory device.  

 

Fig. 5. Block diagram for UWPI realization on FPGA. 
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provided by the internal clock generation. Integrated firmware design makes use of data from the 

DAQ channel and performs intended signal processing operations. The firmware design of DAQ 

consists of three main modules (AD9510, FMC10x_ctrl and ADS62149) as shown in Fig. 4.  

 

Fig. 4. Firmware architecture for data acquisition. 

 

Here, AD9510 is a controlling block responsible for regulating phase-locked loop (PLL) and clock 

distribution. It provides voltage controlled oscillator (VCO) frequency between 50 MHz to 250 MHz 

range. Whereas, for our data acquisition we sometimes require lower sampling rate depending on the 

PRF of the scanning system. To achieve lower sampling rate the VCO frequency is again divided by a 

certain factor to produce desired sampling clock inside the FPGA. This is performed in FMC104_ctrl 

module to control sampling for given number of burst and samples per burst. Whereas, ADC channels 

are controlled by ADS62P49 module. The 14 bit channel data is left justified to 16 bits and 

concatenated to deliver 64 bit output. This 64 bit ADC output is streamed to external logic for data 

processing and damage evaluation algorithm implementation. 

 

2.3 Ultrasonic Wave Propagation Imaging   

In UWPI, ultrasonic signals acquired during scanning are translated into a 3D data structure to 

show the results in movie or image form. The resultant mapped data are visualized in terms of 

Fig. 4. Firmware architecture for data acquisition.
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controller to receive the mapped data from DDR3 memory 

and generate control signals for further data transfer. Fig. 

5 shows the block diagram for UWPI realization on FPGA. 

Data are mapped during read process when the addresses 

for the desired memory locations are generated to fetch 

the frame of mapped data for all sample points. Memory 

controller shown in Fig. 5 translates the memory addresses 

and provides the mechanism to store corresponding sample 

data from user design to DDR3 memory device. 

2.4 Multi-Directional Adjacent Wave Subtraction 

AWS algorithm is implemented by developing an 

intellectual property (IP) core in VHDL. This technique 

is useful to visualize the crack having parallel orientation 

to the scanning. Horizontal and vertical AWS processing 

techniques are implemented in the system. It performs 

sample to sample subtraction of the adjacent signals after 

adjusting their arrival time and amplitude [2] as follows:
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����� and ������� are two adjacent laser impinging points on the inspected area. In it, i is the 

number of current sampling point, n is the number of impinging point of the scan area, k is the time 

shift and ������  is the resultant adjacent wave subtraction. In Eq. (1), ������ � �������� 

represents the adjacent signal after time adjustment and amplitude correction at shift index�����. Shift 

index is calculated for time adjustment using root mean square error defined as: 

������ � � �
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where, N is the total number of samples and RMS(k) is the root mean square error calculated at 

shifting index (k). Finally, shift index is referred to the amount of shifting that gives the minimum 
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vertical AWS processing techniques are implemented in the system. It performs sample to sample 
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root mean square error calculated at shifting index (k). 

Finally, shift index is referred to the amount of shifting that 

gives the minimum RMS error as shown in Eq. (8). Amplitude 

of the adjacent signal is adjusted using equation shown in 

Eq. (9). 
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into DDR3 memory. Interestingly, both horizontal and 

vertical AWS utilize the same module for processing. The 

only difference in the two schemes is data structure for 

input of signal data. In HAWS, all the signals in one row are 

delivered first as input to the IP core, where all adjacent 

horizontal signals are processed. Whereas, column wise 

signal data are transferred to the AWS processing module 

for adjustment and subtraction of vertical adjacent signals 
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VHSIC hardware descriptive language (VHDL) is used to program and implement the imaging 

algorithms in FPGA. VHDL is a strongly typed language with suitable FPGA library support and its 

design is mostly based on IEEE 1164 standard design package [16]. To implement UWPI data 

mapping the following sub modules are used: (i) address generator to produce addresses for the 

incoming raw data from DAQ; (ii) traffic controller for regulating the incoming data traffic relative to 

memory controller; and (iii) data read controller to receive the mapped data from DDR3 memory and 

generate control signals for further data transfer. Fig. 5 shows the block diagram for UWPI realization 

on FPGA. Data are mapped during read process when the addresses for the desired memory locations 

are generated to fetch the frame of mapped data for all sample points. Memory controller shown in 

Fig. 5 translates the memory addresses and provides the mechanism to store corresponding sample 

data from user design to DDR3 memory device.  

 

Fig. 5. Block diagram for UWPI realization on FPGA. 

 

2.4 Multi-Directional Adjacent Wave Subtraction  

AWS algorithm is implemented by developing an intellectual property (IP) core in VHDL. This 

Fig. 5. Block diagram for UWPI realization on FPGA.
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concatenated samples of current signal (Sn) are first separated into 16 bit by an internal buffer. Other 

internal buffers are used for synchronization and holding of data for further computation. Time point 

adjustment module calculates and compares RMS error using Sn and Sn-1 to find the shift index. 

Once shift index is calculated final subtraction module performs sample to sample subtraction after 

shifting the signals to desired extent. The 16 bit output of multi-directional AWS top module is then 

sent for data mapping and finally it is stored in DDR3 memory. 

 

Fig. 6. Data structure for multi-directional adjacent wave subtraction for scan area having 200x200 

points. 

 

 

Fig. 7. Data flow diagram for multi-directional adjacent wave subtraction. 

 

3. Software Implementation 

A software application is developed using C++ to configure, initialize and control the FPGA based 

Fig. 6. Data structure for multi-directional adjacent wave subtraction for scan area having 200x200 points.
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as shown in Fig. 6. Horizontal adjacent wave subtraction 

(HAWS) is computed with the data directly coming from 

the ADC. Whereas, vertical adjacent wave subtraction 

(VAWS) is performed after scanning is finished by reading 

the same data stored in the DDR3 memory. Fig. 7 shows 

the data flow diagram for multi-directional AWS. Incoming 

64 bit concatenated samples of current signal (Sn) are first 

separated into 16 bit by an internal buffer. Other internal 

buffers are used for synchronization and holding of data 

for further computation. Time point adjustment module 

calculates and compares RMS error using Sn and Sn-1 to 

find the shift index. Once shift index is calculated final 

subtraction module performs sample to sample subtraction 

after shifting the signals to desired extent. The 16 bit output 

of multi-directional AWS top module is then sent for data 

mapping and finally it is stored in DDR3 memory.

 

3. Software Implementation

A software application is developed using C++ to 

configure, initialize and control the FPGA based real time 

imaging system. It utilizes PCIe protocol to communicate 

with the hardware using command channel and data 

channel. Communication using command bus is performed 

by calling the specified address of firmware internal registers 

and executed read/write operations. Commissioning and 

deployment of the system are the main tasks performed 

using command channel. Whereas, data channel makes use 

of DMA operations for sending or receiving data from the 

memory. Mapped data are transferred to the PC by using data 

channel. Tasks performed using command channel and data 

channel are highlighted in Fig. 3. Apart from communication 

with the hardware, software application is also responsible 

for movie visualization after the receiving the mapped data. 

Each freeze frame is stored in separate binary file and an 

animation of intensity maps for all freeze frames is generated 

to visualize the damage in an inspected area.

4. Results

The design is synthesized on Virtex 6 device using Xilinx 

synthesizer (XST). Table 1 demonstrates the FPGA device 
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real time imaging system. It utilizes PCIe protocol to communicate with the hardware using command 

channel and data channel. Communication using command bus is performed by calling the specified 

address of firmware internal registers and executed read/write operations. Commissioning and 

deployment of the system are the main tasks performed using command channel. Whereas, data 

channel makes use of DMA operations for sending or receiving data from the memory. Mapped data 

are transferred to the PC by using data channel. Tasks performed using command channel and data 

channel are highlighted in Fig. 3. Apart from communication with the hardware, software application 

is also responsible for movie visualization after the receiving the mapped data. Each freeze frame is 

stored in separate binary file and an animation of intensity maps for all freeze frames is generated to 

visualize the damage in an inspected area. 

 

4. Results 

The design is synthesized on Virtex 6 device using Xilinx synthesizer (XST). Table 1 demonstrates 

the FPGA device consumption for all implementations. It gives the area occupation on the Virtex 6 

device in terms of slice registers, slice lookup tables (LUTs) and LUT-flip flops. These results are 

obtained using Xilinx ISE 13.2 implementation tool. According to FPGA device utilization results, 

multi-directional AWS IP core requires greater number of resources than UWPI data mapping. Overall 

system design represents the number of logic elements utilized for both data acquisition and result 

processing algorithms. 

 

Table 1 

FPGA device consumption. 

Logic Elements UWPI data mapping MAWS IP core Overall system design 

Slice Registers 802 8155 16,872 

Slice LUTs 1219 14936 22,095 

LUT-FF pairs 547 5115 10,542 
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Figure 8 Shows signals for three different locations at (199,108) near sensor, (100,80) near damage 

and (50,100) far from sensor captured by CPU based system using NI digitizer and FPGA based 

system using FMC104. The location represents the number of horizontal and vertical scan points on 

the area under test. For inspection area of 100x100 mm2 with scan interval of 0.5 mm, total 200 

horizontal and 200 vertical points are captured. Amplitudes of selected signals acquired from two 

differed systems are normalized and plotted against each other. The time domain 1D signals have 

shown strong similarities for various locations in the inspection area. 

 

Fig. 8. Similarities of 1D time domain signal acquired by FMC104 and NI digitizer at three distant 

scanning points (a) near sensor, (b) near damage, (c) far from sensor. 

 

Figure 9 shows the experimental setup on CFRP wing box specimen. The scanning area is 100x100 

mm2 having two impact damages inside the scan area. The sensing point is below the scan area and 

the sensor is attached at the back side of the specimen. LMS directs the laser beam coming from the 

532nm laser to the specimen for raster scanning. The ultrasonic signals captured are amplified 25 

times and filtered in the range of 100 kHz ~ 250 kHz. 

Movies are taken for UWPI, horizontal AWS and vertical AWS for 100x100 mm2 scan area with 

scanning interval of 0.5 mm. Total movie duration is 200 us for 2000 sample points sampled at 10 

MHz. Freeze frames captured at 68.8us for FPGA and CPU based UPI systems are shown in Fig. 10. 

All the videos generated by FPGA- and CPU-based systems shows almost identical results. 

                                                          
                   (a)                                                              (b)                                                              (c)

Fig. 8.  Similarities of 1D time domain signal acquired by FMC104 and NI digitizer at three distant scanning points (a) near sensor, (b) near damage, 
(c) far from sensor.
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consumption for all implementations. It gives the area 

occupation on the Virtex 6 device in terms of slice registers, 

slice lookup tables (LUTs) and LUT-flip flops. These 

results are obtained using Xilinx ISE 13.2 implementation 

tool. According to FPGA device utilization results, multi-

directional AWS IP core requires greater number of 

resources than UWPI data mapping. Overall system design 

represents the number of logic elements utilized for both 

data acquisition and result processing algorithms.

Figure 8 Shows signals for three different locations at 

(199,108) near sensor, (100,80) near damage and (50,100) far 

from sensor captured by CPU based system using NI digitizer 

and FPGA based system using FMC104. The location 

represents the number of horizontal and vertical scan points 

on the area under test. For inspection area of 100x100 mm2 

with scan interval of 0.5 mm, total 200 horizontal and 200 

vertical points are captured. Amplitudes of selected signals 

acquired from two differed systems are normalized and 

plotted against each other. The time domain 1D signals 

have shown strong similarities for various locations in the 

inspection area.

Figure 9 shows the experimental setup on CFRP wing box 

specimen. The scanning area is 100x100 mm2 having two 

impact damages inside the scan area. The sensing point is 

below the scan area and the sensor is attached at the back 

side of the specimen. LMS directs the laser beam coming 

from the 532nm laser to the specimen for raster scanning. 

The ultrasonic signals captured are amplified 25 times and 

filtered in the range of 100 kHz ~ 250 kHz.

Movies are taken for UWPI, horizontal AWS and vertical 

AWS for 100x100 mm2 scan area with scanning interval 

of 0.5 mm. Total movie duration is 200 us for 2000 sample 

points sampled at 10 MHz. Freeze frames captured at 68.8us 

for FPGA and CPU based UPI systems are shown in Fig. 10. 

All the videos generated by FPGA- and CPU-based systems 
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Fig. 10. Freeze-frames at 68.8 μs generated by CPU-based (a) UWPI, (b) Horizontal AWS, (c) 

Vertical AWS and FPGA-based (d) UWPI, (e) Horizontal AWS and (f) Vertical AWS. 

 

A comparison graph is shown in Fig. 11 which presents the video generation time of all three 

damage evaluation techniques UWPI, horizontal AWS and vertical AWS generated by both FPGA- 

and CPU- based systems. UWPI and Horizontal AWS are generated in less than 3 seconds in both 

systems because on-the-fly technique is used where signal processing begins during the scanning and 

when the scanning is completed the processing is almost finished. On the other hand, VAWS is 

processed after scanning is completed and FPGA system shows significant accomplishment in terms 

of time reduction in the vertical AWS as a next step. At this point we highly realize the effectiveness 

of FPGA. This shows that as we increase the number of damage visualization algorithms in FPGA for 

single inspection we get more promising speed-up. It took only 3.2 seconds, 22.5 times faster than the 

Fig. 10.  Freeze-frames at 68.8 μs generated by CPU-based (a) UWPI, (b) Horizontal AWS, (c) Vertical AWS and FPGA-based (d) UWPI, (e) Horizontal 
AWS and (f ) Vertical AWS.
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shows almost identical results.

A comparison graph is shown in Fig. 11 which presents 

the video generation time of all three damage evaluation 

techniques UWPI, horizontal AWS and vertical AWS 

generated by both FPGA- and CPU- based systems. UWPI 

and Horizontal AWS are generated in less than 3 seconds 

in both systems because on-the-fly technique is used 

where signal processing begins during the scanning and 

when the scanning is completed the processing is almost 

finished. On the other hand, VAWS is processed after 

scanning is completed and FPGA system shows significant 

accomplishment in terms of time reduction in the vertical 

AWS as a next step. At this point we highly realize the 

effectiveness of FPGA. This shows that as we increase the 

number of damage visualization algorithms in FPGA for 

single inspection we get more promising speed-up. It took 

only 3.2 seconds, 22.5 times faster than the current CPU-

based UPI system for processing the three algorithms. This 

is a considerable difference for inspection of such a small 

area and it can provide huge time saving if used for the full 

examination of many times larger structures.

5. Conclusions

A data acquisition integrated FPGA-based UPI system 

was developed for implementation of UWPI and multi-

directional AWS algorithms. These algorithms were 

programmed in VHDL and implemented in the DAQ 

integrated firmware design. UWPI and horizontal AWS were 

processed concurrently during scanning for real time result 

generation. Results generated by FPGA for all implemented 

damage detection algorithms were successfully similar to 

conventional UPI system. In addition, improved processing 

was observed due to substantial parallelism and superior 

resolution offered by FPGA device as compared to 

conventional software-based system. Comparison results 

showed that FPGA-based system reduced 95.5% for video 

generation time of the set of UWPI, horizontal AWS, and 

vertical AWS. The time saving will be more dramatic when 

more damage visualization processes are implemented. 

These results prove that FPGA is very effective technology 

and possess high potential for the full-scale scan by the UPI 

system. Moreover, firmware design can be easily improved 

by integrating more DDR3 memories and NAND Flash for 

large scale inspection.
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