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Abstract
This motivation of this work is to investigate on Synthetic receive depth focusing using the phased array ultrasonic technique. The main feature of the Phased array ultrasonic technology is the capability of modifying the beam parameters such as angle of incidence (beam steering) and/or depth of focus by giving suitable time delays to the individual elements of the array probe during transmission. The received signals are hence time-advanced accordingly and added in phase. Synthetic receive depth focusing involves focusing the beam to a particular depth of focus during transmission and receiving the signal and defocusing it accordingly so as to have an extended focal zone. This would result in a better reconstruction of the defects within the extended focal zone. The experiments were carried out on an aluminium block with side drilled holes at different depths using the conventional and the phased array ultrasonic technique. The results were compared with the conventional SAFT and the fixed-transmit and fixed-receive focus B-scans with respect to the actual sizes of the side drilled holes. 
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1. Introduction
The conventional ultrasonic transducer consists of a single element piezoelectric crystal which acts as both transmitter and receiver in the pulse-echo mode. In order to steer the beam at a requisite angle, the transducer has to be mounted on suitable wedge so as to achieve the required angle of incidence in the material to be inspected. It is not possible to focus the beam (unless a focused transducer is used) as no control can be exercised over the beam formation. 

The phased array transducer consists of an array of elements that can be pulsed at slightly different time delays to generate an ultrasonic beam at the requisite angle. The beam generation and the reception is hence based on a set of focal time delay laws which is dictated by the geometry of the specimen and the kind of defects anticipated to be present in the specimen. Typically, a linear phased array transducer has 64-128 elements. The beam generated thus is identical to an ultrasonic beam that is generated using a conventional transducer. Hence, Phased array is simply a method of transmission and reception of the ultrasonic beam. But the advantages offered by the phased array are manifold in comparison to the conventional ultrasonic technique. The sector or the azimuthal scan feature of the phased array is capable of changing the beam angle for every pulse, thus making it possible to sweep over an angular range. This versatile feature is capable of covering a large area of inspection for the presence of defects apart from having a greater probability of detection of unfavourably oriented defects that might not get detected when inspected at one particular angle of incidence.
An important feature of the phased array is the electronic or the linear scanning by which it is possible to rapidly scan the material to be inspected, within the probe width, without the manual movement of the probe. This considerably reduces inspection time and also eliminates manual positioning errors to a large extent.
Another significant advantage of using phased array is the capability of focusing the beam in case of inspection of thin sections. This ensures that the beam gets formed at the required depth of focus which may otherwise not be possible using an unfocused conventional transducer.

The major disadvantage with this technique is that the resolution is determined by the inter-element spacing which cannot be more than half the wavelength in order to avoid grating lobes.
The objective of this paper is to carry out an experimental study and critically compare the focusing capabilities of the three techniques viz., SAFT, Fixed Transmit Dynamic Receive Focus and Fixed Transmit Fixed Receive Focus techniques on an aluminium block with simulated defects (SDH) and also highlight their advantages and limitations. A simulation study was also carried out to compare the experimentally obtained defect images for the three testing techniques with the simulated B-scan images of the defects.
2. Focusing Techniques
The basic essence of focusing an ultrasonic beam is to converge maximum amount of energy to the requisite depth of focus so as to improve the lateral resolution. This can be achieved using a conventional focused transducer or by incorporating suitable time delays in a phased array transducer. Focusing can be achieved in transmit and/or in the receive mode. A significant advantage of all focusing techniques is that they rely more on time of flight information rather than on the amplitude information. This means that not only the position of the defect can be ascertained with sufficient accuracy, but also the amplitude information automatically gets enhanced during delay and sum operation which significantly improves the SNR. The axial resolution in all focusing techniques is equal to the pulse width and is independent of the size of the aperture. 

2.1 Synthetic Aperture Focusing Technique (SAFT)
In this technique, a single element transducer acts as an active element for both transmission and reception. It is essentially a post-processing technique and is performed off-line. The focusing operation is done only in the reception mode and does not take into consideration the beam pattern during transmission. The transmission produces a highly divergent beam which is desirable and is advantageously used during the reception to focus the beam and obtain a high Signal to Noise Ratio (SNR).
The principle of SAFT is based on the idea that a highly divergent beam from a small transducer starts seeing a defect for a much longer time along the scan axis, both before and after, the transducer is exactly above the defect. The signature of the defect indicated by the envelope obtained by joining the peak values in the A-scans, results in a hyperbola of varying intensity depending on the amount of energy that is reflected by the defect to the transducer as it moves over the defect. Thus, more the divergence (which is highly undesirable in conventional UT), more is the span of the hyperbola, and hence more information is obtained from the defect with regard to its position. The lateral resolution is that can be obtained is a function of the depth and increases linearly with depth (due to the divergent beam).
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The SAFT algorithm works as follows. The peak value in the A-scan under consideration is assumed to indicate the position of the defect. Hence, all the remaining A-scans within the aperture are time shifted accordingly and added with the current A-scan and averaged. This is called the delay and sum operation and results in a new spatially averaged A-scan. The procedure is repeated for the all the subsequent A-scans along the scan length. The advantage of using the delay and sum operation is that if the defect were actually present at that location indicated by the A-scan, the summing and averaging effect would result in constructive interference and hence a strong enhanced signal. On the contrary, if the defect were not present at that location indicated by the A-scan, it would result in destructive interference and his kill the false indication in the signal in the summing and averaging operation thereby increasing the SNR of the signal considerably.
2.2. Fixed Transmit and Fixed Receive Focus (FTFRF) Technique (Phased array: Multi-element SAF)
In this technique, an array of elements is used to transmit and receive signals simultaneously. Since each element in the array can be individually and independently controlled, it is possible to pulse the elements at slightly different times to generate a focused beam for the desired depth of focus. Inverse delay law is used in the reception and the signals are time shifted accordingly and added. Thus, a fixed focus is obtained during both the transmission and the reception and the focusing is achieved on-line. This fixed focusing is capable of synthesizing a small range focal zone. The beam is well formed and focused only in this zone and is capable of imaging the defects well. The beam might not be well formed ahead of this zone and may diverge beyond this zone and hence may result in poor imaging of the defects. Thus, in order to overcome this limitation, the depth of focus is chosen somewhere in the middle of the required range. This again results in a high SNR and images the defects within the zone with reasonable accuracy. It is also possible to vary the depth of the focus manually (but not dynamically) depending on the geometry of the sample or with the orientation of a defect.
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2.3 Fixed Transmit and Dynamic receive Focus (FTDRF) Technique (Phased array: Multi- element SAF- DDF)
This technique is similar to the (FTFRF) Technique but differs in being capable of dynamically focusing in the reception mode so as to obtain an extended focal zone by suitably adjusting the aperture size as a function of the depth of focus. This technique is often referred to as Dynamic Depth Focusing (DDF) technique and is usually hardware implemented. The significant advantage of this technique is that the dynamic focusing can be achieved on-line and hence results in a highly improved SNR. A single transmit parabolic delay law is chosen in the transmit mode so as to focus the ultrasonic beam at the depth of focus that is taken somewhere in the middle of the required range of the focal zone but a set of receive delay laws are dynamically generated in real time (which depend on the resolution desired in the depth direction) to suitably focus the beam to requisite depths of foci and hence image the defects.
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3. Specimen Preparation

The specimen used in this study was an aluminium block of (24 mm long) 75 mm thickness and 105 mm width having five Side Drilled Holes (SDH) all of 2 mm diameter, at depths 10,20,30,40 and 50 mm respectively form the top surface of the block. A schematic of the pipe is given in Figure 2(a) and the view of the block specimen is given in Figure 2(b). 
4. Phased array ultrasonic system

The phased array ultrasonic experimental setup used in this study consists of the R/D Tech Omniscan MX ultrasonic Phased Array system with the array probe moved on the loaded SS pipe specimen. The data presented in this paper was acquired using 5 MHz, 64 elements (46 mm X 15 mm area) array probe. The defects were imaged (real-time B-scan) by phasing the elements of the probe to generate a focused longitudinal wave at normal incidence in the electronic linear scan mode. The same Omniscan MX ultrasonic Phased Array system was also used in the conventional ultrasonic mode with a 5 MHz LW unfocused (0.25 inch diameter) conventional transducer at normal incidence to acquire data for the conventional SAFT processing. In both Phased array and conventional ultrasonic testing, the transducers were mounted on a probe holder-encoder assembly during scanning to generate B-scans.
5. Results and Discussions
a) SAFT:

Figure 5(a) shows a comparison between the images of the defects obtained using a conventional 5 MHz transducer before and after application of the SAFT technique. It was observed that SAFT significantly improves the lateral resolution of the B-scan and gave better defect definition with respect to its position and size interpretation by eliminating the hyperbola that appears due the beam divergence. The transducer size was taken to be 10 mm and the length of the aperture was taken to be 8.
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Figure 5(a): Comparison of B-scan images before and after SAFT operation on defect images obtained using a conventional transducer

b) FTFRF Technique (Phased array: Multi-element SAF)
Figure 5(b) shows a comparison between the images of the defects obtained using a Phased array 5 MHz transducer before and after application of the focusing operation. The focus was done variably on each defect and is compared with the B-scan of the defect images obtained when the scan is done in the unfocused mode.  It is observed that focusing at the defect closest to the front wall improved the image of the first defect but 
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Figure 5(b): Comparison of B-scan images of the unfocused and the variably focused cases with respect to the defect positions obtained using a Phased array transducer

the     quality of focusing decreased with depth and consequently, the farthest defect was not imaged well. It was also observed that by focusing somewhere in the middle of the region of interest, it was possible to obtain a well resolved image of all the defects that fell within the range of the focal zone. Thus, it can be inferred that the defects that fall within the focal zone can only be imaged well with respect to their size and position while those defects that fall outside this zone have poor definition with respect to their size and position unlike SAFT which ensures focusing and good imaging of the defects regardless of the depth. The significant advantage of this technique is that the variable focusing operation can be performed on-line (in contrast to SAFT) and allows the testing professional to make quick decisions in the field. The number of active elements was taken to be 8 in the PA transducer and the maximum aperture size was taken to be 8.
c) FTDRF Technique (Phased array: DDF)
Figure 5(c) shows a comparison between the images of the defects obtained using a Phased array 5 MHz transducer before and after application of the focusing operation. The first image is the B-scan obtained when the scan is done in the semi-focused mode. During transmission the depth of focus was chosen somewhere in the middle of the region of interest, in order to obtain a well resolved image of all the defects that fell within the extended focal zone. The dynamic focusing algorithm has been used in the reception mode to enhance the defect information. Though the dynamic focusing algorithm has been applied off-line (but Phased arrays with DDF option are commercially available), the feature can be easily incorporated in the system to get a real-time dynamic depth focusing of the defects in the specimen under investigation. Thus, the significant advantage of this over SAFT is that this can be performed on-line and over FTFRF Technique of the phased array is that the defects can be imaged better in the field and gives the testing professional enhanced information of the defects.
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 Figure 5(c): Comparison of B-scan images of the unfocused and the dynamically depth focused cases with respect to the defect positions obtained using a Phased array transducer ( Nelem=2 ; aperture size=8)
6. Comparison of PA and conventional Transducer results:
[image: image13.emf]Depth axis in micro-sec

Scan axis in mm

Convetional Transducer :Without Synthetic Focusing

2 4 6 8 10 12 14 16 18 20

20

40

60

80

100

120

140

160

180

200

 [image: image14.emf]Depth axis in micro-sec

Scan axis in mm

Phased Array :Without Synthetic Focusing

2 4 6 8 10 12 14 16

10

20

30

40

50

60

70

80


a) Unfocused case
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a) Synthetically Focused case

6. Simulation Studies

Simulation studies were carried out to model the Conventional SAFT technique obtained using a conventional transducer and the phased array transducer for two configuration i.e., Fixed transmit Fixed receive Focus  and Fixed transmit Dynamic receive Focus modes The images of the defects obtained from the simulations were critically compared with the corresponding experimentally obtained images.
7. Summary and Conclusions

1. The various focusing methods viz., SAFT, Fixed transmit Fixed receive Focus  and Fixed transmit Dynamic receive Focus techniques have been studied in this paper
2. Experiments were carried out to compare the performance of the various synthetic aperture methods with respect to the defect definition and size determination.

3. It was observed that the conventional-SAFT enhanced the signal quality better than the  Fixed transmit Fixed receive Focus technique which allowed good imaging of the defects only within the focal zone. But conventional-SAFT suffers from the limitation that it can only be implemented off-line. 
4. The image quality of the defects outside the focal zone was poor in case of the Fixed transmit Fixed receive Focus technique in comparison to SAFT. But the advantage of this technique is that the focusing can be varied on line unlike SAFT to obtain a better image of the defect in field.

5. The DDF feature of the phased array allows the focusing of the beam on the defects dynamically (in-line), thus improving the quality(SNR) of the defect images equivalent to that produced by SAFT and better than Fixed transmit Fixed receive Focus technique. Thus, it couples the advantage of SAFT with regard to image quality and that of phased array in which dynamic focusing can be done in the field.
References
[1] R/D Tech Guideline, 2004, “Introduction to Phased Array Ultrasonic Technology Applications”, First Edition, R/D Tech Inc., Canada.

[2] R/D Tech's Technology Information, 2002, “Ultrasound Phased Array”, Journal of Nondestructive Testing, Vol.7 (7), http://www.ndt.net/article/v07n05/rdtech/rdtech.htm.

[3] Poguet, J., Marguet, J., Pichonnat, F., and Chupin, L., 2002, “Phased Array technology: concepts, probes and applications”, Journal of Nondestructive Testing, Vol.7 (5), http://www.ndt.net/article/v07n05/poguet/poguet.htm.

[4] Azar L., Shi Y., and Wooh S.C., “Beam focusing behavior of linear phased arrays”, NDT and E International., Volume 33, Number 3, April 2000, pp. 189-198(10)

[5] Davis, J. M., 1998, “Advanced Ultrasonic Flaw Sizing Handbook”, Journal of Nondestructive Testing, Vol.3 No.11, http://www.ndt.net/article/1198/davis/davis2.htm. 

[6] Wüstenberg, H., and Erhard, A., 1997, “Approximative Modeling for the Practical Application at Ultrasonic Inspections”, Journal of Nondestructive Testing, Vol.2 (5),  http://www.ndt.net/article/wsho0597/wuesten2/wuesten2.htm. 

[7] A. Chahbaz1 and R. Sicard2 , March 27, 2003, “Comparative Evaluation between Ultrasonic Phased Array and Synthetic Aperture Focusing Techniques” , Review of Progress in Quantitative Nondestructive Evaluation: AIP Conference Proceedings  Volume 22, Volume 657, pp. 769-776.
[8] Holm, S.   Yao, H. , Oct 8, 1997, “Improved frame rate with synthetic transmit aperture imaging using prefocused sub apertures”, Ultrasonics Symposium, 1997. Proceedings., IEEE Volume: 2,  On page(s): 1535-1538 vol.2, Canada 
[9] Kang-Sik Kim, Jie Liu, and Michael F. Insana, August 2006,“ Efficient array beam forming by spatial filtering for ultrasound B-mode imaging”, The Journal of the Acoustical Society of America, Volume 120, Issue 2, pp. 852-861 

[10] Karaman, M.   Pai-Chi Li   Oapos   Donnell, M.  , May 1995, “Synthetic aperture imaging for small scale systems”, IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control, Volume: 42, Issue 3, pp. 429-442

[11] A.W. Elbern, L. Guimarães, August 2000, “Synthetic Aperture Focusing Technique for Image Restauration” , The e-Journal of Nondestructive Testing & Ultrasonics, Issue Vol. 5 No. 8
