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Abstract 

Guided Waves Ultrasound Testing (GWUT) is an emerging non-destructive testing (NDT) method.  This testing 

method is widely used in industry for detecting corrosion and other forms of degradation in long distance oil and 

gas pipelines quickly and efficiently. The importance of GWUT for industrial pipeline inspection is due to its 

efficiency in long distance testing and capability of testing insulated and inaccessible lengths of pipes. The 

detection of corrosion of insulated pipe is problematic for conventional UT because many areas of the pipe are 

inaccessible; sometimes the costs of access can exceed the costs of inspection. GWUT provides rapid screening 

for in-service degradation of buried and insulated pipes, reduces the costs of gaining access and testing time by 

avoiding the removal and reinstatement of insulation or coating, except at location of transducer tool. GWUT 

also has the advantage of 100% coverage of the pipe wall over many metres from a single test location. Multiple 

transmit channels are required to drive a large number of piezoelectric transducers in order to excite 

axisymmetric GWU that are uniform around the pipe circumference for even inspection. Because the capacitive 

load of piezoelectric elements from which the transducers are made varies, each individual transducer has a 

different efficiency in transmitting and receiving ultrasound. It is necessary to have normalized transmitter 

waveforms for transducers to generated axisymmetric GWU, otherwise unwanted Flexural modes would be 

generated which would make it difficult to diagnose the test results. Arbitrary waveform generation is 

implemented for each individual channel in the electronic designs in order to normalise the performance of 

transducers and increase the efficiency. This paper presents a new design and implementation for the multi-

channel transmitters and demonstrates the improvements made by the new design against the previous design. 

The multichannel transmitter system has been implemented on a Field Programmable Gate Array (FPGA). The 

FPGA design has reduced the number of required the component count, PCB size and power consumption, as 

well improved the transmit waveform condition, hence improved the efficiency and overall performance of the 

system. 
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1.  Introduction 
 
GWUT is different from the conventional NDT approach. By using GWU, it is efficient in quick long range 

defect scanning, which is impossible with other traditional NDT techniques. Increasing numbers of requirements 

for quick long range testing have led to urgent need for improvement of testing methods and the development of 

new testing equipment to help the researchers in laboratory and help technicians in field inspection.  The market 

for multi-channel ultrasonic instruments is characterized by small volumes of sales and a high ratio of 

development costs to sale price. The consequence is that the investment required to develop an instrument is 

significant and upgrades and other changes to instrument specification or configuration are difficult for many 

manufacturers to justify. These factors are particularly relevant for long range guided wave technology, where 

the technology is still relatively new in the market place and the instrumentation has different characteristics 

from other type of ultrasonic systems. This paper demonstrates the use of an FPGA based System-on-Chip (SoC) 

control circuit for a multi-channel transmitter system, which allows the component count to be decreased and 

also permits the system to support future functions to be modified via flexible reconfiguration of the FPGA. This 

has benefits of reduction of size, weight and power consumption of the electronics and provides a means of 

upgrading the product without expensive re-design of hardware. 

 

Programmable device has been the enabling technology and main thrust behind the evolution of many 

technologies, unleashing new opportunities for improve the performance of the GWUT equipment and providing 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
58

03



 
 

                           June 16 - 18, 2014 - Toronto, Ontario 
 

more functions for industrial and academic applications. A novel system has been developed to provide multi-

channel waveform generation, with integrated interpolation function and arbitrary waveform loaded for 

individual transmitter channel. This system includes an FPGA to process multichannel data in parallel and 

provide the flexibility of reconfiguration for various testing applications proposed by new research. Lab-based 

testing was taken and comparison was made using a new system prototype and existing GWUT equipment. 

Superior results and less testing time were obtained using new system. The design was tested in pre-prototype 

hardware. Subsequence construction of the commercial prototype unit enabled successful operation of the design 

to be demonstrated. Implementation of the FPGA design reduced component count, enabled system dimensions 

to be reduced and result in reduced power consumption. 

 

2.  GWUT Background 
 

2.1 Conventional UT Vs GWUT 

 
NDT techniques are inspection methods whereby the condition of a construction or component can be 

investigated while left intact and undamaged. NDT is widely used in scientific and engineering applications, 

where inspections are carried out to find imperfections and for corrective action to be taken to prevent failures in 

service. Pipelines can be tested regularly in service for cracks and corrosion without having to be removed or cut. 

The basic principle of ultrasound testing (UT) is use ultrasound to detect and locate discontinuities or geometric 

features in materials. Ultrasound is usually generated by a piezoelectric transducer, and the same transducer is 

used to receive the responses from the material under test. 

 

In conventional UT, a piezoelectric crystal or ceramic is excited at its resonant frequency, generally ranging 

from 500 kHz up to 50 MHz, with the majority of industrial testing being performed between 1 MHz and 10 

MHz. This resonant frequency is proportional to the thickness of the active element of which the transducer is 

made. By using resonance, high vibration amplitude may be produced for a given input voltage. This reduces the 

power requirement and circuit complexity of conventional UT instruments because they transmit a very short 

spike and therefore, the energy in the pulse is very small. 

 

There are two, so-called bulk wave modes in conventional UT, the longitudinal mode and the transverse mode. 

Longitudinal waves propagate in the same direction of the vibration of the waves. Transverse waves, also 

referred to as ‘shear waves’, propagate in perpendicular to the direction of the vibration of the waves. The 

velocities of longitudinal wave and transverse wave can be derived from the material properties of the medium, 

assuming it is isotropic [1, 2, 3]. For instance, the typical longitudinal and transverse velocities in steel 

surrounded by vacuum are 5960 m/s and 3260 m/s respectively. 

 

GWUT differs from conventional UT in several respects. Firstly, GWUT uses low frequency GWU, typically 

from 10 kHz to 100 kHz, which have low attenuation and can propagate tens of metres along the length of the 

component. To date, GWUT has successfully been applied using UGW to test up to 100 metres along pipelines 

from the location where the ultrasound transducers are mounted, while conventional UT can only test a few 

centimetres beneath the surface of the tested material due to high attenuation of the high frequency ultrasound. 

Secondly, GWUT uses an array of transducers to generate a tone burst wave with a certain waveform format 

rather than generating a pulse-wave at the resonant frequency of a single piezoelectric transducer as in 

conventional UT. This makes the system design for GWUT equipment more complicated than that for the 

conventional UT. Thirdly, many GWU wave modes exist in the tested specimen at the same frequency. The 

geometry and material of component and the frequency of GWU determine the wave modes generated. The 

UGW are dispersive during propagation. The velocity is a function of frequency. In GWUT, a frequency is 

selected according to the geometry and property of the tested specimen to generate a main wave mode and 

suppress the other modes in order to maximally avoid dispersion. An array of transducer segments are arranged 

into three rings with appropriately adjusted spacing between them to allow the excited tone burst to propagate in 

one direction. In pipe testing, these transducer rings encircle the whole circumference of the pipe to generate 

axial symmetric wave modes. 

 

2.1.1  GWU Modes 
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A wave mode is the characteristic displacement pattern of the ultrasound as it propagates in an acoustic medium. 

The propagation of UGW is constrained by the boundaries of finite structures; therefore, the sound propagation 

is complex and a large number of wave modes exist. A wave mode in a pipe is generally defined as X(n,m), 

where X refers to Longitudinal (L), Torsional (T) or Flexural (F). n is the circumferential order of the mode, 

which refers to the cycle of sinusoidal variation of the displacement pattern around the circumference. When n 

equals zero, there is no circumferential variation and the wave mode is axisymmetric. m is an index, indicating 

the number of wave modes in the acoustic medium. This index is the order that a mode comes into existence at a 

given circumferential order n. An increasing number of modes are generated with increased frequency. In 

pipeline inspections, cylindrical wave modes are mainly used. Longitudinal modes are axisymmetric and referred 

as L(0,m). Torsional modes are also axisymmetric and referred as T(0,m). All non-axisymmetric wave modes are 

classified as Flexural and referred as F(n,m). 

 

2.1.2  Dispersion Curves 
 

The Phase velocity (Vph) of a wave is the velocity at which a point of phase propagates through a medium, i.e, 

The phase velocity is constant for every point in a continuous sinusoid at any one frequency. Group velocity 

(Vgr) is the apparent velocity with which a pulse travels through a medium. The phase velocity of a certain mode 

GWU depends on the selected frequency. Vph, Vgr and frequency (f) are related by Equation 1. 
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....................................................... Equation 1 

 

A continuous sinusoid in the time domain has a single frequency component. In LRUT, a short burst consisting 

of a number of cycles at a certain frequency is transmitted. This can be seen as a continuous sinusoid with a 

window function applied. The truncation of continuous signal in the time domain increases the bandwidth of the 

signal. Different frequency components in a guided wave pulse may propagate at different group velocities, 

causing the effect that the transmitted pulse tends to spread out over time. This is called dispersion, and the 

presence of dispersive effects is an important difference between LRUT and conventional UT. The frequency-

velocity diagrams of various wave modes are referred as dispersion curves. In LRUT pipeline inspection, the 

group velocity depends on frequency, wave mode, pipe diameter, wall thickness and pipe contents. Figure 1 

illustrates dispersion curves of four wave modes for a ferritic steel pipeline with 22 inches diameter, 28.58 mm 

wall thickness. It may be seen that Torsional T(0,1) is non-dispersive, with a constant propagation velocity at 

any frequency. Longitudinal L(0,2) only comes into existence above 20 kHz, and becomes nearly non-dispersive 

above 40 kHz. Both Longitudinal L(0,1) and Flexural F(1,3) are highly dispersive. Therefore, the former two 

modes are commonly used for pipe inspection. 

 

 
Figure 1. Dispersion Curves for a 22 inches diameter, 28.58 mm wall ferritic steel pipe 
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2.1.3  Transducer Arrays 
 

The multiple modes and dispersive behaviour mean that the use of GWUT for pipeline inspection is more 

complicated than conventional UT. Therefore, the GWUT requires more sophisticated test apparatus that is 

capable of transmitting and receiving GW. Transducers convert electronic signals into mechanical waves and 

vice versa. Specially manufactured transducers are used to generate and capture ultrasound waves with a wide 

frequency range from 10 kHz to 100 kHz for testing. Multiple transmit and receive channels are required to drive 

a large number of transducers in order to excite axisymmetric GWU that are uniform around the pipe 

circumference for even inspection. Because the capacitive load of piezoelectric elements from which the 

transducers are made varies, each individual transducer has a different efficiency in transmitting and receiving 

ultrasound. It is necessary to have normalized transmitter waveforms for transducers to generate axisymmetric 

GWU, otherwise unwanted Flexural modes would be generated which would make it difficult to diagnose the 

test results. Signal compensation has to be made on the transmitter channels in the electronic designs in order to 

normalise the performance of transducers and increase the efficiency. 

 

2.2  GWUT Applications 
 

To date the most popular GWUT application is to inspect industrial pipelines to detect corrosion and defects. In 

LRUT, a PC-controlled instrument transmits low frequency (usually less than 100 kHz) pulses to the transducer 

array, which generates GWU along the specimen to be tested and captures signals reflected from discontinuities 

in pulse-echo, that is, the same transducers transmit the signals and also receive the reflected energy. The 

received signals are stored in the flaw detector unit and are then sent to the PC where a location vs. amplitude 

(A-scan) plot of the data is displayed. The axial location and approximate severity of the defect are determined 

by the time of flight (TOF) and the known geometric features such as welds and flanges. 

 

The importance of GWUT for industrial pipeline inspection is due to its efficiency in long distance testing and 

capability of testing insulated and inaccessible lengths of pipes. The detection of corrosion of insulated pipe is 

problematic for conventional UT because many areas of the pipe are inaccessible; sometimes the costs of access 

can exceed the costs of inspection. GWUT provides rapid screening for in-service degradation of buried and 

insulated pipes, reduces the costs of gaining access and testing time by avoiding the removal and reinstatement 

of insulation or coating, except at location of transducer tool. 

 

Research work is being carried out by others to investigate the potential of GWUT in many applications such as 

inspection and monitoring of railway rails, aging wiring in aircraft, offshore wind towers and blades and sub-sea 

risers.  

 

3. Multi-channel Transmitter System 
 

3.1 Transmitter System Specifications 

  

3.1.1 High Power Output Transmitters 
 

High power is required to drive the transducer array for the GWUT system due to the attenuation during GWU 

propagation. It is also required to use high voltage output to drive the PZT transducer array because the 

transducers have high capacitance load. The system requires 300 Vpp (Volts peak-to-peak) to drive up to 16 PZT 

transducers with frequency up to 100 kHz. It is possible to design and develop more complicated electronic unit 

with a higher power output. However, while higher voltage can increase the test distance it may also yield higher 

noise level, therefore the signal-to-noise ratio (SNR) is not necessarily increased. Besides, a higher voltage 

output level consumes more power and is undesirable for battery-powered portable GWUT instrument. 

 

3.1.2 Transmit Waveform Frequency Range 
 

Higher frequency ultrasound has a smaller wavelength and better test resolution. On the other hand, lower 

frequency ultrasound has a longer wavelength and lower attenuation. The relation between wavelength and 
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frequency is v = λ×f, where v is the ultrasound velocity in a particular material, λ is the ultrasound wavelength 

and f is the ultrasound frequency. The velocity of the GWU propagating in the tested specimen is constant during 

a test, therefore λ is the reciprocal of f and vice versa. Conventional UT uses small wavelength, in other words, 

high frequency (generally 1 MHz to 10 MHz) to detect defects within a few centimetres with high resolution. 

GWUT uses relatively low frequency UGW ranging between 20 kHz and 100 kHz to obtain much longer test 

distance. Besides, it is also necessary to use lower frequency range to avoid generating unwanted GWU modes 

as the higher the frequency, the more GWU wave modes come into existence. 

 

Two most commonly used GWU modes in GWUT are L(0,2) and T(0,1). The longitudinal L(0,2) mode is used 

at relatively non-dispersive frequency range: 50 kHz to 100 kHz [4]. Low frequency UGW has lower attenuation 

and longer propagation distance. Moreover, fewer longitudinal UGW modes are excited at low frequency range, 

while at higher frequency, more unwanted wave modes would be generated, complicating the inspection. The 

torsional T(0,1) mode is uniquely non-dispersive and has been employed at lower frequency range: 10 kHz to 50 

kHz [5]. This low frequency range has the same advantages as for the L(0,2) mode. Consequently, the transmit 

waveform frequency range for GWUT is from 10 kHz to 100 kHz. 

 

3.1.3 Transmitting Sample Rate 
 

As the maximum transmit waveform frequency is 100 kHz, 200 kHz sampling frequency should be adequate 

according to Nyquist-Shannon theory[6]. Practically, 1 MHz sampling frequency is sufficient to present a 

smooth waveform with at least 10 samples per cycle. However, in order to drive the high capacitance load PZT 

transducer up to 300 V pp within tens of microseconds, it is necessary to use higher sampling frequency and 

more transmit samples to reduce the voltage step between adjacent samples. Otherwise, the transmitter high 

power amplifiers will have over current. 

 

3.2 Waveform Generation 
 

The length and shape of the transmitting waveforms affect the energy and power consumption of the GWUT 

transmitting system; and the sampling frequency affects the signal condition of the transmitting waveform. A 

tone burst transmitting waveform is generated to drive the PZTs. It is usually a number of sine wave cycles with 

a Hann window for controlling the bandwidth. The window function is applied on the sine wave tone bust for 

two reasons. The first is to narrow the bandwidth and suppress the side lobes in the frequency domain. The 

second reason of using window function is to allow the transducers to be driven by gradually increasing peak 

amplitudes to protect the piezoelectric elements. The time taken for the pulse to be transmitted is defined by the 

wave period and the number of cycles. The wave period used for LRUT is in the range of 100 µs down to 10 µs, 

corresponding to the frequency range of 10 kHz to 100 kHz.  

 

When a tone burst waveform is transmitted at a certain frequency without the smoothing window applied, the 

output energy is in proportion to the number of sine wave cycles. When the attenuation is high in the ultrasound 

propagation medium, the energy of the transmitted GWU can be increased by increasing the number of cycles of 

the tone burst waveform to achieve a longer transmission distance. However, large number of cycles leads to a 

long transmitting waveform length, long transmitting time and more power consumption. A long transmitting 

waveform also has low test resolution. The commonly used and default configuration in this project is 10 cycles 

sine wave tone burst with a Hann window applied. A lower cycle number can be used for a high resolution test, 

while pulses with more cycles can be used to minimise the frequency bandwidth [7]. The maximum likely pulse 

length is 1.6 ms(milliseconds) for time reversal [8] applications. This defines the required memory size for the 

system. The FPGA on-chip BRAMs are used to store the multi-channel transmitter waveforms. 

 

3.3 Hardware Architecture 
 

The hardware architecture of the transmitter circuit is illustrated in Figure 2. The multi-channel transmitting 

waveforms are generated by the PC and transmitted to the FPGA via the Ethernet port. The waveforms are stored 

in the FPGA on-chip BRAMs. The DACs convert the digital waveforms into analogue signals. The high power 

amplifiers amplify the DAC output up to 300 Vpp, and up to 3 App (Amp peak-to-peak) to drive the transducer 

arrays. 
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Figure 2. Transmitter Hardware Architecture 

 

3.3.1 FPGA Dual Port BRAM 
 

The FPGA dual port BRAM is the FPGA on-chip memory. In the transmitter system these memories are used to 

store the multichannel transmitter waveforms. The BRAMs need to be accessed by both the MicroBlaze 

processor and the transmitter controller finite state machine(FSM). The dual port BRAM control method is 

illustrated in Figure 3. The data samples of the transmitting waveforms are transmitted from the PC to the 

Ethernet MAC buffer implemented on the FPGA. The MicroBlaze processor reads the Ethernet buffer and writes 

the samples into the transmitter BRAMs via Port A. The clock of BRAM port A is connected to the 62.5 MHz 

system clock. Each transmitter channel is assigned with one transmitter BRAM. The transmitter controller FSM 

is designed for controlling multiple transmitter channels to transmit waveforms in parallel. The DAC requires 

serial data input and therefore the waveform samples stored in the BRAM need to be serialized before 

transmitted to the DAC. The implementation of serialization of 16-bit samples for multiple channel transmitters 

requires FPGA on-chip resources, which were saved by configuring the port B of the BRAMs to have 1-bit wide 

output data port and corresponding address port. The sampling frequency is 1 MSPS and each sample has 16 bits, 

hence the serial data clock for BRAM port B is 16 MHz. Port A and Port B of the BRAM are not accessed at the 

same time during system operation. 

 

 
Figure 3. FPGA Dual Port Block RAM 

 

3.3.2 DAC Interpolation 
 

This DAC in the designed system integrates a programmable digital interpolation filter capable of oversampling 

the input sample rate. The internal functions of the DAC are illustrated in Figure 4. The DAC converts the serial 

data into a 16-bit sample, applies an interpolation filter on the waveform samples and generates analogue 

waveforms. The interpolation filter has four interpolation rates (x2, x4, x8 and x16) and can interpolate one 

digital sample generated by FPGA up to 16 times. In this manner, 1k samples with x16 interpolation are 

equivalent to 16 k samples without interpolation. The DAC also has a serial data interface which needs only one 

FPGA pin per channel as digital data output port. For a 16-bit DAC with parallel data interface, 16 FPGA pins 

are needed for the data ports of each channel, and 24 channels will need 384 FPGA pins. The use of a serial port 

device allows more transmitter channels to be connected to FPGA with reduced FPGA pin requirement. This 
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combination makes the system more compact, reduces the size, complexity and power consumption of the 

circuit.. 

 

 
Figure 4. DAC Interpolation Filter Function 

 

The functional test results for the DAC interpolation filter are shown in Figure 5. The DAC output of the original 

waveform with the interpolation filter function turned off is shown in 5(a). The x2, x4 and x16 interpolations are 

shown in 5(b), 5(c) and 5(d) respectively.  

 

 
Figure 5. DAC Interpolation Sine Wave Test Results 
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4. Conclusions 
 

This paper presented a novel FPGA design to control the multichannel transmitters for a GWUT system. The 

FPGA on-chip BRAM resources are used to store arbitrary waveforms samples for the multichannel transmitters. 

The BRAMs are efficiently configured as dual port memory with parallel data input and serial data output to 

save the FPGA logic resource from implementing the parallel-to-serial converter for the serial data input DAC 

devices. The FPGA design also includes the interpolation DAC controller which resolved the transmitter over-

current problems and reduced the requirement memory size for the multichannel transmitters. The FPGA design 

takes the advantages of the FPGA on-chip BRAM and the DAC integrated interpolation filter and improves the 

performance of the system in several respects: Firstly, the board size of the multichannel transmitters was 

reduced by 91%, which also allows the complexity of the board routing to be significantly reduced. Secondly, 

the FPGA transmitter design allows the power consumption to be reduced by 70%. Thirdly, the design reduces 

the overall components count by removing the external memory devices for the multichannel transmitters and 

instead using the FPGA on-chip memory. The serial data interface of the transmitter DAC also allows the 

required FPGA IO pins for the multichannel transmitters to be reduced by 89%.  

 

In summary, The FPGA controller design for the multichannel transmitters efficiently uses the FPGA on-chip 

BRAM resources and the interpolation filter of the DAC to reduce the sampling frequency and the complexity of 

the system, which consequently reduced the size, components count and power consumption of the system. The 

FPGA controller has been designed for the multichannel arbitrary waveform generator to control the 

multichannel interpolation DACs and the FPGA on-chip BRAMs, The efficient use of FPGA BRAM resource 

enable the reduced usage of FPGA logic resource. The FPGA controller has been successfully implemented and 

allows the improvements to be made for the new GWUT system. 
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