
9th European Workshop on Structural Health Monitoring 
July 10-13, 2018, Manchester, United Kingdom 

 

Comparison of coded excitations in the presence of variable transducer 
transfer functions in ultrasonic guided wave testing of pipelines 

 
Houman Nakhli Mahal1,2, Peter Mudge3 and Asoke K. Nandi1 

1 Brunel University London, Uxbridge, London, United Kingdom, 
houman.nakhlimahal@brunel.ac.uk 

2 NSIRC, Granta Park, Cambridge, United Kingdom 
3 TWI, Granta Park, Cambridge, United Kingdom 

 
Abstract 
 
Ultrasonic Guided Waves (UGW) allow long-range Non-Destructive Testing of pipes 
from a single point of inspection. This technology uses a number of arrays (depending on 
the device), installed around the circumference of the pipe. Each of these arrays includes 
a number of transducers which are used in pulse-echo mode. The aim is to generate a 
single axi-symmetric wave mode. The Transfer Function (TF) of each of these transducers 
is likely to be different due to variations in performance from one to another and to various 
nonlinear external factors such as the uneven coupling of the transducers to the surface. 
This leads to impure excitation and reception of signals resulting in the generation and 
reception of non axi-symmetric modes and a reduction in single to noise ratio (SNR). One 
of the techniques to improve the SNR is Pulse Compression. Pulse compression allows 
an increase in the excitation energy while maintaining the same spatial resolution. The 
goal of this paper is to assess the performance of pulse compression technique in terms 
of SNR enhancement, by comparing different modulation sequences in the presence and 
absence of a variable transducer transfer function. Three of the most frequently used 
modulations, which are Chirp, Barker and Golay, are investigated in this paper. The 
results demonstrate that coded waveforms can improve the SNR when the transducers in 
the array have variable transfer functions. 
 
1. Introduction 
 
Ultrasonic Guided Wave testing allows long-range testing of pipelines from a single 
inspection point [1]. In this method, a number of transducers placed around the 
circumference of the pipe are used in pulse-echo in order to excite low-frequency 
ultrasonic UGW signals [2]. The array geometry is designed to generate a single axi-
symmetric wave mode propagating in one direction along the pipe. However, one of the 
problems of the UGW systems is that multiple modes are created due to the impure 
excitation and/or mode conversion from features of the wave guide [3]–[6]. This impure 
excitation can be caused by various anomalies in the testing tool such as variations in the 
transducer Transfer Function (TF) and the tool geometry [3], [6]. In the case of UGW, 
broadband transducers are generally used to allow a range of testing frequencies to be 
employed. The TF of these transducers may vary owing to manufacturing tolerances and 
coupling conditions [7], therefore the correct TF have to be calculated for each test [8]. 
Many techniques have been investigated by researchers in order to increase the 
performance of inspection by increasing the Signal-to-Noise Ratio (SNR) such as Split-
Spectrum Processing [9], Wavelet Transforms [10], and Pulse Compression (PuC) [11]. 
PuC allows an increase of the excitation energy while maintaining the same spatial 
resolution by modulating signals at the point of the excitation. The received signals are 
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extracted using cross-correlation where the excitation signals are used as a reference. 
During the past decade, many researchers have tested and improved coded excitation 
sequences for UGW tests [3], [11]–[14]. Initially, the performance of PuC and 
characteristics of different coded sequences were assessed and it was found that the SNR 
can be increased using this technique [12], [15]. Furthermore, advanced signal processing 
techniques were used in order to add dispersion compensation which further enhanced 
the SNR [11], [15]. Additionally, filters were designed in order to extract Hann-windowed 
sine waves directly from a linear chirp result which would decrease the time of inspection 
significantly [3]. However, the optimum characteristics of the excitation codes will 
change with regard to the frequency response of the transducers and the overall system 
TF. This has not been discussed in the literature. 
 
In this study, the UGW testing system was simulated using a Finite-Element Model in 
ABAQUS. The results of Chirp, Barker, and Golay codes are compared with the 
conventionally-used Hann-windowed sine wave excitation based in terms of the SNR, in 
cases where no variation in Transfer Function (NoTF) was present and where a variation 
was applied.  
 
2. Background Theory 
 
Guided waves are multimodal and dispersive [16]. Guided wave modes are categorized 
based on their displacement patterns (mode shapes) within the structure. Three main 
families of waves exist in pipes, which are Longitudinal, Torsional and Flexural. 
Longitudinal and Torsional waves are axisymmetric waves while flexural waves are non-
axisymmetric. The popular nomenclature used for them are in the format of X(n,m), where 
X can be replaced by letters L for Longitudinal, T for Torsional, and F for flexural waves, 
n shows the harmonic variations of displacement and stress around the circumference, 
and m represents the order of existence of the wave mode [17]. For general inspection 
purposes, ideally, a single pure family of axisymmetric waves should be generated. 
However, due to the device imperfections in real-life scenarios and mode conversion from 
the impact of axisymmetric waves with the features within structures, the received signal 
will be a mixture of excited axisymmetric and flexural waves. [8], [16], [18].  In order to 
reduce the flexural waves, arrays of transducers have to be placed equally spaced around 
the circumference of the pipe. 
 
Besides this multimodal nature of guided waves, they can also exhibit dispersive 
propagation. Dispersion causes the energy of a signal to spread out in space and time as 
it propagates [19]. Therefore, for ease of inspection T(0,1) wave mode, which is a non-
dispersive across the whole frequency range, is used [20]. In order to create mono-
directionality, multiple arrays/rings of transducers have to be used. By doing so, the 
backward propagating wave can be cancelled by phase delaying and inverse the signal 
from the first array with regards to the excitation frequency and the distance between two 
arrays [3]. 

2.1 Signal Processing 
In general practice of UGW testing of pipes, typically a Hann-windowed sine wave pulse 
of between 6 and 10 cycles is used, principally to control the bandwidth of the relatively 
short pulse.  
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The formula of Hann window is [21]: 
 .5 	  

 
where n is the sample number, and N is the total number of samples. Figure 1(a) shows a 
10 cycle of a Hann windowed sine wave with the centre frequency of 30 kHz. The 
advantage which coded waves have with respect to this band-limited signal is that they 
allow an increase in the code length, and thus energy, while keeping the time-resolution 
the same [22]. The key lies within the cross-correlation of the designed codes. Cross-
Correlation gives an estimate of the similarities between two sequences x and y [23]: 
 		 ∗ ,∗ 										, 	  

 
where Asterix (*) presents the complex conjugate operation. Using this method, instead 
of observing the raw time-domain signal, one can observe the Cross-Correlated the 
original coded waveform with the received signal. This would result in high peaks for 
locations where the same characteristics (code) of the excited signal is detected. Unlike 
sine waves, coded sequences have a good cross-correlation response, due to their 
inherently designed characteristics. Consider the linear Chirp modulation given by the 
following formula: 
 cos 	 			 	   

 
where  is the starting frequency,  is the ending frequency, 	  is the time index, 
and  is the total duration of the signal. 
An example of a Chirp wave with starting frequency of 20 kHz, ending frequency of 60 
kHz, and duration of 500 µs is shown in Figure 1(b). A Tukey window with Tukey ratio 
(α) of 0.2 is also applied on this Chirp using equation (4) which helps to reduce the 
sidelobe ripples in the frequency domain while maintaining the same bandwidth [3]. A 
Cross-Correlation of this Chirp with itself is shown in Figure 2. As can be seen, the 
temporal resolution of the main lobe of the cross-correlation result is significantly better 
than the original signal duration in time. 
 

 cos , 	 	 																																, 	cos 	 , 		  
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Unlike the Chirp, which is a frequency modulated code, Golay and Barker's codes are 
phase modulated signals [24]. In order to generate these codes, instead of changing the 
carrier’s frequency content, their phase is shifted by π when a negative bit is presented in 
the code.  Barker codes are unique binary sequences which, after compression, result in 
uniformly low sidelobes. The Barker sequence used in this study has a length of 7 and is 
shown in Figure 1(c). Golay codes are pairs of binary codes which require multiple 
excitations, where the combination of their resultant cross-correlation, cancel the sidelobe 
levels of the codes. In this paper, a Golay sequence of length 4 is used which is shown in 
Figure 1(d).  
 

 
Figure 1. The designed excitation waveforms where (a) is showing the Hann-windowed sine wave 

sequence, (b) is the chirp modulation, (c) is the Barker Code, and (d) is the Golay codes 

 
Figure 2. Cross-correlation result of the chirp wave from Figure 1b with itself where x axis is 

showing the lag in sample numbers. 
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Various waveforms can be selected as the carrier waves for phase coded pulses can such 
as sine waves, or square waves. In this study, a single cycle of sine wave with frequency 
of 30 kHz is used. The characteristics of the final excitation each waveform is shown in 
Table 1. In this work, the SNR is calculated considering the ratio between the energy of 
two segments in dB. 
 

Table 1. Excitation sequences charactaristics 

Excitation 
Sequence 

Characteristics 
Carrier Frequency (kHz) Duration (µs) Window Binary Code 

Sine Wave 30  332 Hann - 
Chirp 20 – 60  500  Tukey 0.2 - 
Barker 30  230 Hann 1110010 
Golay 30  132 Hann 1110 and 1101 
 

2.2 FEA Model 
A Finite element model of a guided wave testing system on a pipe was constructed in 
ABAQUS Software [25]. The simulation was based on real model of an 8” schedule 40 
steel pipe with a length of 6 m, outer-diameter of 219.1 mm and thickness of 8.18 mm, 
Young’s Modulus was 210 GPa, Density of 7850-kg m⁄  and Poisson’s Ratio of 0.3. The 
global seed size was set as 0.0025 m, and the time increment was set as 3.11x10-7 s. Tool 
arrays are located at 1 meter away from the back end of the pipe and a through-hole defect 
with 3% Cross Sectional Area (CSA) is created 4 meters from the end as is shown in 
Figure 3-(a).  
 

 
Figure 3. (a) Generated FEA model where pressure source points are located at 1m and 3%CSA 
defect is located at 4m. (b) Is showing the flowchart for generating each the input to each source 

point. 
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For simulating the UGW system, three circular arrays of ideal point sources have been 
generated around the circumference of the pipe. In 2013, Engineer [7] extracted the 
broadband frequency response of transducers with regards to various coupling forces 
using Teletest Piezo-electric transducers. The reported frequency response was used as a 
reference and variability in terms of amplitude and phase was introduced in order to 
generate a variable TF for each transducer. An example is shown in Figure 4. These TFs 
are multiplied by the frequency response of the ideal excitation sequences and inverted 
back to the time domain in order to be used by the source points. Additionally, the signals 
of the second array are phase delayed and inverted with regards to the 30mm ring spacing 
cancellation algorithm [3]. The overall system works in the pulse-echo mode and the 
signals were received from the same ideal point sources. The received signal is generated 
by adding all signals of each array and applying the same backward cancellation 
algorithm. The signal generation, as well as the post-processing, are done in MATLAB-
R2016a [26]. 
 

 
Figure 4. Example of designed TFs where (a) is comparing 3 different source points vs the ideal one 
and (b) is showing the maximum, average, and minimum amplitudes of the frequency bins across 

all used transfer function within one test. 

3. Results 
 
In order to assess the performance of each test, the main lobe width of the features has 
been compared with both the regional noise and total noises. The features which are used 
for comparison are (Figure 5): 
 

 Back End (BE): which is the signal coming from the backward pipe end, 
i.e. arising from leakage of energy in the backward direction. This signal 
should be negligible in the case where uni-directional excitation algorithm 
is working. 

 Defect (DE): The scattered signal received from the Defect. 
 Back End + Defect (BED): is the resulting signal of the BE signal with the 

defect. which would be received from the forward direction and also from 
the DE signal reflecting from the backward pipe end. 

 Front End (FE): Impact of forward excitation from the front pipe end.  
 Noise Region (NR): Compromises of the section between two features. 
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Figure 5. The signal reception path routes with regards to the setup 

The cross-correlation results of each waveform in the presence of TF are shown in Figure 
6 where (a) is showing the sine-wave in time-domain and (b), (c), and (d) are showing the 
cross-correlation of Chirp, Barker, and Golay codes respectively. For easier 
interpretation, the lag of the cross-correlation is removed, and the absolute Hilbert 
transform of the results are shown in Figures 6(b-d).  
 

 
Figure 6. Results of (a) Sine, (b) Chirp, (c) Barker, and (d) Golay sequences.  

The SNR of each feature with regards to the sum of NRs are calculated in Table 2. These 
values represent the detectability of each feature with regards to the total coherent noise 
in the test. For each excitation sequence, the SNR difference between ideal excitation 
(NoTF) and impure excitation is demonstrated. Smaller values of this difference mean 
the corresponding excitation sequence will be less affected by the variability of the TF. 

Forward Test Direction 
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For forward test direction, the reduction of SNR in the case of sine wave is significantly 
more than those of the coded wave forms. As an example, the SNR of the defect using 
ideal sine wave excitation is 36 dB. When the TF was applied, the SNR reduced to 18 dB 
which is the total reduction of -18 dB from the ideal case. But in the case of Chirp, 
although the ideal SNR was 21 dB, but it was only reduced by 14 dB when the variable 
TF was added. On the other hand, in the ideal scenario, the SNR for features generated 
due to the leakage in the backward direction was lower than noise. This proved the ability 
of backward cancellation algorithm when the TFs are not considered. However, when the 
TFs are introduced, the system was no longer able to cancel the backward going signals. 
This resulted in significant increase of SNR for BE and BED. 
 
Table 2. The SNR of the energy of each feature with regards to the excitation sequence, calculated 

with respect to sum of regional, and total noises (in dB). 

  
Si e   Chi p   Ba ke    Golay  

NoTF  TF  Diff.  NoTF  TF  Diff.  NoTF  TF  Diff.  NoTF  TF  Diff. 
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‐       ‐       ‐       ‐      
Defe t  DE  

    ‐       ‐       ‐       ‐  
Ba k E d + Defe t  BED  

      ‐       ‐            

 
In order to detect defects, the inspector must observe the defect response compared with 
the adjacent noise level. For the defect, the SNR with respect to the adjacent NR-2 and 3 
when the transducer TF is applied is presented in Table 3. With regards to both noise 
regions, the wave forms with coded excitation produce a detectable defect response but 
do not necessarily improve on the sine wave excitation. The SNR between the defect and 
the noise region 2 was good in every case, but the energy of NR-2 is increased in the case 
of coded waves due to the leakage of side lobes to that area so that there was a reduction 
in SNR compared with the sine wave excitation. It must be borne in mind that the data 
studied were derived from a finite element model. It is expected that for real test data, 
where higher levels of flexural modes are likely to be present, that the coded excitation 
will have a more beneficial effect on the SNR than is evident here. In noise region 3 the 
responses are mostly flexural waves generated by interaction of the incident T(0,1) mode 
on the defect. As the purpose of this study was to examine how the SNR of the T(0,1) 
response from the defect might be improved, it may be seen that the Chirp and Golay 
codes improved this SNR with respect to NR-3 region, as the flexural waves are 
suppressed. The Barker codes resulted in a reduction in SNR compared with sine wave 
excitation; this can be due to the overall system response with regards to the backward 
cancellation and phase changes in the codes. 
 

Table 3. The calculated SNR for defect when TF is applied with respect to local noise regions, dB. 

  Si e  Chi p  Ba ke   Golay 
NR‐          
NR‐          
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Figure 7 shows the signal of an individual point without TF (black line) and with TF (red 
line). As can be seen the flexural modes are now generated at the point of excitation and 
are observable in the regions between 1-3 meters. However, as seen in Figure 6(a) when 
the entire reception algorithm, these flexural in NR1 and NR2 segments are cancelled out 
and only the torsional wave from BE is observable. 
 

 
Figure 7. Signals received using a single transducer from sine wave excitation with and without TF. 

Another important observation in the time-domain signals was the case of chirp 
excitation. The resultant waveform not only changed with regards to the transducers TF 
but it also decreases with regards to the frequency. In the ideal case, when a uniform load 
is applied around the circumference of the pipe, no reduction in amplitude with regards 
to the frequency should be observed. This is shown in Figure 8(a), where a uniform 
excitation is loaded around the circumference and is monitored after a short distance away 
from the excitation point. However, current excitation technique requires a number of 
transducers located circumferentially around the pipe in order to create a quasi-
axisymmetric wave; different wave modes wave modes are generated at the point of 
excitation but due to the linear spacing of the transducers and their coverage, after a short 
distance the flexural waves cancel each other and only the torsional wave remains [27]. 
Since other wave modes are getting generated, the resultant energy for each frequency for 
the torsional wave can be variable. This is shown in Figure 8(b), where ideal TF is used 
but the amplitude is decreased with regards to frequency which is a function of both the 
cancellation algorithm and the transducers specifications and setup. Predicting this 
change not only allows the design of a more accurate reference for cross-correlation but 
also gives information about the correct excitation power for each frequency. 
 

 
Figure 8. Linear chirp excitation with the frequency of 20-100 kHz and duration of 500 µs, excited 
from (a) uniformly applied load around the circumference of the pipe (single location), and (b) two 

rings of 32 transducers with backward cancellation. 

Created Flexurals  

Backward Leakage (BE) 

a   
Ti e  s  

Di
sp
la

e
e

t (
m

) 

Ti e  s  

Di
sp
la

e
e

t (
m

) 



 
 
 

10

4. Conclusion 
 
The results of these tests show that coded waves while having less main lobe width are 
less affected by variable Transfer Functions of transducers than sine waves and can 
achieve higher SNR. The transducer characteristic and its placement have a significant 
role in the final excitation power curve. The flexural waves created at the point of 
excitation with regards to the transducer variance appears to be cancelled when the signals 
are summed together. 
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