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Abstract 
The use of ultrasonic signals at sub-MHz frequencies for Non Destructive Evaluation of thick polymer samples 

is described. It will be shown that the combination of low-frequency coded signals such as chirps, together with 

appropriate signal processing methods such as pulse compression, can provide a powerful tool for ultrasonic 

NDE. To achieve this goal, it is essential that the measurement system bandwidth is as wide as possible, and 

matched to the type of waveform chosen for the measurement. In this work, the required bandwidth is achieved 

by using piezo-composite probes and it will be demonstrated how the combination of pulse compression 

techniques and broadband probes can be used to inspect highly attenuating materials such as thick polymers. In 

particular, the application of pulse compression is shown to help in the NDE of flexible riser stiffeners, used 

extensively in the offshore oil and gas industries. 
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1. Introduction 

Ultrasonic Testing (UT) has become an  important inspection tool in various fields, including 

aerospace, nuclear industry, construction and maintenance of building, oil and gas, 

petrochemical, food industry and so forth. In performing the inspections, Non-Destructive 

Evaluation (NDE) practitioners often encounter problems in the testing of large industrial 

infrastructures, especially when the materials involved are difficult to test (such as 

composites, concrete etc). Often, the problem arises because the ultrasonic signal is either 

attenuated or scattered, leading to a poor signal to noise ratio (SNR).  For these reasons, 

ultrasonic frequencies below 1 MHz are often used for high attenuation and scattering 

materials. Studies have shown that this frequency region can provide low scattering and low 

attenuation in measurements, and also can increase the level of penetration. However, such 

low frequencies will also reduce the resolution of the resulting image or measurement, 

because of the longer wavelengths with respect to tests on the MHz range. Approaches 

including collimation [1] and signal processing [2] have thus been investigated to try and 

alleviate these problems. Other methods include modification of transducer shape, size, and 

frequency. The use of larger synthetic apertures (leading to SAFT imaging [3]) has also been 

reported as a means of increasing resolution and SNR values.  As stated above, the use of 

ultrasounds at low frequencies can provide many advantages, but it is important to choose the 

correct signal processing method that has to take also into account the characteristics of the 

probes: it is indeed extremely difficult to construct piezoelectric transducers with wide 
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bandwidths at lower frequencies, although, as will be shown below, piezocomposites show 

promise in this regard. It is thus important to design the excitation to use the available 

bandwidth to maximum effect, so as to optimise the SNR.  

1.1 Pulse Compression  

In this paper, Pulse Compression (PuC) techniques will be used at frequencies below 1MHz 

to obtain information about difficult materials or structures, using piezocomposite transducers 

to extend the available bandwidth. Such a combination has been seen to give good results. In 

some industrial materials, the use of conventional NDT probes and signals at frequencies 

below 1 MHz is not practical - they are limited in terms of average power, and the resolution 

is futher restricted by the time response of the system at low frequencies. Most simple 

approaches thus face difficulty when used on highly scattering or attenuating materials. 

Moreover, the voltage drive levels often have to be restricted in the oil and gas industry, 

leading to a further lack of SNR. PuC helps to mitigate some of these problems, in that it 

relies on a matched-filter approach, where a long duration excitation waveform is used across 

the available bandwidth [4,5]. It is thus possible to overcome the problem of peak-power 

limitation using a lower voltage but longer time-duration signal, and then to process this 

signal so that spatial resolution and SNR are optimised.  PuC techniques traditionally involve 

the transmission of a long coded pulse and the processing of the received signal to compress 

the output into a much shorter temporal signal: this compression is achieved by cross-

correlating the output and the input signals [6] and usually allows improving the SNR. PuC 

can be thus used on more highly attenuation materials and to detect smaller flaws at longer 

distances than are possible with conventional pulsed NDT systems.  

1.2 Ultrasonic signals for use with pulse compression 

There are many types of waveform that can be used for pulse compression. The problem to 

be overcome at low frequencies is that there will be a limited bandwidth available, making 

the choice an important consideration. Thus, for example, a narrow bandwidth piezoelectric 

transducer may use a different waveform to one based on wider-bandwidth piezocomposites.  

Waveforms such as linear FM chirps, random noise and Golay binary codes have all been 

investigated in ultrasonic testing [7,8], and each have their own properties. In this paper, two 

types of signal will be compared for use at low frequencies, namely a linear FM signal 

(Chirp) and a bipolar Golay binary coded waveform. Note that Golay codes are available in 

both conventional and bipolar form – the latter is chosen here because it is able to deal more 

effectively with transducers with a specific centre frequency [7].  

2. Apparatus and Method 

Figure 1(a) shows the sample chosen for this study. This is a polyurethane section, which is 

part of a larger structure used within a riser stiffener in the underwater oil and gas industries. 

The sample shown is 1.20 m long, and 0.16 m thick at its thicker end. The material is 

sufficiently attenuating that conventional signals could not be used for the imaging of defects. 

Two types of transducer were used to study the effect of centre frequency and bandwidth on 

the pulse compression system, noting that the choice of modulation scheme will depend 

heavily on the available bandwidth. The transducers were a narrow bandwidth conventional  
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(a) (b) 

 

Fig. 1. (a) A through transmission ultrasonic measurement of the thick polyurethane sample using two piezo-

composite probes (locations identified by the red dashed circles); these could mscanned in unison along the 

sample in the direction of the arrow. (b) Single-sided pitch-catch measurements 

piezoelectric transducer with a nominal centre frequency of 200 kHz, and a broader 

bandwidth piezo-composite probe with a maximum output at ~300 kHz. Measurements could 

be taken in either through transmission, so as to measure the attenuation properties of the 

material, or in pitch-catch for imaging purposes. The waveforms (either chirp or binary) were 

generated using an arbitrary waveform generator within a National Instruments PXI system, 

and in either case the centre frequency (f0) of the drive signal was adjusted to suit the 

maximum response of the chosen transducer. The PXI system had a maximum output voltage 

of 15V, but typically only 4V was needed to drive the transmitter for the measurements 

reported here, although a voltage amplifier could be inserted if needed. The receiver was 

connected to a the receiver section of the PXI system, and digitised before being processed 

for pulse compression.  

 

3. Results and discussion 

3.1 Attenuation coefficient of the polyurethane material 

The first experiment determined the attenuation properties of the material, and was set up as 

shown earlier in Fig. 1. A chirp was used as the input signal, noting that the range of 

frequencies (f2 – f1) covered by the chirp can be adjusted, as can the total time duration (T) 

and the centre frequency (f0). In this case the values were T = 0.07 ms, f2 – f1 = 250 kHz and f0 

= 275 kHz. In this experiment, two piezocomposite probes were used as the transmitter and 

receiver in a through-transmission arrangement, where one of the probes was placed on top of 

the sample and the other probe held by hand below the sample. Measurements were taken at 

10cm intervals along the length of the sample, the thickness varying from 8.8 cm to 15 cm. 

At every point, measurements were repeated 10 times and all waveforms recorded. Data was 

processed using Matlab, where the peak amplitude and frequency were recorded.  A graph of 

amplitude (in dB) vs thickness was plotted, as shown in Fig. 2. Here, the slope of the graph 

gave the attenuation coefficient of the Polyurethane sample, which was estimated to equal 

0.98 dB/cm at 300 kHz. This value is considerably higher than the value published by earlier 

by other researchers [9], but is lower than that observed in other studies [10] that used a 

higher frequency. Note that the present results have not been corrected for diffraction effects, 

and hence do not consider the transducer characteristics explicitly. However, they do give an 

indication of the level of signal loss in the polyurethane material. 
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Fig.2: Graph of received amplitude (dB) vs thickness at a frequency of 300 kHz for the polyurethane material 

 

3.2 Choice of pulse compression scheme 

Fig. 3 shows the chirp and bipolar Golay signals that were used in a comparative test, using 

the same drive voltage level of 2V pk-pk. From Fig. 3 (a) it can be seen that the linear chirp 

was windowed so as to have a smooth transition in the power spectrum density. This ensured 

that the autocorrelation of the chirp signal had a low level of side lobes. It can also be seen 

from the FFT that the spectrum amplitude of the bipolar Golay code was higher than that of 

the chirp. This is because the bipolar Golay uses a pair of waveforms to obtain its 

characteristics [11] and also due to the fact that the binary sequenques power double that of 

the chirp signal, so in this case the Golay energy four time and more larger than the 

windowed chirp energy. 

  

  

  

(a) (b) 

Fig. 3. Voltage drive signals , and their spectra obtained using an FFT: (a) Chirp and (b) bipolar Golay code 
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(a) (b) 

Fig. 4. (a) Output of cross correlation of the drive signals and the corresponding frequency spectrum for (a) a 

Chirp and (b) a bipolar Golay.   

In addition, the bandwidth of the bipolar Golay was greater, and extended almost to DC.  

Note that traditional Golay  code system would be expected to be better  suited to wide 

bandwidth transduction systems, whereas the chirp could be tuned to suit a narrower, more 

resonant transduction system to maximum effect. However, the bipolar Golay scheme allows 

a centre frequency to be selected, while noting that it is not completely symmetrical in 

frequency spectrum. It thus has to be chosen carefully, so that it produces a maximum output 

from a given transducer.  Fig. 4 shows the autocorrelation output of chirp and bipolar golay 

signals after they have been cross correlated with themselves. Although electrical coupling 

modified the frequency spectrum, the results are still within the design range. Note that the 

spectra have retained much of the frequency content as in the original drive waveforms of 

Fig. 3. Fig. 5 shows the output signals of both chirp and bipolar Golay, when used with the 

narrow bandwidth transducer as the transmitter, and a piezocomposite as the receiver. It 

shows that the patterns for both types of signal were similar, but that the signal from the 

Golay excitation was more damped in time, and has a wider spectrum. However, in both 

cases, the narrow bandwidth of the transmitter dominated the response, noting that the Golay 

characteristics were adjusted so as to maximise output. Figs. 6 and 7 shows the result of a 

pitch-catch experiment, in which signals were reflected from an air-bubble defect of ~6 mm 

diameter, located approximatively at 6 cm below the sample surface. The two figures show 

the differences in the response when either the chirp (Fig. 6) or the Golay code (Fig. 7) was 

used with either the narrow bandwidth transmitter or the pair of broad bandwidth 

piezocomposites. For chirp excitation, Fig. 6, the response is as expected – the 

piezocomposites gave a much wider bandwidth in the PuC output compared to that from the 

narrow bandwidth transmitter, and it is also clear that a very good signal was obtained with 

the piezocomposite pair, showing that PuC had worked very well with these transducers in 

this highly-attenuating material. 
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(a) (b) 

Fig. 5. Experimental cross-correlation outputs for the narrow bandwidth transducer, showing both the waveform 

and the spectrum, for (a) the chirp and (b) the bipolar Golay code drive signal.  

  

  
(a) (b) 

Fig. 6. Detection of a sub-surface defect using pulse compression  and chirp excitation. This is shown for (a) the 

narrow bandwidth transmitter and (b) a pair of wide bandwidth piezocomposite transducers. 

In particular, the extension of bandwidth up to frequencies of 350 kHz was an excellent 

result. For the Golay code excitation, Fig. 7, this bandwidth was extended even further. 

3.3 Imaging of defects within the polyurethane sample 

PuC techniques have been proposed for use in medical imaging applications using ultrasound 

[12]. Here, experiments on attenuating materials at low frequency are reported, to 

demonstrate that the approach can also be used for the NDT of difficult materials. A section 

of the polyurethane sample was selected to be scanned for defects. An area of 22 cm x 13 cm 

was marked and grid as in Fig. 1 (b) above. Chirps with a frequency range from 150 kHz to 

400 kHz were used as the transmitted signal for the scan. The central frequency of the signal 

was 300 kHz and the duration was 7ms. Two piezocomposite probes were placed next to each 

other on the top left of the marked area for the start of the scan, then both probes were moved 
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5 mm horizontally to the next point to finish the first line. Then, the probes moved down 5 

mm vertically to begin the scan of the second line. 

  

  
(a) (b) 

Fig. 7. Detection of a sub-surface defect using pulse compression  and bipolar Golay Code excitation. This is 

shown for (a) the narrow bandwidth transmitter and (b) a pair of wide bandwidth piezocomposite transducers. 

The process was repeated until the whole marked area are being fully scanned. The collected 

data were processed using MATLAB. The defect echos were identified and their peak to peak 

amplitude have been plotted in a matrix which represent the condition of the scanned area of 

the polyurethane sample.  The resultant C-scan image is shown in Fig. 8(a) where the two 

defects are surrounded by two dotted ellipses. It demonstrates that two defects were detected 

within the scan area. The two C-scan indicates that the detected defect areas are similar, 

although their amplitudes are different (Fig. 8(b)). However, the C-scan does not contain 

depth information.  

 

A better approach would be to represent the measurements by 3D images, in order to show 

the defects in more detail and to asses the defect depth beneath the polyurethane surface. 

 

  
(a) (b) 

Fig. 8. (a) Top view of scan  image, and (b) surface plot of the data 
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(a) (b) 

Fig. 9. (a) 3-Dimensional imaging of the polyurethane sample. As in Fig. 8. the two red ellipses, that appears 

from 6 cm to 9 cm of depth, indicate the defects. (b) Typical impulse response acquired from the polyurethane 

sample, in the presence of a defect. 

 

From fig.9(a) it is possible to see two dark spots, surrounded in the Figure by the two red 

ellipses,  which correspond to the defects showed in Fig.8. In addition, the defects depth can 

be estimated in the interval between 6-8 cm and 7-9 cm for the two defects. However, the 

dark zone on the top of the hypercube corresponding to small depths beneath the 

polyurethane surface (< 4cm ) implies that the defect imaging process is actually blind in this 

range. This can be due to many factors, first of all a strong electrical coupling between TX 

and RX that affects each measurement, but also other phenomena such as the onset of surface 

waves that directly travel between the two probes as well as an abnormal scattering in the 

first material layer due to inhomogeneous composition of the sample, see Fig.9 (b). In any 

case, a reduction of the blind zone is desirable as well as a better precision in the defect depth 

evaluation.  

 

To accomplish this aim,  further post processing techniques have been tested both during and 

after the application of PuC. In contrast to the standard PuC alghorithm, where the data 

recorded by the probes is cross-correlated with the time replica of the “ideal” input signal 

generated numerically (henceforth denoted “Standard ”, see Fig.10 (a) and (b)), here the data 

is also cross-correlated with the time replica of the signal recorded from the direct contact of 

the two probes (labelled as “Probe”, see Fig.10(a)) and from a trough-transmission 

measurement on a clean area of the sample (“Material”, see Fig.10(a)). Thus, the real 

properties of the probes and the material and their effect on the frequency spectrum will be 

taken into account. 
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(a) (b) 

Fig. 10: (a) Comparison between the standard matched filter technique (blue), the cross -correlation with the 

signal modified by the probes spectrum (black) and by the s ample+material properties (red); (b) Comparison 

between the standard matched filter technique (dark) and the Total Variation deconvolution (red).  

It is observed that in the “Probe” and “Material” cases, the time duration of the cross-

correlation peak reduces, leading to a better assessment of defect depth. Note that the 

amplitude is arbitrary and the red signal is the larger of the two. This illustrates clearly that 

the influence of the electrical coupling has been reduced. As alternative strategy to reduce 

both the noise close to sample surface and to improve depth resolution, a Total Variation 

(TV) deconvolution [13] has been tried on the “Standard” case, see Fig. 10 (b). The TV 

alghorithm  is able to enhance the imaging and inspection capability, as demonstrated by the 

hypercubes obtained with these differents techniques, as shown in Fig. 11. 

 
Fig. 11: Dimensional imaging obtained with the “Probe” recorded signal as a matched filter (left) and with the 

Total Variation (right). 

4. Conclusions 

The results show that Pulse Compression can be used to investigate materials with high 

attenuation of ultrasonic signals. The present experiments looked at 15 cm thick 

polyurethane, where the use of conventional NDT at frequencies >1 MHz would not be 
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possible. Chirp signal and bipolar Golay have proven suitable to be used in conjunction with 

the PuC technique at low frequencies, where the attenuation is more managable. It was shown 

that a broad bandwidth probe has the advantage compared to the narrow bandwidth probe as 

suitable for use with Chirp and bipolar Golay codes, as bandwidth is important in PuC 

techniques both for assuring high SNR gain and inspection resolution. Finally, from the 

results of tests on the sample, scan data shows that this technique can be used to detect and 

reveal defects or flaws that are present in thick and highly-attenuating materials. 
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